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Preface
The Beilstein workshops address contemporary issues in the chemical and related sciences
by employing an interdisciplinary approach. Scientists from a wide range of areas – often
outside chemistry – are invited to present aspects of their work for discussion with the aim
of not only to advance science, but also, to enhance interdisciplinary communication.
Molecular interactions are of central importance to chemistry and biology; they control
molecular events and states. The macrostructure and function of biomolecular compounds –
proteins, nucleic acids, carbohydrates and lipids – are governed by molecular interactions,
as are synthetic chemistry and catalysis of chemical reactions.
Understanding the evolution of biopolymers is required to rationalise the directed and
undirected design of functional molecules. Large scale experiments or detailed computational studies are often impractical. Therefore, simple model systems, such as RNA secondary structure and lattice proteins have to be adapted to study general statistical and
topological features of genotype (sequence) to phenotype (structure) maps.
Cellular processes require the interaction of many biomacromolecules such as proteins,
RNA, carbohydrates etc. within and across several cellular compartments. Determining the
collective network of such interactions is an important aspect of understanding the role and
regulation of the individual members of such interacting networks.
Molecular Interactions bring chemistry to life in living organisms, but chemistry is a
science that scientists can bring to life. Complex syntheses of natural products, elegantly
controlled chemical reactions, the understanding of how proteins fold or DNA replicates,
design of new pharmaceuticals or the docking of ligands in targets are all good examples of
this. Central to all this work is not only the structure of the molecules in question but also a
well founded understanding of how these molecules interact.
The rapid progress in structural and molecular biology over the past fifteen years has
allowed chemists to access the structures of enzymes, of their complexes and of mutants.
This wealth of structural information has led to a surge in the interest in enzymes as elegant
chemical catalysts in such a way that enzymology became to be a distinguished field with
important contributions to medicine and basic science.
We would like to thank particularly the authors who provided us with written versions of
the papers that they presented. Special thanks go to all those involved with the preparation
and organization of the workshop, to the chairmen who piloted us successfully through the
sessions and to the speakers and participants for their contribution in making this workshop
a success

Frankfurt/Main, July 2007

http://www.beilstein-institut.de/bozen2006/proceedings/Preface.pdf

Martin G. Hicks
Carsten Kettner
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Multiprotein Systems As Targets for
Drug Discovery: Opportunities and
Challenges
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Abstract
In the past twenty years structural biology has come to play a major
role in lead optimization and target identification in the process of
drug discovery. Only recently, however, has the development of highthroughput methods of structure determination provided a powerful
approach to the screening of fragment binding so that structural biology can now contribute directly to lead discovery. Most targets for the
new approaches continue to be enzymes, channels or receptors which
tend to be “tractable” with deep and well defined cavities that bind a
range of ligands. Here we discuss the challenges and opportunities in
moving fragment-based approaches to target less-tractable multiprotein systems.

Background
Although drugs have traditionally been identified from natural products through in vivo
studies, the 1980 s saw a more rational approach through the design of analogues of natural
ligands of key enzymes and receptors in critical regulatory pathways. Structural biology
began to contribute and soon came into its own in the optimization of leads (Fig. 1);
structure-based approaches were adopted throughout the industry.

http://www.beilstein-institut.de/bozen2006/proceedings/Blundell/Blundell.pdf
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Figure 1. Modern drug discovery generally begins with target selection and progresses through the discovery of a new lead, which is then optimized and developed
into a candidate drug. Structural biology has historically contributed most in the final
stages of lead optimization. It has played some role through homology recognition
and structural genomics to assist target selection. However, its most successful application may be in structure-based screening. Reproduced with permission from Blundell et al., 2006.

But this focus on “rational” approaches was relatively short lived. In the 1990 s most
pharmaceutical companies became explored the rapid assay of large numbers of compounds, so called high-throughput screening, which they believed would provide more
diverse and useful leads. The adoption of high-throughput screening, which aimed to
identify compounds with IC 50 s lower than 10 mM for their target proteins, signalled an
intensive search for chemical diversity, in particular for the faster generation of large
chemical libraries. Combinatorial chemistry was championed but the search for natural
compounds was also accelerated [1 – 4]. Bioassays and systems for collection, storage and
analysis of the very large datasets generated were all automated. However the rate of newly
registered compounds in clinical trials did not increase in proportion to the exponential
increase in investment occasioned by these new automated approaches.
The pharmaceutical industry has responded in two ways. First, it has focused on targets and
their homologues that are more tractable, both in terms of the number of drug-like ligands
for a target class and the nature of the binding sites [5]. As a consequence we have seen an
emphasis on protein kinases and proteinases, and the concomitant development of “focused
compound libraries” for particular families. Secondly, the industry has sought to design
new drugs that have features of those that have been successful in the market. This has
manifested itself in rules, the most significant of which has been the Lipinski “rule of five”,
in which the size, solubility, flexibility and hydrogen bonding characteristics are “regulated”.
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Fragment-Based Approaches
During this recent phase it has become increasingly clear that many “hits” deriving from
high-throughput screens using bioassays were already close to the molecular weight limit
of 500 Da defined by the Lipinski “rule-of-five”. It became apparent that screening very
small molecules or 'fragments' might be the way forward. However, most small fragments
would not be detected in the usual roboticised assays. The scene was set for the screening
using physical methods [6, 7].
In the past few years fragment based approaches have advanced rapidly and drug candidates with their origins in such methodologies are now in the clinic. NMR [8, 9]. X-rays
(Verlinde et al. 1997; Nienaber et al. 2000; Blundell et al. 2002; Carr & Jhoti 2002),
surface plasmon resonance and isothermal calorimetry have all played a role [10 – 12].
However, X-ray crystallography has proved particularly powerful as it allows weak binders
to be identified and positioned in the ligand binding site [12, 13]. Indeed such screening
provides an efficient sampling of chemical space. Fragments are typically small organic
molecules of between 100 and 250 Da, which exhibit low binding affinities (~100 mM to
10 mM) against target proteins and consequently can not be identified by traditional highthroughput screening. Such fragments tend to have high ligand efficiency, i. e. high values
for the average free energy of binding per heavy atom [14], and this makes them attractive
as start-points for optimization. A lead can be quickly developed from knowledge of how
the fragment binds in the active site of the target; Astex Therapeutics quotes an average of
22 weeks for this stage of weak-hit-to-lead [15, 16].
A successful application of such methods has been the Pyramid approach developed by
Astex Therapeutics in Cambridge where fragment libraries are screened in cocktails using
X-ray crystallography [12, 15]. Automated molecular fragment matching and fitting in
electron density is achieved by a software procedure called AutoSolveTM which also ranks
the candidate fragments in a cocktail. Figure 2 shows a schematic representation of the
steps in the Astex PyramidTM procedure. Fragment hits derived from PyramidTM are subsequently optimized with carefully designed iterations in order to maintain good ligand
efficiency. This process has been carried out against a number of protein targets [16, 17]
and including the protein kinase Cdk2, where fragment derived molecules are now in
clinical trials [13, 18].

Figure 2. The PyramidTM system allows lead discovery through a fragment-based
approach of molecular fragment matching and fitting. a. High resolution target structure determination. b. Generation of Astex drug fragment library. Virtual screening
used to enrich the library for fragments likely to bind the target. c. Drug fragment
cocktails used for protein crystal soaks, 4 – 8 compounds per cocktail.
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d. High-throughput protein/ligand X-ray crystallography. Automated X-ray data collection and analysis. e. Electron density analysed by AutoSolve in order to identify
bound drug fragment. f. Structure-based optimization of hits to leads. Reproduced
with permission from Blundell et al., 2006.

Multiprotein Protein Targets
One of the great internal contradictions of drug discovery in practice is that whilst most
regulatory proteins are components of multiprotein systems, most of the focus in the
pharmaceutical industry is on the active sites of monomeric proteins. Is this really sustainable?
Multiprotein complexes that mediate signal transduction and control cell processes such as
differentiation, growth and proliferation have proved challenging targets for drug discovery. Many of these have large surfaces of the order of 2000 2, for example those involved
in receptor recognition and signal transduction (see for example [19]). This is especially
true of complexes that are assembled from preformed globular domains. It is difficult to
bind a small molecule to these large, relatively flat intermolecular surfaces involved in
protein interactions but it is also difficult to disrupt the interaction entirely even if one did.
There have been several approaches taken to overcome these challenges:
1. James Wells and his colleagues [20] have sought to exploit hot spots in proteinprotein interaction surfaces; these can provide binding grooves through conformational change or structural adaptivity. Examples include peptidomimetics of
IL 2 that bind IL-2Ra [21].
2. Hydrophobic or amphipathic molecules have been designed to form large aggregates that interact with protein-protein interfaces – a specific mechanism of
non-specific inhibition (see [22])!
3. Allosteric effects have been exploited. Ligand binding at a site distant from the
protein-protein interface can have a profound effect on the assembly of multiprotein complexes. Because the allosteric effectors are often small molecules
that bind in distinct and well formed pockets, these provide attractive sites to
target and disrupt regulatory protein assemblies, such as those involving the
integrin LFA1. Although no inhibitor has been shown to bind to the ligand
ICAM1 binding site, allosteric inhibitors have been found which bind to the
inactive conformation of the I-domain, thus exploiting the conformational
changes in integrins that lead to clustering [23]. One recent, successful initiative
has been to target the TNF-a interaction with its receptor [24]. This has led to a
candidate molecule that displaces one subunit of the TNF-a trimer by a mechanism that seems to involve adaptive changes to accommodate the ligand between
subunits followed by slower dissociation of the trimer, thus affecting the receptor
indirectly, probably through allosteric changes.
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4. Weakly binding fragments have been tethered to the protein to allow detection of
binding sites [20]. A cysteine is introduced close to a puatative small-moleculebinding site and the mutant protein is “interrogated” with a library of disulphidecontaining fragments with the objective of binding those that bind to the target
and form a disulphide bridge. The conjugates can then be characterized by mass
spectrometry.

New approaches are required to this challenging problem. We believe this will need to be a
fragment-based approach, perhaps analogous to that described for tractable targets. But
further thought is required as to what might comprise tractable protein-protein interfaces;
adaptive binding sites are clearly inappropriate for small fragments and preformed pockets
are a prerequisite. In this respect, recent analyses of multiprotein systems involved in cell
regulation and signalling have identified a large number in which one component involves
a flexible or unstructured region of the polypeptide chain (Fig. 5) [12, 25]. Examples are
the Xrcc4 dimer in complex with DNA ligase IV (Fig. 3 shows the yeast homologues), in
which the linker region between two BRCT domains appears to organize when the complex
is assembled [26]. A further example (Fig. 4) involves the complex of the human recombinase, Rad51, and the product of the breast cancer associated gene, BRCA2 [27], which is
not only revealing in terms of the nature of the interactions and the molecular origins of
cancers associated with mutations in this region of BRCA2, but also offers an encouraging
and perhaps more tractable site to target agents that would be helpful during chemo- or
radio-therapy. The BRC 4 repeat of BRCA2 is completely unstructured in solution but
assembles by organization of its sidechains to occupy pockets in the globular structure of
the Rad51 partner. We suggest that such proteins forming interactions with a ligand that
comprises a continuous region of flexible peptide may be more tractable targets than where
complexes are assembled from preformed globular protein structures (Fig. 5) [25]. Other
similar systems that are being pursued include Bax, Bak and the BH3-only proteins which
bind to Bcl-2 and Bcl-xL by inserting an a-helix into a hydrophobic groove; compounds
have been developed that bind in this groove on Bcl-2 and/or Bcl-xL and thereby stimulate
apoptosis [28 – 30].

Figure 3. The non-homologous end joining protein XRCC 4 binds to a flexible linker
between tandem BRCT domains of DNA ligase IV, imposing structure on the linker
through the interaction. Here we show the complex of the yeast analogues Lif1 and
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Lig4. The Figure shows two views in which the Lif1 is shown red and the Lig4 in
blue. Note the extended path of the linker which presumably becomes organized only
on complexation

Figure 4. a. Human recombinase RAD 51 binds BRC repeats of BRCA2 in an interaction that is essential for function in recombination. Although this is usually essential
for normal DNA repair there is an advantage in disrupting recombination during
radiotherapy and chemotherapy, which function through the introduction of DNA
damage in cancerous cells. Whilst RAD 51 independently forms a stable globular
structure, only upon interacting with RAD 51 does the BRC peptide fold into a defined
3D structure. Closer examination of the interaction (b and c) shows discrete regions of
interaction that may be useful drug targets in disrupting the interaction and thus
blocking recombination.

Disruption of multiprotein complexes offers completely new approaches and new targets
for therapeutic intervention. However it is an area which is largely avoided by the major
pharmaceutical companies, because of the complexity of the systems and the presumed
difficulty in making small molecules that disrupt protein-protein interactions. Biotechnology companies have been set up specifically to work in this area (notably Sunesis, see
[20]), but commercial pressures have inevitably pulled them back to more conventional
targets. In the meantime there is a developing academic interest in disrupting proteinprotein interactions, not only in our laboratory but also in many others e. g. the work of
A. Hamilton at Yale [31].
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Figure 5. Multiprotein systems usually involve proteins of preformed globular structure that interact with through a discontinuous epitope (a). It has become evident that
very often the globular structures adapt through conformational changes upon interaction to form a complex (b). However, it is now recognized that many protein
components are natively unstructured and adopt an ordered tertiary structure only
upon interaction with another partner (c). In such complexes the interacting polypeptide is a local sequence giving rise to a continuous epitope. After Blundell et al., 2006.

Conclusions
Structure-based approaches are now playing major roles in all stages of drug discovery.
Structure-based lead optimization is practised widely with large teams of structural biologists recruited into all the large pharmaceutical companies. Drugs now in use and new ones
reaching the market provide ample evidence of its usefulness and for most companies
structure-guided approaches have become central to developing good drug candidates.
But many key targets for drug discovery are multiprotein systems. The discovery of small
molecule antagonists that bind at the large and flat interfaces and disrupt the formation of
complexes becomes a real challenge. New approaches and contributions are an urgent
priority and there will be key roles in both academia and industry in advancing this process.
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Abstract
Understanding the effects that non-synonymous single nucleotide
polymorphisms have on the structures of the gene products, the proteins, is important in identifying the origins of complex diseases. A
method based on amino acid substitutions observed within homologous protein families with known 3D structures was used to predict
changes in stability caused by mutations. In the task of predicting only
the sign of stability change, our method performs comparably or better
to other published methods with an accuracy of 71%. The method was
applied to a set of disease associated and non-disease associated mutations and was shown to distinguish the two sets in terms of protein
stability. Our method may therefore have application in correlating
SNPs with diseases caused by protein instability.

Introduction
Single nucleotide polymorphisms (SNPs) are the most common source of variation in the
genome. Due to the redundant nature of the RNA triplet code that encodes proteins, many
of these SNPs will not cause an amino acid change in the encoded protein (synonymous
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mutations). However, where a SNP causes an amino acid change (a non-synonymous
mutation) there may be an effect on the structure or function of the encoded protein. Where
protein function is lost, this may lead to disease. It would be extremely useful to be able to
predict which mutations are likely to cause disease. Identifying those SNPs that infer
susceptibility or protection to complex diseases will aid early diagnosis, prevention and
treatments to these diseases [1].
A SNP may affect the function of a protein in three main ways. Firstly, a SNP may affect
the functional residues of a protein i. e. the active site or protein-protein interaction site,
impairing the protein's ability to carry out its function and hence affecting the molecular
pathway within which the protein functions. Secondly, a SNP may affect the stability of a
protein by either destabilizing it (increasing the ratio of unfolded protein to folded protein)
or stabilizing it (decreasing the ratio of unfolded protein to folded protein). A third effect of
SNPs, related to protein stability, is that of causing protein aggregation.
In its native state a protein's 3D structure is folded into regions of secondary structure.
However, under conditions of stress e. g. high temperature, the protein may denature to an
unfolded state which is more flexible and highly hydrated. The stability of a protein reflects
its ability to resist this conformational change under stress. Protein stability differences
between wild-type and mutant proteins can be calculated using the thermodynamic cycle
(Fig. 1).

Figure 1. The thermodynamic cycle can be used to calculate protein stability changes
between wild-type and mutant proteins.
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The difference in free energy of unfolding of the wild type (j) and mutant (k), DDG, is
calculated by:

∆∆G = ∆GkU - F -∆GUj - F = ∆GUjk -∆G jkF

(1)

where ∆GkU − F and ∆GUj − F represent the free energy change going from the unfolded (U)
to the folded (F) state for the mutant and wild type proteins respectively. Direct simulation
of the unfolding process is not possible. As the total free energy in the full cycle is zero, the
DDG can instead be calculated using the free energy changes associated with the transformation of j ? k in the unfolded and folded state ( ∆GUjk and ∆G Fjk respectively).
Various methods of predicting protein stability changes caused by mutation have been
described and can be grouped into four main categories based on the method used in the
calculation; (1) physical effective energy functions, (2) empirical potential energy functions, (3) machine learning methods and (4) statistical potential energy functions.
Physical effective energy functions (such as molecular mechanics approaches) are currently
only useful for testing small sets of mutants due to the large amount of time required to
compute calculated DDG values [2 – 5]. The reliability of predictions are also questionable
due to difficulties in sampling in the folded and unfolded states [6]. Empirical energy
functions are fitted to experimental data using a set of weighted terms incorporating
physical and statistical factors with structural knowledge [7, 8]. The empirical energy
function is then tested on a second set of mutants in order to assess the accuracy of the
method. Machine learning methods include neural networks and support vector machines
(SVMs) and use information about mutations, protein sequence and structural information
to fit a non-linear function to experimental data [9 – 12]. They are similar to empirical
energy functions in their use of experimental data to fit their function and in both cases,
care must be taken that the function is not over-fitted to the training data set. Statistical
potential energy functions are derived using statistical analysis of information from protein
databases such as substitution frequencies, distance potentials and amino acid environmental propensities [13 – 15].
Site Directed Mutator (SDM) is a statistical potential energy function developed by Topham et al., [13] to predict the effect that SNPs will have on the stability of proteins. SDM
uses amino acid substitution frequencies within homologous protein families to calculate a
stability score which is analogous to the free energy difference between a wild-type and
mutant protein. Blind testing on a set of 83 staphylococcal nuclease and 63 barnase mutants
showed a correlation of 0.80 in the predicted stability changes with experimental data [13].
Here we apply SDM to a more extensive set of mutant proteins taken from the Protherm
database [16] and obtain correlations of 0.60 and 0.68 for monomeric and crystallographic
mutants. We also compare SDM's predictive power to other published methods and find
that our method performs comparably or better to other methods in the task of predicting
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whether a mutation will be stabilizing or destabilizing. We apply SDM to a set of diseaseassociated mutations and a set of non disease-associated mutations and find that our method
is able to distinguish the two sets of mutations.

Methods
Homologous Structure Alignment Database (HOMSTRAD)
HOMSTRAD [17] clusters all known protein structures from the PDB [18] into homologous protein families. These families represent groups of proteins that have a common
evolutionary origin. Most families have an average of 30 % sequence identity and no pair
has more than 90% sequence identity to each other. Representative structures for each
protein family are chosen based on the quality of the X-ray analysis and resolution. Where
a family contains two members or more a structural alignment is carried out using COMPARER [19]. The alignment is annotated using JOY to identify the local structural environment of each residue in the alignment [20].
Environment-specific substitution tables
A set of conformationally constrained environment-specific substitution tables (ESSTs)
was constructed as described previously by Topham et al. [21]. The tables were derived
from 371 protein families from the HOMSTRAD database, consisting of 1357 structures,
and were built using the program Makesub (C. Topham, unpublished). The ESSTs hold the
probability of each amino acid type existing in a particular environment being substituted
by any other amino acid.
Definition of structural environment
The structural parameters that were used to define the local environment of amino acid
residues were main chain conformation, solvent accessibility and hydrogen-bonding class.
1. Main-chain conformation and secondary structure
Nine classes of main-chain conformation were defined: residues were identified
as belonging to either a helix or b-sheet first and the remaining residues were
classified as being a, b, p, t, l, g or e according to their main-chain j-y torsion
angles [21, 22]. The torsion angles and secondary structure assignments were
calculated using the SSTRUC program (D. Smith, unpublished).
2. Relative side-chain solvent accessibility
Three classes of relative side-chain solvent accessibility were defined based on
the method of Lee and Richards [22]. Residues with side-chain relative accessibilities of:
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I. < 7% were defined as inaccessible
II. 7 to 40% were defined as partially accessible
III. > 40 % were defined as accessible
3. Hydrogen bonding
Two classes of hydrogen bonding were defined: residues were classed as either
forming a side-chain hydrogen bond or not. The program, Hbond (J. Overington,
unpublished), was used to identify hydrogen bonds defined by the criterion that
the distance between donor and acceptor was less than 3.5.
These structural parameters gave a total of 54 local environments (9 main-chain x 3 solvent
accessibility x 2 hydrogen bonding terms).
Prediction of protein stability changes caused by mutation
The algorithm described by Topham et al. [13] was used to calculate a stability score
difference between wild-type and mutant proteins. By analogy to the folding-unfolding
cycle in Fig. 1, the algorithm uses ESSTs to calculate the difference in the stability scores
for the folded and unfolded state for the wild-type and mutant protein structures:

∆∆s = ∆ sUjk − ∆ s Fjk

(2)

ESSTs only take into account the environment of one of the two residues (wild-type or
mutant), therefore it is necessary to consider not only the probability of replacement of the
wild-type residue (Rj) in the wild-type environment (ewt) by a mutant residue type (rk) in an
undefined environment (P(rk/Rj,, ewt)) but also the probability of replacement of the mutant
residue type (Rk) in the mutant environment (emut) by the wild-type residue (rj) in an
undefined environment (P(rk/Rj,, emut)).
In order to normalize the probabilities that are combined from different substitution tables,
it is necessary to introduce a reference state. For the wild-type residue (Rj) in the wild-type
environment a suitable reference state is the probability of it being conserved in that
environment (P(rj/Rj,, ewt)). In an analogous way, for the mutant residue type (Rk) in the
mutant environment, a suitable reference state is the probability of it being conserved in
that environment (P(rk/Rk,, emut)).
The difference in stability scores for a mutation in the folded state is therefore calculated
by:
⎧⎪ P(rki /R ji ,µwt ) P(rki /R ki ,µmut ) ⎫⎪
∆s Fjk = ∑ −ln ⎨
⋅
⎬
i
⎪⎩ P(rji /R ji ,µwt ) P(rji /R ki ,µmut ) ⎪⎭

(3)

16
Worth, C.L. et al.

The difference in stability scores in the unfolded state ∆sUjk ) is also calculated using
Equation 3 but uses an environmental substitution table derived from non-hydrogen
bonded, surface exposed amino acid residues falling outside regions of regular secondary
structure. The stability difference score for the folded and unfolded state for the wild-type
and mutant protein structures is then calculated using Equation 2.
The definition used for accessible, partially buried and buried residues was different to that
used to generate the ESSTs. Our earlier benchmarking had shown that the best results were
obtained when residues with side-chain relative accessibilities of < 17 % were defined as
inaccessible, 17 to 59 % as partially accessible and > 59 % as accessible. The higher
percentage solvent accessibilities used here are probably due to the fact that we are trying
to predict the effect of single mutations on protein structure whereas the ESSTs occur in the
context of a protein that may have accepted compensating substitutions elsewhere as a
result of evolution.
Mutant thermodynamic datasets
A subset of the dataset used by Capriotti et al. [11] was used in this study. The mutant
dataset was taken from the Protherm database which houses thermodynamic data for
proteins and mutants [16]. Our method requires knowledge of the local structural environment of wild-type and mutant residues in order to predict the effect of mutation on the
stability of a protein. If the local environment is incorrectly defined e. g. the protein
functions as a trimer but is defined in the crystallographic asymmetric unit as the protomer,
this may affect our calculation. To remove the effect of such errors we used the Protein
Quaternary Structure (PQS) database to predict the oligomeric state of each of the proteins
in the dataset [23]. Only those proteins that were predicted to be and solved as a monomer
were used. For the same reason, proteins containing heteroatoms in their PDB file other
than water or that were resolved at a resolution > 2  were also removed from the dataset.
This dataset is hereafter referred to as the monomeric set.
A second set of mutants with crystal structures was taken from the Protherm database.
These were all single mutants with monomeric structures. This dataset is hereafter referred
to as the crystallographic set.
A third set of 388 mutants (S 388) with thermodynamic measurements conducted at physiological conditions was also used to test our method. The S 388 dataset has been used to
test other published methods and therefore allows us to perform a direct comparison of our
method to them.
Building models of mutant proteins
The program, ANDANTE, was used to build models of the mutant proteins by building the
mutant side-chains from a high-quality rotamer library. ANDANTE adds the lowest energy
rotamer to the target and checks for clashes against the backbone [24].
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Assessment of performance
To assess performance of our method in predicting the sign of stability change caused by
mutation we calculate the accuracy:
Q=

(t

(t
n

n

+t p

)

+ f n +t p + f n

(4)

)

where TN, TP, FN and FP refer respectively to the number of true negatives, true positives,
false negatives and false positives.
An alternative way of assessing the performance of our method in classifying correctly the
sign of free energy change caused by mutation is to calculate the Matthew's Correlation
Coefficient (MCC) [25]:
c=

(t

p

)(

t p tn − f p f n

)(

(5)

)

+ f p t p + f n t n + f p (t n + f n )

In order to assess how well our method predicts stabilizing and destabilizing mutations we
calculate the sensitivity [TP/(TP+FN)] and specificity [TP/(TP+FP)] of stabilizing mutations and the sensitivity [TN/(TN+FP)] and specificity [TN/(TN+FN)] of destabilizing
mutations.
We use a linear correlation coefficient measure (LCC) to assess the performance of our
method in predicting the amount of free energy change caused by mutation
r=

(n∑ XY − ( ∑ X ∑ Y ))
⎡n X − ( X ) ⎤ ⎡n Y − ( Y ) ⎤
∑ ⎦⎥ ⎣⎢ ∑
∑ ⎦⎥
⎣⎢ ∑
2

2

2

2

(6)

Where r is the correlation coefficient, n is the number of data, and X and Y are the
experimental and assigned stability respectively.
Disease-associated and non-disease-associated SNP data sets
A set of disease-associated mutations (da-SNPs) was compiled from the Online Mendelian
Inheritance in Man (OMIM) and Catalogue of Somatic Mutations in Cancer (Cosmic) [26,
27]. An alternative set of non-disease-associated mutations (nd-SNPs) was compiled from
dbSNP [28]. Where possible, structural homologues were identified using FUGUE [29] and
comparative models built using the program Modeller [30]. Models of the mutant proteins
were created using ANDANTE, as described previously. SDM was then used to predict the
effect of the mutations on the stability of the proteins.
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Results and Discussion
Monomeric dataset
A dataset of 223 mutants comprising 3 proteins was created after filtering for proteins that:
i. were predicted to function as monomers as well as being resolved as monomers
ii. were resolved at a resolution of < 2
iii. did not contain any HET atoms other than water in their PDB file.

Prediction of protein stability changes caused by mutation
The correlation of the predicted and observed DDG values for the 223 mutants was 0.60
(Fig. 2). A breakdown of the prediction performance shows that our method has an accuracy of 0.74 with sensitivity of 0.76 and 0.72 for stabilizing and destabilizing mutations
respectively and specificity of 0.7 and 0.77 for stabilizing and destabilizing mutations
respectively (Table 1).

Figure 2. The experimentally measured energy changes versus the predicted energy
changes using our method, SDM, on the monomeric dataset. The correlation is 0.60
and the standard error is 1.36 kcal mol-1. Removal of the outlying data point increases the correlation to 0.66.
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There is one outlying data point (lower right hand corner of Fig. 2) which involves a
mutation from alanine to cysteine in Ribonuclease H from Escherichia coli (PDB code:
2RN2). Our method predicts this mutation to be highly destabilizing when in fact it is
mildly stabilizing. Looking at the substitution tables used to calculate the score, it is
observed that mutating cysteine to alanine or conserving cysteine in the folded state has
not been observed for that environment (buried, helix, hydrogen bonded). In the unfolded
state mutating cysteine to alanine has not been observed but there is a high probability of
cysteine being conserved. This results in a predicted value of DDG that is hugely destabilizing. It appears that in this case there were insufficient data in the substitution table to be
able to predict the effect of mutating alanine to cysteine on the stability of the protein.
Increasing the number of families used to generate the ESSTs may help to tackle this. In
view of these uncertainties we investigated removal of this one outlier and found that this
increases the correlation to 0.66.
Table 1. Results (accuracy, sensitivity and specificity of stabilizing and destabilizing
mutations and linear correlation coefficient) of SDM's stability predictions for the
monomeric and crystallographic datasets.
Dataset

Accuracy

Specificity
+ve

Sensitivity
+ve

Specificity
-ve

Sensitivity
-ve

LCC

Monomeric

0.74

0.7

0.76

0.77

0.72

0.60

Crystallographic

0.72

0.67

0.66

0.75

0.76

0.68

Crystallographic dataset
A dataset of 252 mutants comprising 3 proteins (Ribonuclease H, lysozyme & trypsin) was
created after filtering for proteins that were predicted to function as monomers as well as
being resolved as monomers. All of these proteins were resolved at a resolution of < 2 .
The correlation of the predicted and observed DDG values for the crystallographic mutants
was 0.68 (Fig. 3). A breakdown of the prediction performance shows that our method has
an accuracy of 0.72 with sensitivity of 0.66 and 0.76 for stabilizing and destabilizing
mutations respectively and specificity of 0.67 and 0.75 for stabilizing and destabilizing
mutations respectively (Table 1).
The results from the monomeric and crystallographic sets are extremely similar except that
the monomeric set has a slightly higher accuracy (0.74 compared to 0.72) and the crystallographic set a higher LCC (0.68 compared to 0.60) (Table 1). The general trend is the
same between the two sets, with the specificity of predicting destabilizing mutations being
slightly higher than that for stabilizing (by ~8 %). The results show that it is not necessary
to have a crystal structure of a mutant protein in order to predict the effect of mutation on
the stability of the protein.
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The fact that the crystallographic set obtained a higher LCC than the monomeric set even
though it had lower accuracy and sensitivity for predicting stabilizing and destabilizing
mutations would appear to be inconsistent. However, the LCC obtained may have been
improved by the presence of data points falling in the lower right hand part of the graph
(Fig. 3).

Figure 3. The experimentally measured energy changes versus the predicted energy
changes using our method, SDM, on the crystallographic mutant dataset. The correlation is 0.68 and the standard error is 1.35 kcal mol-1.

S 388 dataset
We compared our method's ability to classify mutations as stabilizing or destabilizing to
other published methods by using the S 388 dataset. Predictions of the following methods
were used: FOLDX [6], DFIRE [31], PoPMuSiC [14] (all energy-based methods), NeuralNet [11] and three SVM methods using sequence only (SO), structure only (TO) and
sequence and structure (ST) information [10]. Results for the energy-based methods and
NeuralNet were taken from Capriotti et al. [11] and the SVM methods from Cheng et al.
[10].
Our method performs comparably or better than the other methods in the task of classifying
mutations as stabilizing or destabilizing (Table 2). Our method has the 2nd highest correlation coefficient (0.27), equal to the ST SVM (0.27) and bettered only by the TO SVM
(0.28). If we used only accuracy as a measure of performance then all methods perform
comparably with NeuralNet having the highest accuracy (0.87) and DFIRE the lowest
accuracy (0.68). Although the accuracy of predicting whether a mutation is stabilizing or
destabilizing is above 68 % for all the methods, the sensitivity of predicting stabilizing
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mutations is poor. Five out of the seven methods incorrectly classify > 56 % of the stabilizing mutations. Our method has a much improved sensitivity of predicting stabilizing
mutations (0.67) compared to the others reported but still classifies 33 % of stabilizing
mutations incorrectly. The S 388 dataset was a more challenging test for our method
considering that it was not filtered using the parameters described for the monomeric set.
It is therefore very encouraging that our method performed comparably or better to other
methods for this task.
Table 2. Comparison of SDM with other methods on S 388.
Method

MCC

Accuracy

Sens. (+)

Spec. (+)

Sens. (-)

Spec. (-)

FOLDX

0.25

0.75

0.56

0.26

0.78

0.93

DFIRE

0.11

0.68

0.44

0.18

0.71

0.90

PoPMuSic

0.20

0.85

0.25

0.33

0.93

0.90

NeuralNet

0.25

0.87

0.21

0.44

0.96

0.90

SO

0.26

0.86

0.30

0.40

0.94

0.90

TO

0.28

0.86

0.31

0.42

0.94

0.91

ST

0.27

0.86

0.31

0.40

0.93

0.91

SDM

0.27

0.71

0.67

0.25

0.72

0.94

A general problem with current methods of predicting protein stability changes caused by
SNPs is that they tend to be over-fitted to the mutant dataset they have been developed on.
Most mutations are destabilizing and this is reflected in the mutant thermodynamic datasets
used for developing and testing such methods. Methods that assign all of the samples to the
majority class (destabilizing mutations) will have high accuracy even though the performance is poor for the minority class (stabilizing mutations). This trend is observed with the
five methods with the lowest sensitivities for stabilizing mutations (Table 2).
Although our method performs comparably to other methods, it is currently not robust
enough to be applied to all mutant proteins with confidence. The substitutions that the
ESSTs hold are the result of evolution – they do not take into account single mutations. We
are trying to predict the effect of mutating single residues and therefore hypothesize that the
space occupied by the mutant amino acid will not change. Where a single mutation
involves a size change there will be a cost associated. The ESSTs could therefore have
limitations in this respect.
Disease and non-disease-associated SNP data sets
A total of 6182 nd-SNPs and 879 da-SNPs (797 from OMIM and 82 from Cosmic) had
comparative models built of their encoding proteins. The stabilities of all of these modelled
mutant structures were predicted using our method.
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The stability predictions for the nd-SNP set of mutations have a normal distribution for
both buried and accessible mutations (Fig. 4) with most mutations tending to have a neutral
effect on protein stability. However, there is a slight shift in the distribution of buried and
accessible mutations, with buried mutants tending to be more destabilizing. This is to be
expected as mutations within the core of a protein are more likely to perturb the structure
than accessible mutations, and hence are more likely to destabilize the protein.
The stability predictions for the da-SNP set of mutations have a somewhat different distribution to that observed with the nd-set. Accessible mutations in the da-SNP set have a
largely normal distribution but with smaller peaks observed at -9 to -7 kcal mol-1 and 8 to
9 kcal mol-1 (Fig. 5). Buried mutations, however, have a skewed distribution, with a higher
proportion of buried residues being destabilizing (70.5 %) at -5 to 0 kcal mol-1 compared to
accessible mutations (52 %). This result is similar to that observed with the nd-SNP set
where 72 % of buried mutations are destabilizing at the range of -5 to 0 kcal mol-1 compared to 52 % of accessible mutations.

Figure 4. Distribution of accessible and buried residues relative to changes in stability
(DDS) in the nd-SNP set of mutations. Most mutations lie within the -4 to 3 kcal mol-1
range.
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Figure 5. Distribution of accessible and buried residues relative to changes in stability
(DDS) in the da-SNP set of mutations. Most mutations lie within the -5 to 4 kcal mol-1
range.

Work by Randles et al. [32] has shown that mutations that decrease the stability of a single
domain by > 2 kcal mol-1 result in severe disease. This trend has also been observed with
Ig-like protein superoxide dismutase where mutations which lower the stability by more
than 2 kcal mol-1 are associated with reduced survival times of patients [33]. Therefore, if
we look at those mutations causing DDG values < -2 kcal mol-1 it is observed that 25 % of
buried mutations in the nd-SNP set fall within this range, compared to 43% in the da-SNP
set. This result is in agreement with previous work which has found that destabilization of
proteins is associated with disease [34 – 36]. More importantly, it indicates that our method
can distinguish disease associated SNPs from non-disease associated SNPs.
We find that 27 % of the da-SNP set are located at buried sites compared to 16 % in the ndSNP set. This result is consistent with findings by Ferrer-Costa et al. [34] that 32% of daSNPs are located at highly buried sites (< 5% relative accessibility) compared to 7 % of ndSNPs in these locations and estimates by Sunyaev et al. [37] that 35 % of da-SNPs are
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located at buried locations. Our method clearly distinguishes the da-SNP and nd-SNP sets
in terms of protein stability and therefore may be of use in correlating SNPs with diseases
caused by protein instability.

Conclusion
We have shown that our method performs comparably or better to other published methods
in the task of predicting whether a mutation will be stabilizing or destabilizing. An advantage of our method is that it does not use a priori knowledge about mutants' thermodynamic measurements. Therefore, there is no bias caused by destabilizing mutations
making up the majority class. This is also reflected in the sensitivity and specificity
obtained when predicting whether a mutation is stabilizing or destabilizing (Table 1).
Substitutions that have been made within protein families during evolution should be
concordant with the underlying protein structure. Although our method has been applied
to a limited set of proteins and mutations, it has been shown that our ESSTs are able to
reflect how mutations can affect the stability of a protein.

References
[1]

Suh, Y., Vijg, J.(2005) SNP discovery in associating genetic variation with human
disease phenotypes. Mutat. Res. 573(1 – 2):41-53.

[2]

Bash, P.A., et al. (1987) Free energy calculations by computer simulation. Science
236(4801):564 – 568.

[3]

Kollman, P. et al. (2000) Calculating structures and free energies of complex
molecules: combining molecular mechanics and continuum models. Acc. Chem.
Res. 33(12):889-897.

[4]

Funahashi, J. et al. (2003) How can free energy component analysis explain the
difference in protein stability caused by amino acid substitutions? Effect of three
hydrophobic mutations at the 56th residue on the stability of human lysozyme.
Protein Eng. 16(9):665 – 671.

[5]

Park, H., Lee, S. (2005) Prediction of the mutation-induced change in thermodynamic stabilities of membrane proteins from free energy simulations. Biophys.
Chem. 114(2 – 3):191-197.

[6]

Shi, Y.Y. et al. (1993) Can the stability of protein mutants be predicted by free
energy calculations? Protein Eng. 6(3):289-295.

[7]

Guerois, R., Nielsen, J.E., Serrano, L. (2002) Predicting changes in the stability of
proteins and protein complexes: a study of more than 1000 mutations. J. Mol. Biol.
320(2):369 – 387.

25
Estimating the Effects Of Single Nucleotide Polymorphisms On Protein Structure

[8]

Bordner, A.J., Abagyan, R.A.(2004) Large-scale prediction of protein geometry and
stability changes for arbitrary single point mutations. Proteins 57(2):400 – 413.

[9]

Capriotti, E. et al. (2005) Predicting protein stability changes from sequences using
support vector machines. Bioinformatics 21 Suppl. 2:ii54-ii58.

[10]

Cheng, J., Randall, A., Baldi, P. (2006) Prediction of protein stability changes for
single-site mutations using support vector machines. Proteins 62(4):1125 – 1132.

[11]

Capriotti, E., Fariselli, P., Casadio, R.(2004) A neural-network-based method for
predicting protein stability changes upon single point mutations. Bioinformatics 20
Suppl 1:I63-I68.

[12]

Frenz, C.M. (2005) Neural network--based prediction of mutation-induced protein
stability changes in Staphylococcal nuclease at 20 residue positions. Proteins
59(2):147 – 151.

[13]

Topham, C.M., Srinivasan, N., Blundell, T.L. (1997) Prediction of the stability of
protein mutants based on structural environment-dependent amino acid substitution
and propensity tables. Protein Eng. 10(1):7-21.

[14]

Gilis, D., Rooman, M. (1997) Predicting protein stability changes upon mutation using
database-derived potentials:solvent accessibility determines the importance of local
versus non-local interactions along the sequence. J. Mol. Biol. 272(2):276 – 290.

[15]

Saraboji, K., Gromiha, M.M., Ponnuswamy, M.N. (2006) Average assignment method for predicting the stability of protein mutants. Biopolymers 82(1):80-92.

[16]

Kumar, M.D. et al. (2006) ProTherm and ProNIT: thermodynamic databases for
proteins and protein-nucleic acid interactions. Nucleic Acids Res. 34 (Database
issue): D 204 – 206.

[17]

Mizuguchi, K. et al. (1998) HOMSTRAD: a database of protein structure alignments for homologous families. Protein Sci. 7(11):2469 – 2471.

[18]

Berman, H.M. et al. (2000) The Protein Data Bank. Nucleic Acids Res. 28(1):235 –
242.

[19]

Sali, A., Blundell, T.L. (1990) Definition of general topological equivalence in protein
structures. A procedure involving comparison of properties and relationships through
simulated annealing and dynamic programming. J. Mol. Biol. 212(2):403 – 428.

[20]

Mizuguchi, K. et al. (1998) JOY: protein sequence-structure representation and
analysis. Bioinformatics 14(7):617 – 623.

[21]

Topham, C.M. et al. (1993) Fragment ranking in modelling of protein structure.
Conformationally constrained environmental amino acid substitution tables. J. Mol.
Biol. 229(1):194 – 220.

[22]

Lee, B., Richards, F.M. (1971) The interpretation of protein structures: estimation of
static accessibility. J. Mol. Biol. 55(3):379-400.

26
Worth, C.L. et al.

[23]

Henrick, K., Thornton, J.M. (1998) PQS: a protein quaternary structure file server.
Trends Biochem. Sci. 23(9):358 – 361.

[24]

Smith, R.E. et al. (2006) Andante: Reducing side-chain rotamer search space during
comparative modeling using environment-specific substitution probabilities. Bioinformatics (in press).

[25]

Matthews, B.W. (1975) Comparison of the predicted and observed secondary structure of T4 phage lysozyme. Biochim. Biophys. Acta 405(2):442 – 451.

[26]

Hamosh, A. et al. (2002) Online Mendelian Inheritance in Man (OMIM), a knowledgebase of human genes and genetic disorders. Nucleic Acids Res. 30(1):52 – 55.

[27]

Forbes, S. et al. (2001) Cosmic 2005. Br. J. Cancer 94(2):318-322.

[28]

Sherry, S.T. et al. (2001) dbSNP: the NCBI database of genetic variation. Nucleic
Acids Res. 29(1):308 – 311.

[29]

Shi, J., Blundell, T.L., Mizuguchi, K. (2001) FUGUE: sequence-structure homology
recognition using environment-specific substitution tables and structure-dependent
gap penalties. J. Mol. Biol. 310(1):243 – 257.

[30]

Sali, A., Blundell, T.L. (1993) Comparative protein modelling by satisfaction of
spatial restraints. J. Mol. Biol. 234(3):779 – 815.

[31]

Zhou, H., Zhou, Y. (2002) Distance-scaled, finite ideal-gas reference state improves
structure-derived potentials of mean force for structure selection and stability prediction. Protein Sci. 11(11):2714 – 2726.

[32]

Randles, L.G., Lappalainen, I., Fowler, S.B., Moore, B., Hamill, S.J., Clarke, J.
(2006) Using protein models to quantify the effects of pathogenic mutations in Iglike proteins. J. Biol. Chem. 281(34):24216 – 24226.

[33]

Lindberg, M.J. et al. (2005) Systematically perturbed folding patterns of amyotrophic lateral sclerosis (ALS)-associated SOD 1 mutants. Proc. Natl Acad. Sci. U
S A 102(28):9754 – 9759.

[34]

Ferrer-Costa, C.,Orozco, M., de la Cruz, X. (2002) Characterization of diseaseassociated single amino acid polymorphisms in terms of sequence and structure
properties. J. Mol. Biol. 315(4):771 – 786.

[35]

Yue, P., Li, Z., Moult, J. (2003) Loss of protein structure stability as a major
causative factor in monogenic disease. J. Mol. Biol. 353(2):459 – 473.

[36]

Stitziel, N.O. et al. (2003) Structural location of disease-associated single-nucleotide
polymorphisms. J. Mol. Biol. 327(5):1021 – 1030.

[37]

Sunyaev, S., Ramensky,V., Bork, P. (2000) Towards a structural basis of human
non-synonymous single nucleotide polymorphisms. Trends Genet. 16(5):198-200.

Beilstein-Institut

27
Molecular Interactions – Bringing Chemistry to Life,
May 15th – 19th, 2006, Bozen, Italy

Bringing Chemistry to Life: What does it
Mean to be Alive?
Athel Cornish-Bowden and Mara Luz Crdenas
CNRS-BIP, 31 chemin Joseph-Aiguier, B.P. 71, 13402 Marseille Cedex 20, France

E-Mail: acornish@ibsm.cnrs-mrs.fr
Received: 27th July 2006 / Published: 5th November 2007

Abstract
The definition of life has excited little interest among molecular biologists during the past half-century, and the enormous development in
biology during that time has been largely based on an analytical
approach in which all biological entities are studied in terms of their
components, the process being extended to greater and greater detail
without limit. The benefits of this reductionism are so obvious that
they need no discussion, but there have been costs as well, and future
advances, for example for creating artificial life or for taking biotechnology beyond the level of tinkering, will need more serious attention
to be given to the question of what makes a living organism alive.
According to Robert Rosen's theory of (M,R)-systems (metabolismreplacement systems), the central idea missing from molecular biology is that of metabolic circularity, most evident from the obvious but
commonly ignored fact that proteins are not given from outside but
are products of metabolism, and thus metabolites. Life can be embodied in a mathematical formalism that treats metabolism as a function
able to act on an instance of itself to produce a new instance of itself.

Introduction
In his recent book, Budisa [1] discussed how the genetic code might be manipulated in
order to produce novel proteins, and in his contribution to this Beilstein Workshop [2] he
addresses the same topic. However, although his ultimate aim is clearly engineering he
devotes a large amount of space to attempts to understand how the genetic code came to
adopt the form that we see in nature, how it works in nature, and how coding changes such
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as those seen in mitochondria came to evolve. The idea is that one needs to understand how
a system fulfils its natural functions before one can modify it to do something else. This
principle applies quite generally, and there can be no hope of creating new organisms, or
fundamentally modifying existing ones, until the present tinkering approach to biotechnology is replaced by one that depends on a deep understanding of how natural organisms are
able to stay alive.
In our contribution [3] to the Beilstein Workshop Molecular Informatics: Confronting
Complexity we discussed whether the properties of living organisms could properly be
called complex, or whether they were no more than complicated. The difference is important, because something may be beyond the reach of present-day computing techniques
simply because not enough information is available and too much time would be needed to
process it if it were available, not because it is impossible in principle. In the former case it
is just a complicated problem that will eventually be soluble when enough information has
been accumulated and computers have become fast enough, whereas in the latter case it is a
complex problem in Rosen's sense [4] and will never be soluble. Some aspects of living
organisms can be simulated with considerable accuracy, but that does not rule out the
possibility that Rosen [4] may be right to argue that a complete description of a living
system will always be beyond the reach of computation.
At present it is very difficult to answer, because we are far from an adequate understanding
of what life is. Although Schrdinger's famous book What is Life? [5] was published more
than half a century ago, and convinced some distinguished physicists that there were some
interesting biological questions for them to study, most biologists during the era of molecular biology have taken life as a given, and largely ignore the question of what it is. The
remark of Jacob [6] that “Today we no longer study Life in our laboratories” still represents
the usual attitude, also expressed more recently by Atlan and Bousquet [7]. Unfortunately,
however, although the reductionist approach has brought biology a very long way it cannot
provide all the answers that will ever be needed; and the time has come to reopen the
question of what life is. Certainly, at this time it would be difficult to argue that we
understand life any better than Schrdinger did 60 years ago. Nonetheless, if manipulation
of organisms for technological purposes is ever to move beyond the tinkering that characterizes present approaches to the design of drugs, pesticides, etc., then a better understanding of life will be needed. As Woese [8] has written, “Without an adequate technological advance the pathway of progress is blocked, and without an adequate guiding vision
there is no pathway, there is no way ahead.”
In the years since Schrdinger's book appeared, however, relatively few biologists have
attempted to arrive at a theory of life [9 – 14]. Of these disparate approaches, we shall
concentrate here on the theory of (M,R)-systems of Rosen [12], in part because it is one of
the least well known, but also because it may offer the “guiding vision” that Woese [8] was
asking for in the words quoted earlier. As discussed elsewhere [15], there are some points
in common between autopoiesis [11] and (M,R)-systems, but autopoiesis puts the primary
emphasis on the structural organization of organisms and the necessity to enclose them with
membranes, whereas Rosen was more concerned with the logical organization in terms of
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formal mathematics. This chapter can be regarded as a simplified version of our attempts
[16, 17] to clarify Rosen's vision of life, especially his view of metabolic circularity, to
provide examples of how this might work, and to define the limits of applicability of his
ideas.

What is Metabolism?
Metabolism is usually regarded as a network of chemical reactions catalysed by enzymes
that occur in a specific compartment defined by a membrane, the set of enzymes and other
proteins constituting the proteome, and the set of metabolites the metabolome. The separation between proteome and metabolome is more artificial and misleading than it appears at
first sight, because enzymes (and all other proteins) are not given from outside but are
themselves products of metabolism. They are continuously degraded and synthesized, and
to achieve this, the cell requires complex machineries involving numerous macromolecules
(RNA, proteins) and regulatory mechanisms. However, as we have recently discussed
Rosen's view of metabolism in the context of proteomics [18] we shall not go into more
detail here.

Inadequacy of the Machine Analogy
There has always been a desire to understand living organisms in terms of machines and
other artifacts of technology. This is certainly useful for understanding certain functions of
organisms, in particular mechanical ones such as muscle action and blood flow. The
function of the human heart, for example, can be understood in considerable detail in terms
of a sum-of-the-parts model [19]. There is, however, a fundamental difference between
machines and organisms that render this analogy much less general and useful than it may
appear at first sight. All machines, at what ever level one defines the word “machine”,
whether a simple tool like an axe, a more complex machine such as an aeroplane or a
computer, or even a complete factory, require external agencies to construct them and to
maintain them-determining when defective components need to be replaced or repaired,
and carrying out the replacement or repair when necessary. Note that here the words
“replace” and “repair” describe the same process, but emphasize different levels of a
hierarchy: repairing a computer, for example, usually involves identifying and then replacing the defective component. In his writing Rosen always referred to “repair”, inviting
confusion with better known and probably more appropriate uses of this term, such as DNA
repair and chaperone function; we prefer the term “replacement”.
In an organism, however, replacement is an internal function, involving no help (before the
advent of modern medicine, at least) from an external agency, and aging and death can be
considered as a loss of this capacity. To a considerable degree even the construction of an
organism is an internal function: a bacterium makes itself, but no machine does that, and at
our present level of understanding we cannot even conceive of how a machine of the future
might construct itself and maintain itself. Sophisticated modern instruments often incorporate some internal testing to detect faulty components and alert their operators to them, and

30
Cornish-Bowden, A. and Crdenas, M.L.

even to an extremely limited degree, to replace them. But what they can do is vastly less
than what living organisms can do, as they need to monitor the state of all of their
components and maintain them all of the time.
Rosen summarized the essential property of organisms that makes them different from
machines in the phrase “organisms are closed to efficient causation”. The reference here
is to Aristotle's four categories of causation [20], whose term ajtja is usually translated as
cause (or just transliterated as aitia). The word make conveys the meaning better, however,
as one may illustrate in relation to the herbicide Glyphosate (the active component of
Roundup). If the question of what Glyphosate is made out of is answered by saying that
it is made from glycine and phosphoric acid, this refers to its material cause. If the question
asks what makes it an herbicide, or why we call it an herbicide, and the answer is that
plants die if their foliage is sprayed with it, then this describes its formal cause. If the
question is about who (or what) makes Glyphosate, with the answer that it is made by the
Monsanto Company, then this is its efficient cause. If the question asks why Glyphosate is
made, what is it made for, with the answer that it is made to destroy unwanted plants, then
this is its final cause. Calling these four categories causes sounds a little strange to modern
ears, because our ideas of causation are derived from the work of David Hume, and really it
is only the efficient cause that corresponds to the usual way we talk about causes.
Modern biology treats final causes with suspicion, because living organisms are the product
of evolution, not of design. Nonetheless, as Atkinson [21], for example, has argued, a
generalized rejection of teleological explanations is often unhelpful, because so many
properties of organisms can be understood as if they had been designed for a purpose that
forbidding reference to function puts an unnecessary constraint on the discussion of metabolic organization: the absence of a designer does not imply the absence of design. Melndez Hevia [22] has subsequently analysed several metabolic pathways to show that
perfection of design extends even beyond Atkinson's conception, as indeed it extends
beyond the design of pathways [23]. However, Atkinson was writing before the current
resurgence of creationism, with its scientific pretensions under the guise of “intelligent
design”, had started to raise a serious threat to biological education, not only in the USA
but throughout the world. In the present context we need to be completely clear that
apparently teleological rationalizations are just a convenience, and that in reality there
are no final causes.
The formal cause, though important, played little part in Rosen's thinking, and we shall not
refer further to it here. The interplay between material and efficient causes, however, is
central to the understanding of (M,R)-systems. Notice that there is no suggestion that
organisms are closed to material causation: organisms certainly need molecules available
in the external milieu for their internal functions; what they do not need are external
catalysts to oversee them. We return to this point in a later section.

31
Bringing Chemistry to Life: What does it Mean to be Alive?

Algebraic Formulation of Metabolism
In metabolism each reaction is catalysed by an enzyme, as in the following example, in
which hexokinase catalyses the phosphorylation of glucose by MgATP:
glucose + MgATP ? glucose 6-phosphate + MgADP

(1)

This can be formalized algebraically by viewing an enzyme as an operator, M, that transforms a set of molecules (input materials) into another one (output materials):
a1 + a2 M
a1 + a2

(2)

The catalyst M acts formally as a mapping, because it transforms some variables belonging
to the admissible set of input materials into other variables belonging to the set of admissible output materials:
(3)

M((a1, a2...)) = (b1, b2...)

where the equation is written to indicate that although hexokinase catalyses a reaction with
two substrates and two products, other enzymes may have more or less than two of each.
Rosen generalized this mathematical model of a single metabolic reaction into one that
takes account of an entire metabolic network. He interpreted the complete metabolism as a
kind of generalized enzyme or operator (mapping), Mmet, that transforms all of the input
materials (all of the left-hand sides of all of the chemical equations) into all of the output
materials. Moreover, enzymes are not totally specific, for example most hexokinases will
accept other hexoses, such as mannose and fructose, as alternatives to glucose as substrates
[26], or other nucleotides, such as MgITP (the magnesium salt of inosine triphosphate), as
alternatives to MgATP, so a1, a2 etc. must be understood as sets of admissible metabolites
rather than as individual substances, and Equation 1 would be more accurately written as
follows:
{glucose
mannosefructose }

+ {MgATP
MgITP }

?

{glucose 6-phosphate
mannose 6-phosphate
fructose 6-phosphate }

+ {MgADP
MgIDP }

(4)

Ultimately, therefore, we arrive at a formulation like:

A Mmet
 B

(5)
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as a summary of the whole of metabolism. As the enzymes represented here by Mmet are
being degraded (or damaged), they need to be continuously replaced in order for the living
system to have more than a transient existence. There are, in fact two problems to be
solved. The first is to achieve some permanence, but the second is to maintain an identity,
that is to say to maintain an organization, even though many details may need to be
continuously revised to take account of variations in the environment in which the organism has to live. How do living systems solve these problems? Rosen's view, illustrated in
Fig. 1, is that a circular organization is needed, and this will be analysed in the next section.

Figure 1. Rosen's view of metabolic circularity. The diagram illustrates the closed
nature of metabolic systems, in which there are no external causes, and no final causes
in Aristotle's sense. Material causes are represented by full arrows, efficient causes by
broken arrows. The diagram is best understood in four stages: (i) metabolism; (ii)
catalysis; (iii) replacement (“repair” in Rosen's terminology); (iv) closure.

Metabolic Circularity
The considerations discussed in the previous section lead to the idea that metabolism is part
of a metabolism-replacement system, or metabolism-repair system in Rosen's terminology,
both conveniently represented by the same shorthand as (M,R)-system. Such a system is
closed (“organisms are closed to efficient causation”), and the way in which closure is
achieved is explained in terms of a diagram of the type shown in Fig. 1. The essential point
is that the enzymes that catalyse metabolism are themselves products of metabolism. This
idea has led us to regard metabolism as a mathematical function (or mapping), that acts on
an instance of itself to produce another instance of itself [16, 17]:
f(f)=f

(6)

This is an application to metabolism of an equation [24] related to the concept of fixedpoint combinators in the theory of computer languages [25]. It defines a remarkable
property in which the value of a function at a single point defines the whole function.
Ordinary mathematical functions do not behave like this, and, in particular, operations on
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sets do not behave like this. Trying to understand metabolic circularity can thus be formalized as the search for functions that can be regarded as solutions of Equation 6. Writing
the equation as shown underlines its unusual mathematical character, but it is open to the
objection that the three occurrences of f in it are not exactly equivalent in meaning, and one
might prefer to write it as follows:
b(f)=F

(7)

emphasizing that the operator b on the left-hand side of the equation is regarded as a
property of the product B of metabolism, and that the result F on the right-hand side is
the replacement system.
The major conceptual difficulty in circular organization is implicit in the last step: how
does B, the product of metabolism, induce the system to maintain the primary replacement
system F? There are, in fact two difficulties here: is it possible, even in a formal mathematical sense, for a generalized operation on sets to be inverted? Even if it is, how does the
system “know” how it is organized? How does knowledge of B imply knowledge of F?
The first of these difficulties was raised by Landauer and Bellman [27], who went as far as
to claim that “unfortunately, the mathematics [of Rosen's analysis] is incorrect, and the
assertions remain unproven (and some of them are simply false)”. Fortunately this conclusion is incorrect in formal mathematics [17]. Although it is unusual for operations on sets to
be invertible, it is not impossible. For example, for any set i that is a sub-set of the set {0, 1,
2, 3 . .. 11} the operation j = i x 7 mod 12 is invertible, i. e. it is possible to deduce i from j;
for example, the equation {3, 7, 9} = i x 7 mod 12 has the unique solution i = {1, 3, 9}, and
there is a unique solution regardless of the set on the left-hand side of the equation [17].
This argument is of course too abstract to carry much weight in a biological discussion; the
essential point is that it disposes of the main claim of Landauer and Bellman [27].
The second question is more difficult to answer in satisfactory biological terms, and for the
moment needs to be left open. In more precise mathematical terms, it means that the system
must be able to invert the evaluation map at B, with a unique F such that F(B)= f.
However, we were able to define the limits within which Rosen's conclusions could be
valid, i. e. that a unique F could exist [17]. The biological example of an (M,R)- system that
we shall give in the next section goes only part of the way towards explaining how
knowledge of the organization of a system can be coded within the system itself.

Organizational Circularity, Not Thermodynamic
Circularity
We have mentioned already that the claim that organisms are closed to efficient causation
does not in any way imply that they are closed to material causation. However, we need to
return to this point, first because it can generate serious misconceptions, and second
because the idea that organisms are open systems in the thermodynamic sense is in a
different way just as fundamental for understanding life. There is, however, no incompat-
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ibility between the two statements, which address different causes. To understand the
thermodynamic nature of living organisms it is essential to recognize, as Schrdinger [5]
did with his discussion of “negentropy”, that organisms convert external sources of energy
into energy for their own use, and that all of metabolism is driven by this: this is a
statement about material causation. However, it is also true, as we discussed in the preceding section, that organisms must organize themselves without external help, that is to say
that they must manufacture all of the specific catalysts that they need: this is a statement
about efficient causation, and in no way contradicts the previous one.

An Example of an (M,R)-System
Figure 2 shows a naive attempt to illustrate the metabolism of an organism the entire
metabolic activity of which consists of producing a single molecule ST by the action of
a catalyst M on two molecules S and T available from its environment. It fails to be a
satisfactory model, because it treats the catalyst as given; however, even if this happened to
be available at the beginning it would have an inevitable tendency to become degraded, and
therefore the process illustrated in the figure could exist only transiently.

Figure 2. A naive view of metabolism. In this simple example the only metabolic
function of the organism is to produce a single metabolite ST from precursors S and T
available in its environment. This requires a catalyst, the molecule M, but the illustration makes no allowance for the fact that M will have an inevitable tendency to
become degraded, and that the system can therefore have only a transient existence.
It is in that sense that we call it naive, and a more realistic view is shown in Fig. 3.

An improvement on this example is provided by the complete (M,R)-system shown in
Fig. 3a. The entire metabolic activity again consists of producing a single metabolite ST
from molecules S and T, but now the model allows for the catalyst M to be replaced by the
action of a second catalyst R on the product ST together with a third molecule U available
from the environment. As R is likewise subject to decay it also needs to be replaced, and
this is achieved by supposing that M can accept U as an alternative substrate that leads to
production of R. Stoicheiometric considerations suggest that M and R have the structures
STU and SU respectively, and in Fig. 3b these identifications are made explicitly; in
addition, each catalytic process is represented as a cycle of three chemical reactions. Thus
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although Figs 3a and 3b represent the same model, Fig. 3b does so in a way that makes its
chemical nature explicit. The example is based on a slightly simpler one proposed by
Morn et al. [28].

Figure 3. A metabolic example of an (M,R)-system. (a) The model of Fig. 2 is
extended to allow for decay of the catalyst M and the need for it to be replaced by
action of a second catalyst R acting on a third external molecule U, R being itself
replaced in a secondary activity of M acting on U as an alternative substrate to S. The
replacement module is shown in grey. (b) The catalysts are represented by the structures STU and SU, and each catalytic process is represented as a cycle of three
reactions, for example STU?STUS?STUST, so as to make the chemical nature of
the catalysis explicit.

Despite the trivially minimal nature of the metabolism achieved by this system, with just
one metabolite produced from two precursors, the system as a whole appears remarkably
complicated, especially as shown in Fig. 3b. The version in Fig. 3a may appear a little
simpler, but this just disguises the complication; it does not eliminate it. The reason for
making the example so complicated is that the catalyst is not directly available from the
environment and it has an unavoidable tendency to decay with time. So even if STU
happened to exist initially it would not exist indefinitely unless replaced. However, as
SU is just as liable to decay as STU, its existence implies the existence of another
replacement process. In principle, each enzyme requires a replacement system, but as each
replacement system is itself an enzyme it requires its own replacement system, and an
infinite regress, or combinatorial explosion, seems inevitable. To escape from this, the
example suggests that SU is produced from S and U in a secondary activity of the first
catalyst STU. The result is a complete (M,R)-system, closed to efficient causation. Note
that the need for one catalyst to have more than one function emerges automatically from
the need to escape from infinite regress. This implies that the multifunctionality of proteins
that is being increasingly observed is more than just an interesting fact about living
systems; it is an absolute necessity for life.
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Complicated though it is, Fig. 3 only partly satisfies the need for an example of an (M,R)system, because although it is indeed an (M,R)-system it does not have organizational
invariance: it does not contain the information needed for the arrows B ? f ? F of
Fig. 1, and is thus not guaranteed to maintain its identity indefinitely. In effect, the missing
information is the knowledge of which of the three metabolites STU, SU and ST are the
enzymes, i. e. which intermediate in the network acts to catalyse each reaction. Although
the illustration assumes that STU catalyses two reactions and SU catalyses the third, this is
not inevitable: in principle, with three metabolites and three reactions one could conceive
of 33 different assignments, even in this minimally small system, so there is not the unique
solution that would be needed for organizational invariance. In a model of more reasonable
size (though still very small compared with a real organism), such as a recent stoicheiometric model of Escherichia coli metabolism [29, 30], which contained 89 metabolites and
110 reactions, the corresponding numbers become huge, 89110, or more than 10214, in this
case. In the simple example of Fig. 3 we [17] offered some arguments about how the total
of 33 possibilities might be decreased, but it is clear that further study will be needed to
understand how organizational invariance can be achieved in a living organism.

Reproduction and Evolution
According to Dobzhansky [31], nothing in biology makes sense except in the light of
evolution, a sentiment with which nearly all modern biologists would agree. Yet equation
6 as an expression of metabolic circularity apparently says nothing about evolution or about
reproduction, an essential part of evolution: why f(f)=f rather than, say, f(f)= 2f? Before
answering this apparent criticism it is interesting to note both that Dobzhansky was addressing his remarks to teachers of biology in the USA, and that he was answering an attack on
the Copernican view of the solar system from an Islamic fundamentalist point of view.
Writing in 1973, he perhaps did not foresee the great harm that the revival in the influence
of the Christian fundamentalist denial of evolution would represent for science teaching in
the USA in the subsequent 30 years, but he may have foreseen the rise in Islamic fundamentalism that is beginning to offer the most serious challenge that biology teaching now
faces in Western Europe.
The point here is that staying alive was the problem that needed to be solved first: the early
organisms could not begin to reproduce or evolve until they had learned how to stay alive,
maintaining organizational invariance in the face of changing conditions. Rosen's theory of
(M,R)-systems does not in its present form solve all of the problems of how that is possible,
or of what constitutes a living system, but it represents a major step. In particular, it
addresses the right questions, questions that have been overlooked in nearly all studies of
modern biology, when the essential nature of life has been set aside as having little interest
or importance [6, 7]. The idea that the proteome is not a separate entity from the metabolome, but a part of it, is obvious once pointed out, but is easily ignored.
Its importance is in recognizing that enzymes and indeed all proteins are not given from
outside but are themselves products of metabolism, and hence metabolites, like any other.
The ideas that we have tried to analyse are abstract, and it may be many years before they
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can be translated into practical applications, but such applications will be necessary before
there can be significant progress towards creating artificial life, and they will also be very
useful if modifying existing organisms for biotechnological purposes is to move beyond
tinkering, and useful also for defining criteria for recognizing whether candidates for living
systems that may eventually be found elsewhere in the universe are truly living or not. A
complete theory of life is unlikely to be based solely on (M,R)-systems: it is also likely to
incorporate ideas from autopoiesis [11] and autocatalytic sets [13], for example, especially
as the important role of the membrane for defining the limits of an organism needs to be
taken into account.
Kovč [32] recently remarked that “biologists should keep in mind that life is written in the
language of chemistry.” True, but they should also keep in mind Galileo's original version,
that nature is written in the language of mathematics, because a fully satisfying theory of
life will require not only all of the biological detail, with obedience to the laws of chemistry
and thermodynamics, but also the sort of mathematical formalism that Rosen tried to
develop.
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Abstract
Chemical genomics aims to systematically explore the interactions
between small molecules and biological systems at different levels
of organization ranging from individual macromolecules to whole
organisms. By analogy to the progression of creating genetic maps
over the past century, which now provide nucleotide-level resolution
of entire genomes, chemical genomics allows the annotation of 'chemomes', the full set of biologically relevant chemicals capable of
interaction with a particular biological system. This article aims to
discuss recent progress made toward the goal of mapping multidimensional chemical and biological descriptor spaces. The focus is on the
complementary nature of these efforts and the importance of recognizing the distinction between computed versus observed descriptors.
Recent examples of identifying small molecules the molecular interactions of which give rise to novel phenotypes relevant to human
disease and our understanding of complex biological pathways will
be described. To further advance the field, information being derived
from computational studies of molecular structure and observational
studies of molecular function must be integrated into global models of
biological activity that are both explanatory and predictive. Unlike the
complementarity principle in physics, which describes the impossibility of simultaneously observing both the wave and particle nature of
light and electrons, it is possible to simultaneously observe and model
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chemical and biological space. In doing so a fuller description of the
interaction of small molecules with biological systems arises than if
either of the two spaces is considered separately.

Introduction
Chemical genetics is modelled after classical genetics, especially with respect to the use of
phenotype-based screening (the word phenotype is derived from Greek phaino-, from
phainein, meaning to show or be observable) (Fig. 1) [1 – 7]. However, chemical genetics
differs from classical genetics in the use of small molecules, rather than mutations, to
perturb the function(s) of gene products. Thus, chemical genetics applies the principles
and logic of genetics, but the analyses focus on proteins rather than genes. By extension
chemical genomics differs from genomics in the focus on the systematic understanding of
the interactions of small molecules at different levels of organization ranging from individual macromolecules to whole organisms. Given the temporal control offered by small
molecules, and the ability to use combinations of small-molecule modulators, chemical
genetics promises to complement the use of pure genetic analysis to study a wide range of
biological systems and mechanisms.

Figure 1. Chemical genetics aims to target gene products using small molecules
rather than to target the genes themselves by mutating an organism's genetic material.
Forward versus reverse chemical genetics. Whereas forward chemical genetics relies
on a phenotype of interest to guide the selection of biologically active small molecules, reverse chemical genetics use a protein of interest to identify small molecules
that can be used to probe the function of the selected protein. Both approaches require
the use of small molecules and phenotypic assays but differ in the starting points of
discovery.

Besides the development of high-throughput phenotypic assays for screening large collections of small molecules, chemical genetics has evolved to emulate classical genetics in a
number of ways: (1) the development of high-throughput phenotypic assays compatible
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with performing screens of large collections of chemicals; (2) the use of chemical-genetic
modifier (suppressor and enhancer) screens to reveal connections between pathways and
networks as well as epistatic relationships between gene products; (3) the use of syntheticlethal (and synthetic-viable) screening to reveal redundant elements of pathways and networks; (4) the creation of “chemical-genetic maps” that position chemicals in a multidimensional space formed from phenotypic or computed descriptors (chemical space).

Probes for Chemical Genomics
In addition to examining known bioactive molecules, and therapeutically useful drugs,
chemical genomics requires the efficient synthesis and screening of novel collections of
small molecules having rich skeletal and stereochemical diversity in order to discover new
probes of biological and disease mechanisms. Chemical Biologists are becoming increasingly adept at making small molecules that are suitable for use in forward and reverse
chemical genetic studies. These methods include the use of DNA template-mediated, and
target- and diversity-oriented organic synthesis, peptide and carbohydrate synthesis, and
enzyme-mediated synthesis, the latter of which enables in vitro evolution, protein engineering, and even non-natural amino acids to be incorporated into polypeptides [8 – 13].
An important development in chemical library synthesis has been the recognition of the
importance of not only creating diversity, so as to increase the likelihood of finding an
active small molecule, but also to retain the potential to site- and stereoselectively attach
appendages to the small molecule during a post-screening optimization stage [8 – 10]. Such
chemical handles not only facilitate the addition of functionalities that increase the potency
or selectivity of the small molecule, but also, equally as important, they can be used to
facilitate the identification of interacting target proteins and pathways.
With access to such optimal collections of small molecules, the challenge for the field of
chemical biology includes: (1) determining which of these molecules have specific effects
upon biological systems (at various levels of resolution from proteins to whole organisms);
(2) determining the structural and physiochemical properties of molecules that specify
associated biological activities; and ultimately (3) directing future synthetic efforts along
particular pathways in the synthetic network to produce small molecules efficiently that
modulate a biological systems in any desired manner.

Molecular and Phenotypic Descriptors of Small
Molecules
With growing interest in the use of chemicals as probes in basic and clinical research, the
field of chemical biology in general, and chemical genomics in particular, is facing the
challenge of transitioning from the ad hoc discovery of biologically, and therapeutically,
useful small molecules to the systematic discovery and elucidation of molecular targets.
The systematic discovery of biologically active small molecules and novel molecular
targets, requires the development of a computational framework for analysing large,
high-dimensional datasets. The recent creation of publicly accessible data repositories
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and analysis environments, such as ChemBank [14], the Biomolecular Interaction Network
Database (BIND) [15], and PubChem [16], now allow this work to be feasible in the
academic community.
When considering chemical space there are two fundamentally different classes of descriptors that are used: computed and measured (Fig. 2). These classes differ insofar as the
former are generally calculated using a computer and various algorithms designed to
determine the value of a specified mathematical function, whereas the latter involve the
observation of the effect of a chemical on, for example, the function of a gene product
(nucleic acids, proteins) or metabolite (carbohydrate, lipid, other organic molecules). Recognizing the distinction between chemical spaces derived from computed descriptors as
compared to measured descriptors is of fundamental importance. Whereas the former is
definable and unambiguously definable, the latter involves the process of observation, and
as such involves noise inherent to the process of measurement. Measured phenotypic
descriptors are also subject to the influence of a variety of other variables, including the
dose of the chemical, length of treatment, and the genotype of the biological system.

Figure 2. Computed versus observed descriptors used to create maps of chemical
space. Principle component models of chemical space for 480 small molecules analysed using 24 computed molecular descriptors and 60 measured phenotypic descriptors derived from a cell-based assay of cell proliferation [data from 17].

Many excellent reviews exist on the use of computed molecular descriptors to navigate and
model chemical space [18 – 22]. One challenge in the use of molecular descriptors to create
maps of chemical space that can predict biological activity is that a given chemical can
exist as a variety of structures corresponding to various protonation, tautomeric, and
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stereochemical states depending on the molecule's environment. Another major challenge is
the ability of enzymes to metabolize small molecules into what might be either an active or
inactive component. Together, these, and other, factors contribute to the difficulty of
predicting the function of a small molecule, particularly in the context of an intact living
system as complex as the human body.
In contrast to computed molecular descriptors phenotypic descriptors involve the measurement of the effects of a small molecule on a biological system. Although the term phenotype is mostly widely used in genetics to refer to any part of the observable structure,
function or behaviour of a living organism, it also includes the observable physical parts:
atoms, molecules, macromolecules, cells, tissues, and organs. Accordingly, phenotypic
descriptors provide the opportunity to classify chemical structures by creating maps of
chemical space according to biologically- or disease-based descriptors. Given the wide
range of observable properties of biological systems, the challenge for mapping chemical
space in this manner is to determine what the most relevant phenotypic descriptors to
measure are, which in turn may depend on the biological process being studied. These
descriptors may also vary if one is ultimately developing drugs rather than probes for the
dissection of biological systems.

Development of Novel Phenotypic Descriptors
As discussed by Fishman and Porter [23], developing a new “grammar” for pharmaceutical
discovery based upon an understanding of cellular pathways and signalling networks
involved in modulating human disease is required. One component of this effort is the
comprehensive mapping of chemical space through the integration of disparate medicinal
chemistry structure–activity relationships and target data on drugs that have been discovered to date [24]. Another component involves assessing the properties of newly synthesized or discovered small molecules in the context of high-throughput binding assays or
intact biological systems. Using the latter approach, a growing number of cell- [25 – 37]
and organism-based [reviewed in 38] assays that have been developed recently and applied
to screening small molecules (Fig. 3). While a number of these assays used homogeneous,
plate reader-based readouts as descriptors, high-content, image-based screens obtained
using automated microscopy are beginning to provide a rich source of phenotypic descriptors for classifying small molecules [35 – 37].
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Figure 3. Phenotypic assays for chemical genetics. (A) Types of assays that have been
used for chemical genetic screening. (B) Example of a cell-based assay involving
phospho-specific antibody-based determination of a cell-state [described in more detail in 25]. A cytoblot involves growing cells on the bottom of a well, fixing the cells
and probing the cells for the presence of a particular antigen using a specific primary
antibody in solution. A secondary antibody covalently linked to horseradish peroxidase is added and the presence of the entire complex is detected through the chemiluminescent reaction caused by addition of luminal and hydrogen peroxide.

Biological Space as Complementary to Chemical Space
Given the above description of chemical space, it follows that the term 'biological space' is
most appropriately used to refer to a space complementary to that of chemical space
(Fig. 4). This space is complementary insofar as it uses the same information encoded in
the pattern of interactions of small molecules with biological systems to classify biological
systems instead of chemicals. By transposing the data matrix and considering the small
molecules as descriptors for the phenotypic assays, the resulting data creates an information-rich signature of the biological system being probed, which in turn can be used for
pattern recognition, classification and assessing the diversity of the biological processes or
systems being assayed.
As for when modelling chemical space, there is the same need to make the distinction
between computed and observed descriptors when analysing biological space. When
viewed in this framework, chemical and biological space as a whole are composed of a
total of four quadrants (I–IV). In quadrant I, chemicals are positioned in space using
computed molecular descriptors. In quadrant II, chemicals are positioned in space using
measured phenotypic descriptors of biological activity. In quadrant III, biological systems
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are positioned in space using measured descriptors of chemical activity. In quadrant IV,
biological systems are positioned in space using computed descriptors based upon a computable model of the system.

Figure 4. Chemical and biological space as complementary aspects of chemical
genomics. Chemical and biological space are represented as complementary spaces
composed of a total of four quadrants (I–IV) in which chemicals and biological
systems, respectively, can be described quantitatively using multiple computed or
measured descriptors.

To date besides the widespread computational analysis of DNA sequence, there have been
only a few studies that have purposefully used the computation of biological descriptors to
classify biological systems. An example, reminiscent of the use of molecular descriptors to
classify chemical structures, has been described [39]. Similar perturbation-based profiling
experiments may prove useful for classifying complex disease states and revealing aspects
of network biology.

Computational Models of Chemical and Biological Space
The key organizing factor for analysing both chemical and biological space is derived from
the multidimensional data structure generated when multiple descriptors are used to annotate a small molecule or biological system, respectively. This data structure is most often
that of a two dimensional array, or matrix, denoted by S, consisting of an ordered array of n
columns and m rows (Fig. 2). Each column (yj) in S, corresponds to a descriptor, and is
denoted by a bold-face, lower case letter subscripted j (where j = 1 to n). Each row (xi) in S
corresponds to a chemical (or biological system), and is denoted by a bold-face, lower case
letter subscripted i (where i = 1 to m). Accordingly, an element (en) of S encodes information (m, n) about chemical (or biological system) m for descriptor n. This allows the
elements of S to be considered as coordinates in a multidimensional space spanned by
the descriptor axes, which, in turn, allows each chemical to be represented as a vector, the
magnitude and direction of which is given by the corresponding values in S, xi =[e1,
e2,...,en]. In this matrix-based representation of chemical space, the relative distance between chemicals (or biological systems) xi becomes a measure of their similarity with
respect to the particular descriptors considered.
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Visualizing Interactions in Chemical and Biological Space
In order to create meaningful visual representations of high-dimensional data to allow for
data exploration and to facilitate subsequent modelling efforts, a variety of dimensionality
reduction and pattern finding algorithms have been developed. These algorithms allow for
the creation of higher-level representations of the information inherent in the lower-level
relational data inherent within matrices of data. Besides clustering, which has been widely
used to group small molecules into various structural and activity classes, one method of
dimensionality reduction that has been found to be particularly useful for analysing multidimensional chemical genetic data sets is that of principal component analysis (PCA).

Figure 5. New activities in chemical space and the target of monastrol. (A) 3-dimensional representation of chemical space showing the position of 15,120 small molecules (coloured balls) in a molecular descriptor space derived from the first three
principal components axes (Y1-Y3) obtained from the analysis of the corresponding
structural and physiochemical descriptors (data from [27, 30, 32]). Inset shows 132
biologically active small molecules coloured based upon phenotypic data from cellbased assays for suppressors of the topoisomerase inhibitor ICRF-193 (red), suppressors of the histone deacetylase inhibitor trichostatin A (green), and anti-mitotics
(blue). In total, there were 20 suppressors of ICRF-193, 21 suppressors of ITSA, 89
anti-mitotics, and 2 small molecules that scored in both the anti-mitotic and trichostatin A suppressor screen. Monastrol's location is as shown. (B) Co-crystal structure of
monastrol with the motor domain of human KSP (Eg5) showing that monastrol
confers inhibition by creating an 'induced-fit' to a pocket away from the adenosine
triphosphate and magnesium binding site within the catalytic center (data from [41]).
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While PCA provides a readily computable, linear dimensionality reduction, a number of
algorithms with improved behaviour have been described [18, 40]. Nonetheless, PCA
provides an illustrative example of the use of computational methods. At its core, PCA
consists of a linear transformation of the original system of axes formed by the n-dimensions of the data matrix. This transformation is in the form of a Euclidean distance-preserving rotation, the directions of which are determined by computing a set of Eigenvectors
and corresponding eigenvalues of a diversity matrix created by computing a standardized
covariance matrix. The resulting Eigenvectors provide a new set of linearly independent,
orthogonal axes, called principal components, each of which accounts for successive directions in the n-dimensional ellipsoid spanning the multivariate distribution of the original
data. The corresponding eigenvalues account for progressively smaller fractions of the total
variance in the original data. Accordingly, PCA creates a global model of chemical and
biological space that minimizes the information lost upon projection into a space of
reduced dimensionality, and is thus well suited for exploring complex activity patterns
(Fig. 5A).
These global models of chemical space in which small-molecules, can be located are in
contrast to models that depict the local interactions of a small molecule with a macromolecular target (Fig. 5B). In the case of the small-molecule monastrol, which targets a
mitosis-specific, kinesin-related motor protein [26], consideration of these spaces reveal,
again, complementary aspects on the interaction of small molecules with biological systems. Whereas what the crystal structure reveals suggests specific non-covalent bonding
interactions and allosteric changes in the protein's structure that are involved in altering its
enzymatic function [41], the PCA model reveals aspects of the specificity of monastrol and
creates a landmark in the local region of the chemical space in which small molecules with
similar targets can be found.

Network-Based Models of Small Molecule Interactions
As an alternative to PCA, given a multidimensional matrix of data derived from chemical
genetic screens, it is also possible to use computational tools derived from the field of
discrete mathematics and principles borrowed from graph theory [39, 40, 42]. For example
(Fig. 6), through multiple screens, biologically active small molecules can be linked together into a network of chemical genetic interactions, which can be represented by the
graph G=(V, E), where V represents either small molecules or assays and E represents
edges indicating the activity of a small molecule in a given assay. To determine that a small
molecule is active, a threshold or a statistical measure based upon a control distribution of
inactive or control compounds can be used. Ultimately, the topology of the chemical
genetic network for a particular biological system will be determined by the selectivity
of the small molecules and constrained by the properties of the underlying biological
networks being studied.
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Figure 6. A chemical-genetic network representing a graph G=(V, E) (data from
[39]). Each node (V; circles) represents a biologically active small molecule or a
phenotypic assay and each edge (E; line) represents an observed biological activity.
Shown here is an undirected, unweighted, bi-partite graph with a total of 426 nodes
(V) and 1107 edges (E) between small molecule nodes (coloured red or yellow for
active; grey for inactive; total of 352) and an assay node (coloured blue; total of 74 in
7 organisms). This 'energy-minimized' representation was computed using Pajek
v0.72 (see http://vlado.fmf.uni-lj.si/pub/networks/pajek/).

Application of Chemical Genomics to Protein Acetylation
One of the most useful applications of chemical genetics is to reveal the gene products that
function in pathways or processes in an unbiased manner. To expand further the molecular
toolbox available for studying intracellular protein acetylation [reviewed in 43, 44], a
number of chemical genetic screens have been performed. For example, using a panel of
cell-based assays measuring the acetylation state of specific lysine residues on histones and
a-tubulin using antibodies and a library of over 7,200 small molecules derived from a
diversity-oriented synthesis that included 'biasing' elements to target the compounds toward
the family of HDACs [45], over 600 small-molecule inhibitors of protein deacetylation
were identified (Fig. 7) [31, 47].
Following the decoding of chemical tags and resynthesis, the selectivity of one inhibitory
molecule (tubacin) was shown toward a-tubulin deacetylation and another (histacin) toward histone deacetylation (Fig. 8) [46]. Tubacin was found not to affect the level of
histone acetylation, gene-expression patterns, or cell-cycle progression. Using immunopreciptated, recombinant enzyme, and it as determined that the class II histone deacetylase 6
(HDAC 6) is the intracellular target of tubacin [46]. Through a combination of the use of
catalytically inactive point mutations in each of the two catalytic domains of HDAC 6 and
tubacin, it was shown that only one of the two catalytic domains of HDAC 6 possesses
tubulin deacetylase activity, and that only that domain's deacetylase activity could be
inhibited by tubacin. Collectively, the small molecules identified as suppressors of trichostatin A (ITSAs) and the selective inhibitors of protein deacetylation should facilitate dissecting the role of acetylation in a variety of cell-biological processes (Fig. 9) [30, 46, 47].
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Figure 7. Forward chemical genetic screen for inhibitors of protein deacetylation
(data from [31, 36]). (A) Overview of cell-based screens of the 1,3-dioxane-based,
diversity-oriented synthesis-derived library using antibodies to measure tubulin and
histone acetylation. (B) Relative position of selected active compounds in a 3-dimensional principal component model computed from five cell-based assay descriptors.
AcTubulin-selective (red), AcLysine-selective (green), and most potent (blue). (C)
Chemical genetic network from screening data after applying the Fruchterman-Reingold 'energy' minimization algorithm. Nodes represent either assays or small molecules according to the indicated colours. Edges (black lines) connect bioactive small
molecules to the corresponding assay.
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Figure 8. Selective inhibitors of a-tubulin (tubacin) and histone deacetylation (histacin) identified by chemical genetic screening [31].

Figure 9. Molecular tools for the dissection of intracellular protein acetylation [30,
31].
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Future Development
For chemical genetics to truly rival classical genetics, and for it to function as a general
approach to dissecting biological mechanisms, there needs to be continued development
and refinement of the techniques for screening and assessing complex patterns of phenotypic changes.
As demonstrated in the example described above for protein acetylation, it is worth noting
the remarkable ability of antibodies to detect post-translational modifications of proteins
and other biosynthetic events that occur intracellularly at a single-cell level. Antibodies
differ from small molecules in their size, composition, and origin as they are immunoglobulins composed of both heavy and light chains, which are secreted by immune system
cells. The ability to recognize epitopes as small as a single acetyl group within the context
of chromatin or a single phosphate group on a protein within the cytoplasm of cells speaks
to their specificity and power as markers of phenotypes. The development of an expanded
collection of cell-state selective antibodies, and improved methods for multiplexing multiple probes in parallel or in series would have widespread utility for chemical genetics as
part of cytoblot and image-based screens.
The further development of genetically-encoded probes that allow for imaging of signalling
events and cellular processes in live cells in real-time will open up previously unexplored
areas of cellular biology. In particular, the use of genetically encoded probes targeted to
specific cell populations will be useful for creating more complex and physiologically
relevant assays, particularly in animal models.
A prerequisite for many studies and the understanding of chemotype–phenotype proteomewide approaches. With targets in hand, these efforts can be merged with structural biology
efforts to look at atomic resolution interactions, and an examination of the degree to which
specificity for targets influences the observed phenotypic effects.
It may also be possible to search for a “molecular recognition code(s)” that ultimately
determines the mapping, both locally and globally, between molecules in multidimensional
molecular descriptor spaces and multidimensional phenotypic descriptor spaces. These
codes may be considered at a variety of levels, including more general categories that
allow the prediction of properties relevant to the interaction with different subcellular
structures (e. g. the mitochondria or cytoskeleton) or different biological systems (e. g. the
xenobiotic transformation systems involved in drug metabolism). Knowledge of such codes
would, as did knowledge of the genetic code, usher in a new era of research and medical
advances that would allow the systematic modulation of gene product function based upon
an understanding of molecular interactions.
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Conclusion
Mendel's rules for considering the discreteness and combinatorics of inherited traits provided a foundation for classical genetics that has continued to provide insight into genotype–phenotype relations and the nature of heredity for more than a century [48, 49]. By
using small molecules to perturb biological systems conditionally at the level of gene
products, rather than at the level of genes themselves, chemical genomics promises to
complement the use of classical genetic analysis to study a wide range of biological
mechanisms and systems. Fortunately, unlike the complementarity principle discovered
by the physicist Niels Bohr, which describes the impossibility of simultaneously observing
both the wave and particle aspects of light and electrons, it is possible to simultaneously
consider chemical and biological space. In doing so a fuller description of the interaction of
small molecules with biological systems arises than if either of the two spaces is considered
separately.
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Abstract
Recent developments in molecular biology offer new approaches for
improving our understanding of enzyme-ligand interactions. The complexity of enzyme catalysis, consisting of ligand recognition and exquisite discrimination followed by rapid catalytic turnover, is now
being tapped by modifying ligand specificity. While various approaches to modify specificity have been developed, we apply a
'semi-rational design' approach, whereby residues in proximity to the
bound ligand are mutated. Mutations are either random (20 possible
amino acids) or semi-random (a subset of amino acids is encoded),
and several positions are mutated simultaneously to allow the occurrence of complementary, or compensatory, mutations.
By conducting combinatorial mutagenesis specifically directed toward
the active-site area of enzymes involved in drug resistances, we are
gaining insights into the nature of the enzyme-ligand interactions
underlying these resistance mechanisms. We screen libraries of mutated enzymes for resistance toward their target drug(s), selecting a
variety of modified active-site environments that we characterize for
binding and reactivity. Here, we present modification of the specificity of a b-lactamase and of a dihydrofolate reductase. Insights into
the molecular nature of these modified enzyme-ligand interactions
will provide new information for design of more advanced drug gen-

http://www.beilstein-institut.de/bozen2006/proceedings/Pelletier/Pelletier.pdf

60
Pelletier, J.N. et al.

erations. Our work contributes to demonstrate the generality of the
combinatorial active-site mutation strategy for modifying enzyme specificity.

Introduction
The complexity of natural evolution yields such highly efficient molecules as enzymes, the
most efficient known catalysts [1]. This complexity also results in a considerable challenge
in attempting to understand how enzymes work: where does their catalytic power stem
from? What dictates their exquisite selectivity? We are studying a variety of enzymes by
focusing specifically on the active-site environment to explore how sequence variations
affect catalytic efficiency as well as specificity in ligand binding.
Natural evolution is generally thought to proceed by genetic point mutation or recombination. The resulting modified genes are conserved if the resulting phenotype, in a given
environment, is neutral or beneficial. The gradual accumulation of various neutral or
beneficial mutations may provide combinations of mutations that provide a greater benefit
in a given environment. In a more rapid imitation of this process, our studies proceed by the
application of semi-rational directed evolution to various enzymes. Directed evolution [2]
consists in low frequency introduction of randomly-distributed mutations in a gene of
interest, followed by selection of the mutated proteins possessing the desired properties.
As a result of the random nature of the mutation process, our capacity to sample adequately
across the astronomically large 'sequence space' of a protein of interest is very limited.
However, it has recently been shown that the majority of mutations that beneficially affect
certain enzyme properties (enantioselectivity, substrate specificity, new catalytic activities)
are located in or near the active site, more specifically near residues that are implicated in
binding or catalysis [3 – 6]. In agreement with these data, we specifically direct mutagenesis to residues in or near the active site, to increase the likelihood of beneficially modifying the catalytic activity relative to random mutagenesis approaches. This 'semi-rational'
approach should allow building a “smarter” library than with a random whole-gene mutagenesis scheme [4] and should allow for a greater number of the interesting solutions to be
identified.
Even when reducing the explored sequence space to the area encompassing the active site,
the number of combinations of mutations to be tested remains extremely large. For example, mutating only 6 residues in the active site to all 20 naturally-occurring amino acids
gives 206 (> 6 x 107) combinations of mutations to be tested. As a result, the main limitation
we are faced with is the necessity of developing high-throughput screening methodologies
to allow identification of the desired property under relevant conditions.
Selection of functional, mutated enzymes in the context of drug resistance is a simple yet
powerful approach to screening. We previously applied this approach to identify heavilymutated yet functional variants of TypeII R67 dihydrofolate reductase (R67 DHFR) [7].
R67 DHFR confers drug resistance to bacteria when exposed to the commonly-prescribed
antibiotic trimethoprim. We mutated all 16 main active-site residues in a combinatorial
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fashion, creating > 1500 new active-site environments within a constant framework. Only a
subset of amino acids was encoded at each position to create a reasonably broad chemical
diversity while keeping the number of variants relatively small. Selection was performed by
challenging Escherichia coli harbouring individual variants with trimethoprim: functional
variants allowed bacterial propagation. Importantly, the three mutated active sites we
selected carried either 12 or 16 mutations relative to the native R67 DHFR; no lightlymutated, functional variants were identified. This was not unexpected as R67 DHFR had
previously been shown to be relatively intolerant to simpler schemes of active-site mutation
[8].
That work illustrates the accommodation of non-conservative sequence changes within the
context of multiple compensatory mutations. The approach is fundamentally different from
the creation of single, active-site point mutations in that it yielded functional solutions that
are too complex to have been predictable. The strategy of combinatorially exploring a
restricted area of sequence space centred about an active site can allow one to jump over
the non-productive exploration of single amino acid changes resulting in low function, to
discover more complex enzyme mutants with high function, even in an enzyme where
active-site point mutations are generally deleterious (as illustrated with R67 DHFR [7]).
Different enzymes exhibit different tolerances to point mutations, and within a given
enzyme, specific positions may be more or less tolerant to substitution. The tolerance to
substitution of the entire sequence of E. coli TEM-1 b-lactamase has previously been
mapped [9]. That study showed that specific residues could be classified either as invariant,
as tolerant to conservative changes or as those that tolerate mutation to a broad variety of
amino acids. Similarly, circular permutation conducted at each residue of E. coli DHFR
[10] have shown that some locations can withstand permutation, while others generate
inactive variants. These analyses help build a picture of the overall 'plasticity' of each
enzyme [11]. In the work presented below, we explore the tolerance to combinatorial
variation of residues within the active-site area of human DHFR and E. coli TEM-1
b-lactamase.

Results and Discussion
Human DHFR combinatorial active-site mutations: increased methotrexate resistance
The human enzyme dihydrofolate reductase (hDHFR) is essential for normal cellular proliferation. As a result, hDHFR is the target of the anti-proliferative inhibitor methotrexate
(MTX) that is broadly used in cancer chemotherapy [12]. Efficiency of MTX in cancer
treatment can be attributed to its high affinity for hDHFR (Ki = 3.4 pM) [13]. MTXresistant hDHFR mutants have been identified ex vivo in cultured cells exposed to MTX
[14 – 16] and by performing site-directed mutagenesis at the active site of the enzyme [17 –
19]. However, these mutants hDHFR are not found among patients treated with the drug
[20]. Most MTX-resistant point mutants identified maintain good catalytic activity while
displaying moderate resistance to MTX (e. g. F31S: Ki = 0.240 nM; L 22R: Ki= 4.6 nM) [17,
21]. The dihydrofolate (DHF) substrate and the MTX inhibitor bind to the same area of
hDHFR but with distinct orientations: while the pABA-Glu portions of both ligands make
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similar active-site contacts, the pteroyl moiety of MTX is flipped 180 around the C 6-C 9
bond (Fig. 1), such that different contacts are formed with hDHFR. Despite these differences, mutations that confer high MTX resistance (F34S: Ki= 210 nM) are frequently
accompanied by similarly reduced substrate (DHF) recognition and turnover [22].

Figure 1: Position of the mutated active-site residues. A: Superimposition of hDHFR
with bound folate (yellow; 1DRF; [57]) and its competitive inhibitor methotrexate
(red; 1U72; [28]). For clarity, only hDHFR structure 1U72 is shown. The active site
residues Phe 31, Phe 34 and Gln 35 are highlighted in green. B: Magnification of ahelix 1 carrying the mutated residues.

Identifying more highly MTX-resistant hDHFR mutants offers an important application.
Because MTX-resistant hDHFRs have not been observed in cancer patients [23], genes
encoding MTX-resistant hDHFRs have the potential to protect healthy haematopoietic stem
cells from MTX-toxicity during chemotherapy, thus protecting patients from immunosuppression [24]. Gene therapy with MTX-resistant hDHFRs in mice ensured myeloprotection during MTX treatment [25, 26]. For this application, ideal candidate hDHFR mutants
should have very poor affinity for MTX (Ki in the high nM range), while maintaining the
catalytic properties – including DHF substrate binding – required to ensure cell survival.
Such a mutant was obtained by the combination of point mutants at active-site residues 22
and 31 [27]. The mutations acted synergistically (L 22Y-F31G: Ki= 150 nM) to confer high
resistance to MTX once inserted into human and mouse stem cell lines.
To obtain more highly MTX-resistant hDHFR variants for this application and to gain more
insight into the nature of DHF substrate vs MTX inhibitor binding, we created combinatorial mutations at active-site residues of hDHFR. Here, we present concurrent mutations at
residues Phe31, Phe34 and Gln35 (Fig. 1). These residues are individually known to confer
MTX resistance upon mutation [17, 22, 28]. We designed oligonucleotides to introduce a
restricted variety of amino acids at positions 31, 34 and 35. This approach theoretically
encoded 567 different hDHFR variants. Library selection was achieved in MTX-sensitive
E. coli SK037 [29] on M9 minimal medium containing a high concentration of MTX (1
mM). Seventy surviving clones were sequenced, revealing one novel point mutant and nine
novel combinatorial MTX-resistant mutants (double or triple mutants) (Table 1). Thus,
approximately 2 % (10 out of 567) of the encoded combinations of mutations provided
MTX resistance in E. coli.
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Table1. Kinetic and inhibition constants for the selected MTX-resistant hDHFR
mutants.
kcat (s-1)

KMDHF(mM)

kcat/KMDHF
(s-1mM-1)

Ki MTX
(nM)

10 € 2

£ 0.075

‡ 140

< 0.031

6.4 € 1.0

1.5 € 0.30

4.3

1.7 € 0.6

GFN

4.3 € 1.0

1.7 € 0.39

2.6

9€3

PFH

1.7 € 0.12

2.1 € 0.51

0.80

10 € 1

PFE

1.7 € 0.05

2.7 € 0.63

0.60

12 € 4

RFE

1.3 € 0.17

0.69 € 0.13

1.9

21 € 11

SFE

9.4 € 0.31

3.3 € 0.70

2.8

30 € 11

hDHFR variant

a

WT hDHFR (FFQ)
Point mutant
PFQ
Double mutants

Triple mutants
RAN

0.50 € 0.06

2.2 € 0.62

0.20

12 € 2

RTS

1.0 € 0.09

1.7 € 0.27

0.60

59 € 26

RTR

1.0 € 0.10

2.0 € 0.25

0.50

86 € 49

AVH

1.1 € 0.39

4.3 € 1.3

0.30

180 € 69

a

hDHFR variants are designated by the one-letter code of the amino acid occurring at
positions 31, 34 and 35, respectively. Mutations are shown in bold-type.

Kinetic and inhibition parameters of the purified mutants revealed that higher MTX resistance was obtained with an increasing number of mutations, the most highly-resistant
mutants containing three active-site mutations (KiMTX= 59 to 180 nM) (Table 1 and
Fig. 2). The resistant mutants obtained all exhibited reduced catalytic efficiencies relative
to the wild-type hDHFR (30 to 700-fold decrease), mainly as a result of decreased affinity
for DHF (10 to 40-fold KMDHF increase). The affinity for MTX was more importantly
reduced by the mutations, with KiMTX increased 54 to 5800-fold. Thus, we identified a
variety of patterns of mutations at active-site residues 31, 34 and/or 35 that greatly reduced
MTX binding while maintaining sufficient DHF affinity to provide the level of catalytic
activity required for bacterial propagation. The variety of mutations obtained is indicative
of significant plasticity in these active-site residues [11].
Previous studies of hDHFR point mutants at position 31 [17, 30] have shown that either the
bulky, positively-charged Arg or small residues confer moderate (Gly, Ala and Ser) to good
MTX resistance. We also observed these amino acids in the MTX-resistant combinatorial
mutants. In addition, we observed proline at position 31 (point mutant F31P) which had not
been previously reported, demonstrating that information can be generated rapidly by this
selection strategy. Phe34 was the most strongly conserved native residue among the MTXresistant mutants we identified, consistent with its important role in binding either MTX or
DHF [22]. We observed Ala, Val and Thr in the four triple mutants identified, consistent
with previous reports that small amino acids (Ala, Val, Thr, Ser or Ile [19, 22]) at position
34 confer MTX resistance. A diversity of mutations was observed at position 35 in the
MTX-resistant mutants (Asn, His, Glu, Ser or Arg). The Q 35R and Q 35P variants have
been shown to confer low and elevated MTX-resistance respectively based on in vitro
studies of murine DHFR [28]. Interestingly, the Gln to Glu substitution was observed in
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the three most frequently observed selected mutants: PFE, SFE and RFE, which were
respectively identified 20, 18 and 14 times among the 70 clones analysed. The Glu may
contribute to resistance by electrostatic repulsion of the g-glutamate tail that binds nearby
(Fig. 1). Surprisingly, positively-charged residues at position 35 also supported MTX-resistance, as observed by the substitution of Gln35 to Arg (mutant RTR) and His (mutants
AVH and PFH). Gln35 has been proposed to interact with the guanidinium side chain of
Arg70 in absence of ligand [31]. However, Arg70 forms a conserved salt bridge with the acarboxylate of the bound ligands [32]. Thus, positively-charged mutations at position 35
may cause electrostatic repulsion with Arg70, decreasing ligand binding. Structural data is
required to confirm these hypotheses.

Figure 2: Relation between the number of hDHFR mutations and kcat/KMDHF or
KiMTX. Mutants are designated by the one-letter code of the amino acid occurring at
positions 31, 34 and 35, respectively. Numbers in parentheses correspond to the
number of mutations in the variant. Log kcat/KMDHF values are shown in grey while
log KiMTX values are shown in black.

How effective was the cumulation of mutations in providing increased MTX resistance?
All selected double mutants were mutated at positions 31 and 35 while retaining the native
Phe34. Comparing KiMTX for known F31X mutants with the related double mutants (i. e.
comparing point mutant F31S with the double mutant SFE) revealed that the additional
mutations at position 35 increased KiMTX 3- to 125-fold [17, 22, 30]. The selected triple
mutants provided further evidence of the impact of multiple mutations on resistance: the
most highly MTX-resistant hDHFR variants were all triple mutants (Table 1, Fig. 2). While
the F31R point mutant alone provides good MTX resistance (KiMTX = 7.2 nM, [30]),
additional mutations increased resistance, as evidenced by triple mutants RTS (KiMTX
= 59 nM) and RTR (KiMTX = 86 nM). Triple mutant AVH displayed the weakest MTX
binding out of the selected mutants (KiMTX = 180 nM), an almost 6000-fold increase in
KiMTX relative to WT. This combinatorial mutant nearly matches the best-reported KiMTX
(F34S = 210 nM [22]). However, it boasts a catalytic efficiency that is almost 20-fold
superior to the F34S point mutant, demonstrating the efficiency of the semi-rational evolution approach used.
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The current data set is consistent with synergistic effects of many of the mutations toward
MTX binding, as opposed to additive effects. For example, point mutants Q 35E and Q 35 H
were encoded in the library but were not selected, suggesting that alone, they do not confer
a high level of resistance. Nonetheless, these mutations increased the KiMTX of the point
mutant F31P 6 to 7-fold in mutants PFE and PFH. The same Q 35 H mutation, combined
with F31A (KiMTX = 0.27 nM; [22]) and F34V (KiMTX = 10 nM; [22]), also contributed to
the highest resistance in mutant AVH (KiMTX= 180 nM). In a similar fashion, the Q 35R
mutation (the murine Q 35R mutant displays only a 10-fold increase in KiMTX; [28]),
combined with F31R (KiMTX = 7.2 nM; [30]) and F34T (KiMTX = 9.6 nM; [22]), contributed
to resistance in mutant RTR (KiMTX= 86 nM), again consistent with synergistic rather than
additive effects.
To verify the efficiency of eukaryotic cell protection, CHO DUKX B11 cells (dhfr-) were
transfected with MTX-resistant mutants. As these cells have no intrinsic DHFR, their
survival is conferred by the transfected gene in the absence of nucleotides in the growth
medium; in the presence of MTX, the DHFR must be MTX-resistant. The combinatorial
mutants RFE, SFE, RTS and AVH were chosen because they displayed the highest KiMTX
values while maintaining catalytic efficiency comparable to MTX-resistant hDHFRs used
in similar studies [33, 34]. All mutants tested conferred MTX-resistance to CHO DUKX
B11 cells (Fig. 3). The control, point mutant L 22Y provided a 220-fold increase in
EC50MTX, while the double mutants RFE and SFE provided a 570-fold increase in EC50MTX
relative to WT hDHFR. The triple mutant RTS provided a 1030-fold increase in EC50MTX, a
2-fold increase in resistance relative to the double mutants. The EC50MTX for the triple
mutant AVH was greater than the maximal concentration of MTX that could be included in
the medium (> 4000-fold increase). Thus, mutant AVH allowed survival of 73% of the cell
population at 200 mM MTX. Cells containing wild-type hDHFR were sensitive to low
concentrations of MTX, ruling out gene amplification.

Figure 3: Survival of CHO DUKX B11 cells transfected with native hDHFR or
mutants L 22Y, RTS, SFE, RFE and AVH over a range of MTX concentrations.
Percentage of cell survival represents the ratio of cells counted in absence and in
presence of various MTX concentrations for 48 hrs in a-MEM media containing no
nucleotides, ensuring that cell survival was solely based on activity of transfected
hDHFRs. The cell survival data was analyzed with a non-linear sigmoidal fit, generating EC50MTX values for each variant. For clarity, curves are shown only for certain
mutants. Combinatorial mutants are designated by the one-letter code of the amino
acid occurring at positions 31, 34 and 35, respectively. Native hDHFR (WT) served as
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a negative control. The MTX-resistant point mutant L 22Y served as a positive control
because it confers good MTX resistance in mammalian cells as a result of its catalytic
efficiency (12 s-1mM-1) and moderately high KiMTX (10.9 nM) [19]. The mock experiment consisted in transfecting pcDNA 3.1 vector (= Null).

In conclusion, we developed a rapid and efficient system for identifying highly MTXresistant variants of human DHFR. Our results support the application of a semi-rational
directed evolution strategy for evolution of a desired property in an existing enzyme.
TEM-1 b-lactamase active-site mutations
b-Lactamases are drug-resistance enzymes belonging to several classes, among which class
A b-lactamases are greater than 300 in number (http://www.lahey.org/Studies/). b-Lactamases are not primary drug targets. Instead, bacterially-produced b-lactamases efficiently
break down penicillin and cephalosporin-type drugs such that they never reach their primary target, allowing bacteria to evade drug action. As a result of mutations, each blactamase has a specific recognition spectrum for penicillins and cephalosporins; new drugs
are rapidly matched by new mutations [35, 36]. In order to better understand the proteinligand interactions that define the recognition spectrum of different b-lactamases, we
turned toward the well-characterized class A E. coli TEM-1 b-lactamase.
We previously investigated the role of the TEM-1 b-lactamase active-site residue Tyr105
using saturation mutagenesis, enzyme kinetics and in silico molecular dynamics simulations [37]. Our results show that Tyr105 is involved in substrate discrimination and stabilization at the active site of TEM-1: Y105X mutations affect catalysis (kcat) only up to 5fold but productive binding (KM) up to 40-fold. While conservative mutation to other
aromatic amino acids at position 105 preserved activity, most other residue replacements
were found to possess too many degrees of freedom for appropriate substrate stabilization.
Interestingly, the small-residue replacements Y105G and Y105A allowed discrimination
between penicillin and cephalosporin substrates. Thus, TEM-1 position 105 acts as a 'gatekeeper': the identity of the amino acid at this position provides ligand discrimination.
We then probed for potential cooperativity between TEM-1 active-site residues. Five
residues with side chains pointing toward the substrate binding pocket were targeted for
combinatorial mutagenesis: Glu104, Tyr105, Gly238, Glu240 and Arg244 (Fig. 4; numbering according to Ambler [38]). Residues 104 and 105, carried on a loop, are relatively
permissive to mutagenesis [9, 37]. On the opposite face of the active site lie b-strands b3
and b4, which harbour Gly238, Glu240 and Arg244. Gly238 is notorious for increasing
resistance toward third-generation cephalosporins, particularly when mutated to Ser,
although Asn or Thr also confer good levels of resistance [39 – 41]. The E240K mutation
also increases resistance to third-generation cephalosporins [42]. Finally, though Arg244
has not been involved in cephalosporin resistance, we also mutated it because of its
proximity to the active site and because of the inhibitor-resistance reported upon its mutation [43 – 45].
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Figure 4: Schematic representation of the wild-type TEM-1 b-lactamase acyl-enzyme
intermediate complexed with benzylpenicillin. Residues delineating the walls of the
active site cavity are in blue surface representation while the residues selected for
mutagenesis are colored yellow with underlying balls-and-sticks. Benzylpenicillin, a
classical substrate of TEM-1 b-lactamase is colored by atom and shown in balls-andsticks representation. Brookhaven Protein Data Bank entry 1FQG [58].

We designed oligonucleotides to simultaneously introduce all 20 natural amino acids at
each of the 5 selected positions in TEM-1 (104, 105, 238, 240 and 244). Two separate
libraries (104 – 105 and 238 – 240 – 244) were individually synthesized and subsequently
recombined using a restriction site located between the two mutated regions. This approach
theoretically yielded 205 different b-lactamase variants. Selection on media containing the
third-generation cephalosporin cefotaxime (CTX; 250 ng/mL) yielded a number of CTXresistant mutants. Mutants were named after the one-letter amino acid code at positions
104, 105, 238, 240 and 244, respectively, such that the WT enzyme is 'EYGER'.
Among the 34 CTX-resistant clones we analysed, 11 unique sequences were identified. The
most frequently observed was the double mutant G238S/E240K (EYSKR), representing
over 40 % of the sequenced clones. This particular mutant has been extensively studied and
therefore was not further analysed [40, 46 – 48]. None of the other mutant sequences
occurred more than 4 times, although most exhibited similar features. For instance,
Arg244 remained unchanged among the 34 mutants, consistent with previous observations
suggesting that this residue is essential for appropriate hydrogen bonding with the substrate
in both the ground and transition states in TEM-1 [49]. In addition, all but one of the
selected mutants encoded the well-documented G238S mutation conferring CTX resistance
[35, 50].
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Amino acids introduced at positions 104, 105 and 240 may act cooperatively with the
G238S mutation to alter resistance, either synergistically, additively or antagonistically
[51]. To examine TEM-1 tolerance to multiple active-site mutations, we analysed mutants
displaying a wide variation in amino acid identity at the selected positions (Table 2). We
determined the in vivo vulnerability of the mutants toward various b-lactam antibiotics by
determining their minimum inhibitory concentrations (MICs): the lowest concentration of
antibiotic at which bacterial growth was inhibited. The mutants that had been selected
against CTX considerably gained resistance toward CTX at the expense of penicillin
resistance (Fig. 5). In contrast, effects on resistance to the first-generation cephalosporins
cephalothin and cefazolin were mitigated and kept within the wild-type range (data not
shown). Thus, selection for resistance toward the third-generation cephalosporin CTX did
not result in cross-resistance to a similar level toward first-generation cephalosporins nor
toward penicillins.
Table 2. Kinetic parameters for wild-type TEM-1 b-lactamase and for selected
mutants that include the G238S mutation.
Substrate
Cefotaxime

Cephalothin

TEM-1 variant
Wild-type
(EYGER)
VNSLR
VNSTR
PHSER
SWSSR
G238S b
Wild-type
VNSLR
VNSTR
PHSER
SWSSR
G238S b

a

kcat/KM
1

kcat/KM
6.8 x 10-3

818
364
586
557
148

5.5
2.5
4.0
3.8
1

1
7.44
1.49
10.3
5.81
0.88

1.1
8.4
1.7
11.8
6.6
1

Benzylpenicillin

Wild-type
1
82
VNSLR
0.07
6.0
VNSTR
0.04
3.3
PHSER
0.02
1.9
SWSSR
ND c
ND
b
G238S
0.01
1
a
Variants are identified according to the amino acid present at positions 104, 105, 238, 240 and 244,
respectively.
b
Data from Cantu & Palzkill [39].
c
Not determined.

In vitro kinetic parameters were determined (Table 2) to verify whether they paralleled the
in vivo MICs. Not unexpectedly, the most important kinetic differences observed concerned
improvement of CTX hydrolysis. Catalytic efficiency (kcat/KM) improvements of nearly
three orders of magnitude were observed for the mutants relative to the wild-type enzyme.
In addition, all mutants characterized were more efficient than the G238S point mutant
(Table 2), indicating that increased efficiency toward CTX hydrolysis results from the
additional mutations. However, the additional improvements over G238S were all modest
(2.5 to 5.5-fold).
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Figure 5: Minimum inhibitory concentrations (MICs) of E. coli XL 1-Blue cells
expressing native TEM-1 b-lactamase and selected mutants (VNSTR, VNSLR,
SWSSR and PHSER) tested against the penicillin substrate ampicillin (AMP), and
the third-generation cephalosporin substrate cefotaxime (CTX). MICs were determined by broth microdilutions with two-fold dilutions of the antibiotics tested according to Cantu et al. (1996) [44]. XL 1-Blue corresponds to the strain devoid of TEM-1
b-lactamase expression.

Mutant VNSLR exhibited the highest catalytic efficiency. Comparison of mutants VNSLR
and VNSTR was instructive. Both encode Val104: out of all reported natural isolates or
following mutagenesis, this mutation was identified only in the CTX-hydrolysing class A
b-lactamase D 488 from Klebsiella oxytoca [52]. Asn105 is compatible with both penicillin
and first-generation cephalosporin hydrolysis [37], mutation G238S confers CTX resistance
[35, 50] and Arg244 is the native residue. The mutants differ by only the amino acid at
position 240: E240L vs. E240T. Mutation E240L has not been previously characterized;
mutation E240T has been observed only in the class A PC 1 b-lactamase from Staphylococcus aureus [38, 53, 54] but has never been characterized in detail in the context of other
class A enzymes. It has been proposed that an exposed hydrophilic residue at position 240
could potentially H-bond with the acylamide substituent of a cephalosporin such as CTX
[42, 55]. Thus, one would expect that mutant VNSTR exhibiting a polar side chain at
position 240 should manifest the best productive affinity for the cephalosporin substrates.
However, while VNSTR and VNSLR featured similar kcat for the three cephalosporins
tested (Table 2; data not shown for cefazolin), VNSLR exhibited the lowest KM value (3fold lower than VNSTR), in apparent contradiction with the proposed role of position 240
[55]. The non-native, combinatorially mutated environment that serves as a backdrop for
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the E240 mutations likely accounts for the apparent discrepancy. This result highlights the
additional phenotypic diversity that can arise from creating multiply mutated active-site
areas.
Mutant PHSER exhibited the greatest increases in kcat for the cephalosporins tested (data
not shown). This mutant combined two previously characterized point mutations with
substitution G238S. E104P is active toward a range of substrates and is particularly advantageous toward CTX hydrolysis [56] while Y105 H exhibits native-like resistance toward penicillins and first-generation cephalosporins [37]. Finally, mutant SWSSR is also a
combination of G238S with two characterized point mutations advantageous for catalytic
efficiency toward penicillins and cephalosporins (E104S and Y105W) [37, 56]. These two
substitutions appear to display cooperativity (or 'complex additivity'; see below) with
G238S and the uncharacterized E240S to provide SWSSR with increased catalytic efficiency toward cephalosporins.
As observed with the in vivo MIC results, in vitro effects of the mutants toward the firstgeneration cephalosporins cephalothin and cefazolin were mitigated. Mutants respectively
displayed increased catalytic efficiencies up to 10-fold and 3-fold relative to wild type
(Table 2, CZ results not shown). Since the G238S point mutation confers no improvement
in efficiency toward these substrates [39, 57], the improvements must be attributed to the
additional mutations at positions 104, 105 and 240 (see Table 2, kcat/KM mutant relative to
G238S). It is remarkable that, although the mutants were selected for CTX hydrolysis, the
beneficial effect of the additional mutations – excluding effects of G238S – toward cephalothin hydrolysis (a first-generation cephalosporin) was similar to their effect toward CTX
hydrolysis (a third-generation cephalosporin). This suggests that the effects of the mutations were additive, as opposed to being synergistic or antagonistic.
We also assayed the mutants for hydrolysis of a penicillin, benzylpenicillin (Table 2). In all
cases, efficiency was reduced by one to two orders of magnitude relative to the wild-type
enzyme. This reduction in efficiency is likely attributed in great part to the detrimental
effect of the G238S mutation toward penicillin hydrolysis, particularly affecting kcat. Similar observations have been reported for this mutation [39, 41] and other point mutants at
positions 104, 164 and 240 [42, 57]. The additional mutations we introduced at positions
104, 105 and 240 reversed the detrimental effect of the G238S point mutant, allowing for a
10-fold increase in kcat for benzylpenicillin hydrolysis (data not shown).
Because the magnitude of the improved efficiency, excluding the effect of the G238S
mutation, is similar for all cases reported in Table 2, it is tempting to speculate that the
additional mutations ensure improved b-lactam hydrolysis via a relatively non-specific
mechanism that applies indiscriminately to cephalosporins and penicillins. However, for
both cephalosporins, there was a slightly greater improvement of KM than kcat relative to
the wild-type enzyme, while kcat was the sole contributor in the case of the penicillin.
Importantly, there was less difference when comparing the various mutants than when
comparing the different substrates, despite the variety in the additional mutations.

71
Modifying Enzyme Specificity by Combinatorial Active Site Mutations

In contrast to the synergy observed between the mutations identified in MTX-resistant
hDHFR variants, the mutations identified in the antibiotic-resistant TEM-1 b-lactamase
variants appear to have additive effects. Importantly, mutant catalytic efficiencies were
increased in a similar fashion toward the third-generation cephalosporin they were selected
against and toward first-generation cephalosporins (and to a lesser extent toward penicillins). This effect appears to be the result of additivity of mutations at positions 104, 105 and
240 to the G238S mutation.

Conclusion
By combinatorially mutating active-site residues that are in contact with the ligands, we
have obtained highly drug-resistant variants of two unrelated enzymes: hDHFR and TEM-1
b-lactamase. In both cases, previously reported as well as novel mutations were identified.
Also, in both cases, specific combinations of additional mutations proved advantageous.
Synergistic effects were observed in the case of hDHFR variants while additivity was
observed in the case of TEM-1 b-lactamase. It is possible that synergistic effects of
mutations occur more readily when the target property is decreased binding (toward
MTX, in the case of hDHFR) than when the target is a more complex property, such as
improved catalytic efficiency (toward b-lactam substrates, in the case of TEM-1 b-lactamase). The selection stringency we applied may have amplified this outcome: the synergistic mutations identified in hDHFR conferred a great selective advantage that is not likely
to have been matched by the effect of additive mutations. Thus, additive mutations in
hDHFR may exist but were neglected under the stringent selection conditions we applied.
In addition, the intrinsic properties of the enzyme under study (fold, internal dynamics,
interactions of the active-site residues, etc.) may determine the potential for mutations to
act in a synergistic rather than an additive fashion. It has been previously proposed that
simple additivity generally results from distant independent mutations that affect substrate
binding, protein-protein interactions and protein stability, as long as the overall structure
remains unchanged [58]. Discrepancies from simple additivity have been observed when
residues share physical interaction. Such “complex additivity” occurs either when the
residues act cooperatively or when mutated residues make direct or indirect contacts, e.g.
via electrostatic bonding [58]. When synergy applies to kcat (or to kcat/KM by extension), it
is generally an indication that the mutated residues function independently and in a concerted fashion in the same step of the catalytic reaction if the enzyme structure is maintained [59]. Future work will be directed at gaining a better understanding of the nature of
interactions between mutations.
Globally, our work provides additional information relative to the plasticity of enzyme
active sites, where multiple solutions can satisfy the requirement for a new binding specificity. Applications include directing future drug design to reduce the rate at which mutations allow drug resistance, and developing highly resistant enzymes for protection of
healthy cells during chemotherapy.
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Abstract
DNA-directed chemical ligations enable the highly sequence specific
analysis of mutations in DNA. The full diagnostic potential of DNAdirected chemistry can be harvested when DNA-analogues that provide new opportunities such as improved affinity and selectivity in
DNA-binding and/or ease and accuracy of detection are employed. It
is shown that peptide nucleic acid (PNA) conjugates, non-ionic biostable DNA analogues, can be ligated by using native chemical ligation. This reaction proceeds as rapidly and more selective than T4ligase mediated oligonucleotide ligations. The selectivity is higher
than 3000-fold in discriminating matched from single mismatched
DNA. This high selectivity is the result of a particular ligation architecture which involves an unpaired DNA-base opposite to the ligation
site. It is suggested that the high sequence specificity of this so-called
abasic ligation architecture facilitates the analysis of early cancer
onset. As an example it is shown that as little as 0.2 % of single-base
mutant in presence of 99.8 % wild-type DNA can be detected by massspectrometric analysis of the PNA-native chemical ligation. The PNAligation chemistry can also be applied to double stranded DNA-templates produced by PCR. In this case, auxiliary PNA needs to be
added in order to help binding of the rather short PNA ligation probes
to DNA. One drawback of using chemical methods for ligation of
oligonucleotides and analogues is product inhibition. Usually the products of ligation bind to the template with higher affinity than the
probes before ligation. This prevents catalytic turnover, which, how-
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ever, is desired if targets are present at low concentration. An approach to overcome product inhibition in PNA ligation is presented.
The approach is based on native chemical reactions involving isocysteine rather than cysteine. Ligations at isocysteine succeed through the
intermediacy of a ligated thioester that rearranges via chain-extension.
This step increases the flexibility of the final product, thereby reducing its affinity to the DNA template. To facilitate real-time monitoring of product formation a fluorescence resonance energy transfer
(FRET)-based detection method was established. By using the FRET
technique single base mutations can be detected within minutes and
with perfect sequence selectivity at optimized conditions.

Introduction
The ability to detect specific nucleotide sequences is of interest in various fields from
genetics, microbiology, oncology, haematology, immunology to food technology and forensics. An important issue is the sequence fidelity of the detection method, particularly
when aiming for the detection of somatic nucleotide mutations. For example, to evaluate
early stages of cancer, sophisticated methods are needed which can distinguish mutated
gene sequences at low concentrations over the background of predominant wild-type
sequences. One of the most accurate means of analysing DNA single base mutations is
the oligonucleotide ligation assay (OLA) which is based on the discriminative ability of
DNA ligases [1]. Herein, the presence of enzymes such as T4 and Tth-ligases induces
ligation reactions which occur more than 1000-fold faster on match DNA-templates than
on single mismatched sequences [2]. These enzymes are markedly less efficient on RNA
targets [3]. The restricted tolerance to even small modifications of probes as well as the fact
that ligases are unlikely to be used in living cells motivated chemists to investigate alternative non-enzymatic detection methods. One particularly successful strategy has been
developed by Kool and coworkers who described a DNA-template controlled ligation of
5'-iodo oligonucleotides with 3'-phosphorothioates that proceeded 180-fold faster in rate on
matched DNA than on single mismatched sequences [4, 5]. In general, the selectivity of a
given chemical ligation method is governed by the hybridization of the probes to be ligated.
We reckoned that enhancements of ligation selectivity should be achieved when using
DNA-analogues that bind DNA targets with higher affinity and sequence selectivity. These
features might be helpful in applications targeting double-stranded DNA, wherein shortlength ligation probes have to compete with reannealing of long oligonucleotides. As an
alternative to DNA we used PNA, an uncharged molecule in which the nucleobases are
attached to repeating N-(2-aminoethyl)glycine units via methylen carbonyl linkers (Fig. 1)
[6, 7]. This artificial scaffold leads to features such as high discriminative power against
single base mismatches combined with strong DNA-affinity. Moreover, PNA is stable
against both chemical and biological degradation.
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Figure 1. Structure of deoxyribo nucleic acid (DNA) and peptide nucleic acid (PNA).

Design of a Ligation Method
The probes have to be equipped with reactive groups that confer efficient coupling reactions in water. PNA comprises a pseudopeptide scaffold, hence it was considered to establish an amide forming ligation reaction. The native chemical ligation (NCL) reaction has
been demonstrated as a powerful method for joining unprotected peptides in aqueous
solution and at physiologically relevant conditions [8]. This reaction is induced by a
reversible thiol exchange step in which a thioester conjugate is linked to a cysteine containing segment by forming a thioester intermediate. A subsequent S?N acyl-shift occurs
spontaneously to furnish the final ligation product containing a natural amide bond.
DNA-directed chemical ligation systems are usually designed as nick ligations wherein the
two fragments to be ligated align on the template by involving a contiguous segment of the
template in base pairing. However, we surmised that a ligation, in which the template base
opposite to the ligation site remains unpaired, would lead to enhancements of sequence
fidelity due to omission of a less selective base stacking term. It was assumed that the
application of a reaction method during which an abasic-site is formed at the ligation
junction may lead to enhancements of sequence selectivity. Also, it is conceivable that
the higher flexibility of the reactive groups in such an “abasic ligation” architecture results
in the reduction of the effective molarity thereby diminishing rate accelerations exerted by
the template. To test this proposition, it was necessary to explore two distinct ligation
architectures. In a paradigm study we examined the native chemical ligation of two modified PNA probes targeted against the carcinogenic G12V mutation of ras-gene segments
(Scheme 1).
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Scheme 1. Reaction of the A) nick and B) abasic Native Chemical PNA-Ligation.

Evaluation of the Native Chemical PNA-Ligation
Reactions
To put the nick PNA ligation into practice a PNA-monomer is required which contains a
1,2-aminothiol structure. The desired Boc/Trt/Cbz-protected PNA adenine monomer 15
was synthesized from commercially available Boc/Trt-Cysteine 11 and incorporated in
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solid- phase PNA synthesis (Scheme 2) [9]. The abasic ligation format was realized by
allowing a PNA-glycine thioester 8 to react with a cysteinyl-PNA 9 (Scheme 1B). The
central glycine-cysteine dipeptide served as isosteric replacement of the omitted adenine
monomer.

Scheme 2. Synthesis of protected PNA-Monomer 15. a) HNCH3(OCH3), ClCO2iBu,
NMM, DCM, RT, 98 %; b) LAH, THF, 0 C, 100%; c) Gly-OCH3, NaBH3CN,
CH3OH, RT, 72 %; d) 6-N-(Cbz)-9-(carboxymethyl)adenine, pivaloylchloride,
NMM, DMF/CH3CN (1:1), RT, 78 %; e) LiOH, THF, 0 C, 95 %.

The ligation probes used in nick and abasic Native Chemical PNA-Ligation reactions 3, 4,
8, and 9, respectively, were synthesized via solid-phase PNA synthesis. Ligations were
commenced by allowing PNA-nucleophiles 4 and 9 to react with PNA-thioesters 3 and 8,
respectively, in the presence of perfectly matched DNA, single mismatched DNA, or in the
absence of DNA. HPLC analysis revealed that bimolecular nick ligation (Fig. 2A) and
abasic ligation (Fig. 2B) were slow in the absence of DNA (< 0.2% yield after 60 min).
In contrast, addition of complementary templates 1 and 6, respectively, resulted in a
significant increase in ligation rates and product yields. The abasic ligation on matched
DNA 6 reached the 50% stage within 10 min and provided 75% yield after 60 min. For
reasons of comparison with alternative ligation methods an apparent second order rate
constant kapp= 2470 M-1·s-1 was determined. Interestingly, nick ligation of 3 and 4 proceeded even faster than abasic PNA-ligation, as evidenced by the 1.6-fold enhanced second
order rate constant kapp= 3973 M-1·s-1. Hence, the Native Chemical PNA-Ligation reactions
are amongst the fastest DNA-controlled ligation reactions [10 – 12]. Most noticeable were
the results of the ligation experiments on single mismatched templates. While abasic
ligation proved inefficient (0.2 % yield after 60 min) on template 7, nick ligation still
proceeded remarkably well on mismatched DNA 2. The initial rates of ligation indicated
that abasic ligation of 8 and 9 on matched DNA 6 occurred 3450-fold faster than on single
mismatched DNA 7. This fidelity exceeds the sequence selectivity obtained with alternative
chemical ligation methods [4] and rivals the speed and match/mismatch discrimination
reported for enzymatic-based detection techniques [2]. Only 7-fold rate differences were
determined for nick ligation of 3 with 4 on matched and single mismatched DNA-sequences 1 and 2, respectively. These observations demonstrate clearly that the ligation
architecture is of critical importance for the sequence selectivity of the Native Chemical
PNA-Ligation reaction [13, 14].
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Figure 2. Reaction time course of A) nick ligation of 3 and 4 and B) abasic ligation of
8 and 9 in the presence of matched DNA, single mismatched DNA, and in the absence
of DNA. Reaction conditions as shown in Scheme 1.

Detection of Mutated DNA Sequences as Minor
Compounds
The previous results demonstrated high sequence selectivity and rate accelerations of the
abasic PNA-ligation reaction. These features should allow the design of a very precise and
rapid detection assay, wherein single base mutations are identified in minority compounds
over the background of wild-type sequences. To emulate such early cancer stages matched
and mismatched ras-gene segments were mixed in varying ratios in the presence of abasic
ligation probes 8 and 9. After 20 minutes reaction time the ligations were analysed by
MALDI-TOF mass spectrometry. Indeed, Fig. 3A illustrates that single-nucleotide specific
ligation products are detectable in spite of high backgrounds of wild-type DNA. The
formation of mutant ligation product 10 (m/z= 4260) and, hence, occurrence of mutant
DNA was detected when present as a mixture of wild-type/mutant DNA in 9:1 and 99:1
ratios. Moreover, even 0.2 % of mutant DNA was still detectable (signal-to-noise ratio = 32)
in the presence of 99.8 % of wild-type DNA (ratio 499:1) while virtually no signal appeared
when pure wild-type DNA (signal-to-noise ratio < 3) was present.
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Figure 3. MALDI-TOF/MS analysis of abasic ligation in the presence of different
match/mismatch DNA-ratios. Peak heights are calibrated on signal-to-noise ratios.
Reaction conditions: 1 mM probes, sum of templates = 1 mM, 2 w/v sodium 2-mercaptoethanesulfonate, 10 mM NaCl, 10 mM NaH2PO4, pH 7.4, 25 C, t = 20 min,
R =(CH2)2SO3- (m/z: 4260 =10, 4179 =19).
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In a duplex assay the formation of a wild-type specific ligation product can serve as an
internal standard. Thus, reactions were carried out with mixtures of wild-type and mutant
specific PNA-probes 9 and 18, respectively. Figure 3B shows the ligation products formed
in a reaction of thioester 8 with competing mutant thiol probe 9 and wild-type thiol probe
18. Wild-type DNA 17 was the major component of the template mixture and indeed wildtype specific ligation product 19 (m/z= 4179) was the dominating peak in all instances. The
smallest detectable proportion of the mutant template was 0.2% (signal-to-noise ratio = 6)
which gives testimony to the high selectivity of the Native Chemical PNA-Ligation reaction [14].

Native Chemical PNA-Ligation on Single and Double
Stranded PCR-DNA
Most published ligation reactions have been performed on single-stranded synthetic DNA
templates. However, in practical applications of molecular diagnostics the challenge arises
to perform such ligation chemistry on DNA from biological sources. Typically, the DNA
segment of interest is extracted by PCR. It is hence mandatory that double-stranded DNA
can be used as template. However, the reannealing of long complementary sequences after
thermal denaturation, hinders hybridization of the short-length ligation probes. In order to
compete against reannealing of the amplified DNA strands, probes have to be long enough
to form stable probe/target duplexes. Unfortunately, the design criteria for high sequence
fidelity demands short probes that usually can not compete with reannealing of the two
amplified DNA-strands. As a solution to this problem a ligation system was designed
wherein the combined use of a medium-size PNA-thioester 22 and a 12mer PNA-oligomer
23, acting as a reannealing blocker, should facilitate hybridization of the short-length
mutant and wild-type specific cysteine-PNA conjugates 9 and 18, respectively (Fig. 4).
After thermal denaturation of the 167mer double-stranded DNA at 80 C in presence of
probes 9, 18 and 22 as well as the reannealing blocker 23 a subsequent rapid cooling to
20 C allowed sequence selective hybridization of the probes to the template which, indeed,
promoted template-controlled product formation as confirmed by MALDI-TOF mass spectrometry analysis. As expected, after two hours reaction time no product signal was detectable in the absence of dsDNA (Fig. 4A). The ligation on dsMT-DNA 20 delivered a
mutant-specific ligation product with m/z= 5303 (Fig. 4B). On dsWT-DNA 21 wild-type
related product with m/z= 5222 was detected (Fig. 4C) [15].
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Figure 4. Sequence selective Native Chemical PNA-Ligation on double-stranded
PCR-DNA. Reaction conditions: 1 mM probes and reannealing blocker, 500 nM
dsDNA, 2 w/v sodium 2-mercaptoethanesulfonate, 100 mM NaCl, 10 mM NaH2PO4,
pH 7.4, 25 C, t = 2 h, R =(CH2)2SO3- (m/z: 5303 =24, 5222 =25).

Design of a Template-Catalysed Chemical PNA-Ligation
In contrast to enzymatic reactions, chemical ligation strategies rarely provide multiple
ligation products when the target is present at lower than stoichiometric concentrations.
Turnover is usually inhibited by stronger binding of the ligation product to the template
compared to the non-ligated probes. However, amplification of the product signal is desired
in situations where DNA targets have to be detected at low concentrations. To achieve
multiple reaction cycles in a chemical ligation format the challenge arises to decrease the
DNA-affinity of the ligation product without affecting the DNA-affinity of the probes
before ligation. As a potentially general solution to the problem of product inhibition in
template controlled ligation reactions, a reaction cycle was designed which comprises a
two-step ligation-rearrangement reaction as central event. As shown in Scheme 3 binding
of the ligation probes 26 and 27 to the template triggers a chemical ligation reaction which
forms intermediate 28·29. A subsequent spontaneous rearrangement step (B?C) leads to
an alteration of the scaffold in 29 providing the rearranged product 30. We envisioned that
the rearrangement facilitates dissociation of the rearranged product/template duplex 28·30.
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Scheme 3. General scheme of ligation-rearrangement reactions for reducing product
inhibition in DNA-template controlled ligations.

A powerful reaction that contains a rearrangement step during the linkage of two modified
ligation probes is the previously described Native Chemical PNA-Ligation [14, 15]. In this
reaction PNA-thioester conjugate 8 is linked by the cysteine (Cys)-containing PNA-oligomer 9 whereby formation of reaction intermediate 32 proceeds (Scheme 4). A subsequent
S?N acyl-shift leads to contraction of the main chain which is expected to align the
nucleobases in product 10 in an interbase distance of 12 s-bonds, more favourably than
in thioester intermediate 32 (interbase distance = 13 s-bonds). On the contrary, reaction of
thioester 8 with isocysteine (iCys)-PNA 31 proceeds via main chain extension providing an
interbase distance of 13 s-bonds in ligation product 34. It was assumed that the product
from the iCys-mediated Native Chemical PNA-Ligation 34 should have lower affinity to
template 6 than the product of Cys-mediated ligation 10. The required Boc/Trt-protected
isocysteine building block was synthesized starting from thiomalic acid. As key event of
the 5-step synthesis the curtius-rearrangement enabled the convenient introduction of the
Boc-protecting group [16]. The Boc/Trt-protected isocysteine was subsequently used in
solid-phase PNA-synthesis to obtain PNA-probe 31 targeting the carcinogenic mutation
G12V of a 16mer ras-gene segment. Next considered was the influence of the structural
variation between Cys and iCys containing ligation products 10 and 34, respectively, on the
stability of the corresponding DNA·PNA duplexes. Melting temperature measurements
revealed that the duplex 6·34 containing the iCys-related ligation product (TM= 53 C)
dissociated easier than the Cys-containing duplex 6·10 (TM= 58 C).
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Scheme 4. Reaction geometries of the Cys and iCys-mediated chemical PNA-ligation
on DNA templates.

The reactivity of iCys and Cys was compared by studying template independent ligation
reactions of 9 and 31 with PNA-thioester 8. At 100 mM probe concentration the Cysmediated ligation proceeded smoothly providing 77% yield of product 10 after 6.5 h
(Fig. 5A). In contrast, the iCys-mediated chemical ligation was less efficient leading to
49 % yield after identical reaction time. The comparison of the initial rates revealed that the
bimolecular iCys-mediated PNA-ligation proceed 4.4-fold slower than the corresponding
Cys-mediated reaction. This result can be explained by the lower nucleophilicity of the
sterically hindered thiol group in iCys. The lower reactivity was considered useful in
template-controlled reactions, as it could result in lower levels of off-template ligations.
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Indeed, at 1 mM probe concentration the iCys-mediated ligation reaction was extremely
slow and provided less than 0.2 % ligation yield after 60 minutes. The addition of perfectly
matched DNA-template 6 triggered the iCys-mediated ligation, which proceeded as fast as
the template-controlled Cys-mediated chemical ligation (Fig. 5B, kapp= 2470 M-1·s-1).
Furthermore, iCys ligation also delivered a similar match/mismatch discrimination
(3450:1). It can be concluded that the replacement of Cys by iCys reduced the template
independent background reaction while speed and sequence fidelity of the template-controlled reaction were unaffected.

Figure 5. Time courses of the Cys (&) and iCys-mediated (*) PNA-ligation. A) At
100 mM probe (reaction buffer: 100 mM Na2HPO4 sat. BnSH, pH 7.4, 25 C) and B)
at 1 mM probe in the presence of matched DNA 6 or single mismatched DNA 7 (',
only iCys-mediated ligation shown, reaction buffer: 10 mM Na2HPO4, 10 mM NaCl,
sat. BnSH, pH 7.4, 25 C).

The iCys ligation was designed with the aim to allow signal amplification in scenarios
where less than stoichiometric amounts of template are available. Both reactions were
performed at different template/probe ratios using 100 – 10.000 equivalents of probes per
equivalent target DNA. It was expected that a large excess of ligation probes over the
template would facilitate the displacement of the reaction product. Turnover numbers were
determined by counting the number of equivalents of ligation product caused by one
equivalent template. To ensure that the measured ligation yield was the result of the
template dependent reaction product yields in the absence of target DNA were subtracted.
HPLC-analysis revealed that after 24 h incubation at 25 C both reactions furnished significant turnover numbers at low template/probe ratios (Fig. 6). For example, at 1 mM
concentration of probes 8 and 31 and 10 nM concentration of template 6 iCys ligation
yielded 3.5 turnovers which improved to 43 turnovers at 0.1 nM target. In contrast, the Cysmediated ligation of 8 and 9 proceeded less efficiently providing 1.6 and 14 turnover
numbers at 10 nM and 0.1 nM, respectively, target concentrations.
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Figure 6. Turnover numbers in Cys (black bars) and iCys-mediated (red bars) PNAligations after 24 h reaction time (reaction buffer: 10 mM Na2HPO4, 150 mM NaCl,
10 mM MESNa, pH 7.4, 25 C).

An increase of the ligation probe concentration leads to higher turnover numbers at any
given template/probe ratio. For example, signal amplification in Cys-mediated ligation
reaction reached 42- and 51-fold at 5 mM and 10 mM probe concentration, respectively.
Even higher turnover numbers were observed in the iCys reaction. As shown, highest signal
amplification was achieved with 226 turnovers at 10 mM ligation probe and 1 nM DNA
target concentration [17]. This significantly exceeds the turnover numbers achieved with
alternative chemical ligation methods [18].

Detection of the Native Chemical PNA-Ligation by
Fluorescence Resonance Energy Transfer
Fluorescence based methods offer probably the most facile and sensitive means of detecting biomolecules in complex environments. In a chemical ligation reaction the formation of
the ligation product should trigger the emission of a specific fluorescence signal. Fluorescence resonance energy transfer (FRET) is commonly used to report the proximity of two
labelled molecules 19]. We chose an internal labelling approach to allow for convenient
screening of various donor-acceptor distances. Internal labelling was made available via a
new PNA-monomer that featured a lysine side chain. Carboxyfluoresceine (FAM) was
attached to PNA-thioester 37 and tetramethylrhodamine (TMR) to iCys-containing probe
38.
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Figure 7. Reaction and fluorescence monitoring of the iCys-mediated PNA-ligation
of 37 and 38 on matched DNA 35 and single mismatched DNA 36. A) Fluorescence
spectra for reactions before addition of DNA and 60 min after addition. B) Ratio of
fluorescence intensities at 585 nm and 523 nm measured for reactions at 25 C. C)
Fluorescence intensity at 585 nm for reactions at 37 C, R =(CH2)2SO3-.

Figure 7 shows the results of reactions monitored in real-time by fluorescence spectroscopy. The fluorescence spectrum of the probes 37 and 38 in the absence of template is
dominated by FAM emission at 523 nm (Fig. 7A, black). The addition of matched template
35 triggered ligation and resulted in a marked change of the fluorescence spectrum characterized by an increase of TMR emission (585 nm) and a decrease of FAM emission (523
nm). On the contrary, mismatched DNA template 36 was considerably less efficient in
inducing fluorescence changes (Fig. 7A, red). The formation of the ligation product can be
monitored by means of the ratio of fluorescence intensities F585/F523 (Fig. 7B) or by
directly following TMR emission at 585 nm (Fig. 7C). Either method generates a positive
signal and was suited to reveal the high sequence selectivity of the ligation. Comparison of
the initial rates confirmed that fluorescence was produced 127-fold faster on matched
template 35 than on mismatched template 36. Moreover, a perfect sequence selectivity
was observed by performing the reaction at 37 C.
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Conclusion
In summary, we have introduced the Native Chemical PNA-Ligation reaction which can be
applied to detect single base mutations in DNA-templates. It was shown that the templatecontrolled ligation reaction proceeds with higher sequence fidelity when performed opposite to unpaired template-nucleobases. This so-called “abasic PNA-ligation” was shown to
occur as fast and as sequence selective as ligase-mediated reactions. The exceptional
discriminative power of the PNA-ligation was used for detecting single base mutations
by MALDI-TOF/MS in PCR amplified double-stranded DNA and in single-stranded DNA
templates present as minority compound in different mutant/wild-type ratios. It was shown
that 0.2% single base mutant DNA over the background of 99.8 % wild-type sequence were
clearly detectable. We also showed an approach to overcome product inhibition, which
usually prevents catalytic turnover. This approach is based on reactions that succeed via
ligation and a subsequent flexibility enhancing rearrangement. The native chemical ligation
at isocysteine proceeds via such a chain-extending rearrangement and it was the isocysteine-mediated ligation that provided highest turnover numbers at low DNA template
concentrations. To facilitate monitoring of product formation we established a fluorescence
resonance energy transfer (FRET)-based detection method which allows real-time measurements. The FRET-signal is specific for product formation and provides for positive signalling. Speed and selectivity of the FRET-ligation were high. This account demonstrates the
high potential of the Native Chemical PNA-Ligation for analysing mutated DNA sequences
at single nucleotide resolution.
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Abstract
Noncanonical amino acids as building blocks for the biosynthesis of
tailor-made proteins represent a nearly infinite supply for the introduction of unusual functions, molecular scaffolds exerting conformational constraints or pharmacologically active entities into proteins.
Exploitation of this supply for biotechnological or medical application
is owed to the flexibility of the cellular systems involved in the
incorporation of noncanonical amino acids into proteins. The broad
substrate specificity of cellular amino acid transport systems allows
for transmembrane passage of many noncanonical amino acid analogues. Subsequently, the intracellular amount of noncanonical amino
acids can be tuned to levels high enough for efficient activation and
tRNA charging by aminoacyl-tRNA synthetases (AARS). As a variety
of noncanonical amino acids with different chemical properties are
incorporated into polypeptide sequences, they are obviously metabolically stable. The indiscriminateness of the AARS towards many
noncanonical substrates, i. e. their “catalytic promiscuity”, is the central principle for expanding the scope of ribosomal protein synthesis.
tRNAs charged with noncanonical amino acids mediate their efficient
translation into nascent polypeptide chains by codon reassignment
owing to the adaptability of the ribosome. Our contribution specifically highlights all theses principles as sine qua non for protein translation reprogramming with an expanded genetic code.

http://www.beilstein-institut.de/bozen2006/proceedings/Wiltschi/Wiltschi.pdf
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Introduction
In all living organisms, the genetic information is implemented by three processes, two of
which – transcription and translation – are intimately linked (Fig. 1). The genetic information stored in the DNA molecule is passed on to progeny by replication, i. e. duplication of
the DNA. It is transcribed to messenger RNA (mRNA), which is often processed, e. g., the
mRNA may be edited, spliced or chemically modified and a 5'-cap and 3'-polyA tail may
be added to produce mature mRNA. Finally, the genetic information now inherent to the
mRNA is translated into the corresponding amino acid sequence of the protein at the
ribosome [1]. The precision of the information transfer from nucleic acids to proteins is
governed by a set of rules, the genetic code, that strictly links a linear tri-nucleotide
sequence to a linear sequence of amino acids. The genetic code operates with tri-nucleotide
units (codons) each of which codes for a single amino acid. There are 64 possible threebase combinations of the four nucleobases, enough to encode 64 amino acids. However, all
life forms on Earth use only a standard set of 20 canonical amino acids to biosynthesize
their proteins. Genes involved in replication, transcription and translation are almost universally conserved among all life kingdoms [2].

Figure 1. Expanding the scope of protein biosynthesis. The genetic information stored
in DNA is transcribed to mRNA and translated into a polypeptide sequence at the
ribosome. The transfer RNA (tRNA) molecule acts as the “adaptor” that transfers the
genetic information from the nucleic acid (mRNA) to the polypeptide. A set of rules,
the genetic code, strictly links a linear nucleotide sequence to a linear sequence of
amino acids. At the standard coding level, only 20 canonical amino acids are incorporated into the polypeptide chains of natural proteins. The flexibility of the protein
translation machinery allows the incorporation of noncanonical amino acids into
proteins at the expanded coding level. In this way, tailor-made proteins with novel,
unnatural properties can be biosynthesized.

Once translation is accomplished, the newly synthesized polypeptide chains usually undergo further processing, i. e., they are post-translationally modified before the mature and
active proteins can act as structural components of the cell or serve as functional biochem-
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ical machines. Numerous nonstandard amino acid residues are known but they are all
introduced into proteins by enzymatic modification after translation [3] or by non-ribosomal peptide synthesis [4].
Amino acids are provided for protein synthesis in the form of aminoacyl-tRNAs. The
transfer RNA (tRNA) molecule acts as the “adaptor” that transfers the genetic information
from the nucleic acid (mRNA) to the polypeptide (Fig. 1). The protein translation process
encompasses two distinct molecular recognition events: the interaction of the aminoacyltRNA anticodon with the correct codon in the mRNA on the ribosome and the specific
pairing of the tRNA anticodon with its pertinent amino acid by action of the aminoacyltRNA synthetase (AARS). Thus, the specific covalent attachment of an amino acid to its
cognate tRNA (the aminoacylation identity), which interprets the genetic code, is controlled by the substrate specificity and selectivity of the AARS. That means that the quality
of the translational process depends largely on the precision of aminoacylation and subsequent non-covalent interaction of the charged tRNA with the ribosome-bound mRNA
(Fig. 1).
The accuracy of the translation machinery is malleable with respect to catalytic promiscuity
of the AARS and ribosome plasticity. Deviations from the rules of the genetic code allow
protein translation to occur at an expanded level of genetic coding (Fig. 1) which opens up
entirely new prospects for the biosynthesis of “unnatural” proteins. It is possible to incorporate non-proteinogenic, so-called noncanonical, amino acids into proteins [5, 6] that
furnish the resulting alloproteins with novel properties. The unusual structural, chemical
and functional qualities of such “tailored-made” proteins should be of great value for
biotechnological or medical applications.
For successful in vivo protein biosynthesis with noncanonical amino acids the following
conditions must be fulfilled: (1) Effective uptake/import of the noncanonical amino acid
into the cell; (2) metabolic stability of the noncanonical amino acid in the cell; (3) its
intracellular accumulation at levels high enough for efficient activation and tRNA acylation
by AARS; and (4) translation of the noncanonical amino acid into nascent polypeptide
chains in response to a sense or stop codon (codon reassignment and nonsense suppression,
respectively). (5) Correct folding of the protein must not be obviated by incorporation of
the noncanonical amino acid. The manipulation of the translation process involves diverse
cellular functions, nonetheless, AARS and tRNAs represent the main targets for protein
biosynthesis with an expanded amino acid repertoire [7].

Cellular Uptake of Noncanonical Amino Acids
Knowledge on the import of noncanonical amino acids into cells and their metabolic fate is
scarce. Since a variety of amino acid analogues can be successfully incorporated into
prokaryotic and eukaryotic proteins [8] the uptake is expected to occur efficiently. Moreover, the analogues appear to be metabolically stable such that they accumulate in quantities that promote their turn over by AARS.
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During evolution, the organisms developed idiosyncratic ways of handling amino acids. In
spite of that, amino acid biosynthesis pathways, intracellular amino acid transport, turnover
and discharge mechanisms are conserved throughout the different kingdoms of life [9].
Apart from their central function in protein biosynthesis, amino acids play fundamental
roles in many different processes including hormone metabolism, nerve transmission, cell
growth, production of metabolic energy, nucleobase synthesis, nitrogen metabolism and
urea biosynthesis [10]. For the efficient transport of these important substances from the
environment into and between the cells, accordingly versatile amino acid transport systems
have evolved that differ greatly in their substrate spectrum, transport mechanism and tissue
specificity. In most cases, transporters recognize a broad spectrum of amino acids and their
derivatives [10]. Such a lack of transport specificity can have adverse effects since many
different kinds of small molecules penetrate the cell and form intracellular pools [9]. Once
such substances are present in the cytosol, they may affect a variety of metabolic, synthetic,
and other cellular functions. Particularly noncanonical amino acid analogues can (i) affect
amino acid biosynthesis, (ii) interact with catabolic enzymes, (iii) act as (irreversible)
enzyme inhibitors, (iv) interfere with amino acid transport and storage and (v) enter the
translation process by serving as substrates for protein synthesis, i. e. they enter the genetic
code [11, 12].
In the yeast Saccharomyces cerevisiae, most of the permeases mediating amino acid uptake
are specific for one or a few related L-amino acids. Nevertheless, S. cerevisiae possess a
broad-specificity, large-capacity, general amino acid permease that catalyses the uptake of
most L- and D-amino acids, non-proteinogenic amino acids such as citrulline and ornithine
and a number of toxic amino acid analogues and amino acid biosynthesis inhibitors [13].
“System L” transporters in mammalian cells are unique for their broad substrate selectivity.
Their multispecific properties enable them to accept not only naturally occurring amino
acids for transport but also amino-acid related, potentially toxic compounds [14, 15]. Some
amino acid requiring mutants of Escherichia coli [16, 17] and S. typhimurium [18] can
satisfy their auxotrophic demands by utilizing the corresponding D-amino acids for growth.
Normal E. coli strains possess an efficient transport system for D-methionine [19, 20].
However, since all optically active amino acids found in proteins are of the L-configuration, D-methionine undergoes enzymatic conversion to the L-isomer [21] rather than being
directly incorporated into proteins. A similar conversion is expected also to occur to the
other D-amino acids.
Taken together, all evidence points to an amazing flexibility of the prokaryotic and eukaryotic amino acid uptake systems with regard to their substrate spectrum. The efficient
uptake of noncanonical amino acids by these systems appears plausible. However, systematic studies on the cellular import of noncanonical amino acids are rare. Harrison et al.
investigated the transport of L-4-azaleucine in E. coli and found that the aromatic and
branched chain amino acid transporters serve for the accumulation of this leucine analogue
[22].
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Liu and Schultz were the first to systematically assess the cytotoxicity of 138 different
noncanonical amino acids and a-hydroxy acids in E. coli [23]. Although they did not reveal
intracellular levels of their tested amino acid analogues, they observed that substances that
were very close analogues of natural amino acids or those that displayed reactive functionalities, demonstrated the highest toxicities [23]. In contrast, less related analogues or
noncanonical amino acids with inert side-chains were only moderately toxic or not toxic
at all. This observation suggests that the amino acid analogues exert their toxicity by
incorporation into proteins, leading to aberrant protein structure and/or function. Similarly,
chemical interaction of the reactive analogues with essential enzymes might cause the
observed toxic effects. Thus, toxicity is not necessarily inherent to noncanonical amino
acids, but they can interfere with the cellular metabolism and their toxicity be elicited only
after their metabolic conversion [12].
In order to identify possible cellular import pathways for noncanonical amino acids, Liu
and Schultz repeated the uptake assay with extremely toxic amino acid analogues in the
presence of excess structurally similar natural amino acids. An excess of natural amino acid
could “complement” the effects of 16 different toxins, either by outcompeting for the
cellular uptake or for interference with essential cellular functions. Toxins tested in this
way appeared to exploit the E. coli transporters for Ala, Glu, Lys, Leu, Met, Pro, Gln, Arg,
Thr and Tyr. In similar competition assays, non- or moderately toxic Gln and Glu analogues were shown to complement the adverse cellular effects of Gln- or Glu-related toxins,
respectively. This observation indicates that the non-toxic amino acid analogues were most
probably taken up by the E. coli Gln and Glu transport systems, in an analogous manner to
the corresponding toxins. These amino acid transporters appeared remarkably tolerant with
respect to perturbations in amino acid structure as they accepted amino acid analogues with
elongated side chains as well as ketone or methylene moieties at the g-position and hydrazide and sulfoxide groups [23].
To conclude, there is good evidence that noncanonical amino acids are imported into cells
by the same pathways as natural amino acids. Due to the remarkable substrate tolerance of
the amino acid transporters, amino acid analogues with a plethora of different structural
and/or functional properties can be imported into living cells. However, conclusive data on
the intracellular accumulation levels of noncanonical amino acids still remain to be collected.

Unnatural Amino Acid Turnover By AARS:
Catalytic Promiscuity
Amino acids are provided for protein synthesis in the form of aminoacyl-tRNAs. The
transfer RNA (tRNA) molecule acts as the “adaptor” that transfers the genetic information
from the nucleic acid (mRNA) to the polypeptide. Sophisticated proofreading mechanisms
control the quality of genetic message transmission during translation [24]. The protein
translation process encompasses two distinct molecular recognition events: the interaction
of the aminoacyl-tRNA anticodon with the correct codon in the mRNA on the ribosome
and the specific pairing of the tRNA anticodon with its pertinent amino acid by action of
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the aminoacyl-tRNA synthetase. Thus, the specific covalent attachment of an amino acid to
its cognate tRNA, which interprets the genetic code, is controlled by the substrate specificity and selectivity of the AARS. That means that the accuracy of the translational process
depends largely on the precision of aminoacylation and subsequent non-covalent interaction of the charged tRNA with the ribosome-bound mRNA.
The selection of amino acids for protein synthesis takes place essentially at the aminoacylation of tRNA under the control of AARS [1]. In this way, the amino acids are associated
with the coding triplets and once a tRNA is misacylated with a noncognate amino acid, the
latter amino acid will be directly incorporated into proteins [24]. A battery of twenty
cellular enzymes, one for each canonical amino acid, operates at the interface between
nucleic acids and proteins, utilizing ATP as an energy source and Mg2+ ions as cofactors.
They are multi-domain enzymes ([25] that fish their pertinent amino acids from a cellular
pool and join them with their cognate tRNAs (Fig. 2A). The AARS catalyses a two-step
reaction, where the amino acid is first condensed with ATP to form a highly reactive
aminoacyl adenylate (activation reaction). In the second step, also known as the transfer
reaction, the activated amino acid is transferred to the 3' end of its cognate tRNA [1, 5].
However, recent functional genomics studies in bacterial and archaeal systems have shown
that numerous organisms do not use the full complement of 20 canonical AARS to synthesize their aminoacyl-tRNAs [26].

Figure 2. Aminoacyl-tRNA synthesis. (A) AARS are multi-domain enzymes that fish
their pertinent amino acids from a cellular pool and join them with their cognate
tRNAs. The AARS must be able to specifically discriminate between different canonical amino acids as well as between canonical and noncanonical ones in the intracellular pool. The aminoacyl-tRNAs can then participate in protein translation at the
ribosome. (B) Methionine (green) and its analogues (blue) are substrates for methionyl-tRNA synthetase (MetRS). These analogues are quite bad substrates for MetRS as
indicated by their higher KM and lower kcat values in comparison with the native
substrate Met. Nonetheless, MetRS exhibits a remarkable promiscuity in substrate
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binding and tRNA charging – a fact extensively exploited in the last decade in order
to co-translationally incorporate rather large number of Met analogues and surrogates
into protein sequences.

Each AARS must be able to specifically discriminate between different canonical amino
acids as well as between canonical and noncanonical ones in the intracellular pool. The
overall error rates of translation are in the range of about 2 x 10-3 to 2 x 10-4 in Escherichia
coli cells [27, 28], while the frequency of errors in the aminoacylation reaction is probably
even lower than that. The high accuracy of this process is ensured by editing mechanisms
inherent to many AARS [1, 24, 27]. At the level of the aminoacylation reaction the error
frequency is influenced by two factors, namely the affinity of the enzyme for different
amino acids as substrates (Fig. 2B), and the relative concentration of competing substrates,
i. e. amino acids or noncanonical analogues, in the cytosol. AARS discriminate especially
restrictively against: i) metabolic precursors and intermediates, ii) structurally and/or chemically similar amino acids (and related compounds) that are relatively abundant in the
cytosol, e. g. leucine and valine, which differ only by one methylene group, iii) amino acid
analogues that sterically and chemically differ significantly from their canonical counterparts. For example, homocysteine, a metabolic precursor of Met is a substrate for activation
by MetRS but is efficiently edited on the basis of size and chemistry [29]. However,
isosteric methionine analogues, such as norleucine and SeMet, are accepted for activation
by AARS and subsequently loaded onto tRNAMet [30]. Thus, AARS lack absolute substrate
specificity and display catalytic promiscuity that allows noncanonical amino acids to enter
the translation process. In general, the term catalytic promiscuity describes the capacity of
the enzyme to catalyse an adventitious secondary activity at the active site responsible for
the primary activity [31]. The persistence of the catalytic promiscuity in modern enzymes
in general in and in AARS in particular, can be explained by the fact that such secondary
activities usually do not affect the fitness of the organism and therefore there is no selective
pressure to eliminate them. This may be, e. g., with respect to the noncanonical amino
acids, because the organism does usually not encounter the substrate for the promisicuous
reaction.
The lack of absolute substrate specificity has long been known for AARS from many
different species [11] and was recognized very early as an invaluable tool to expand the
natural amino acid repertoire in vivo [32]. Exploitation of the relaxed substrate specificity
of wild-type AARS [11,33] and isolation of mutant AARS with expanded substrate specificity [34] or impaired edition functions [35] yielded successful incorporation of more than
100 noncanonical amino acids into proteins during the last decade [8]. Most recently,
Szostak and co-workers tested all 20 AARS from E. coli for their substrate specificities
in an in vitro assay [36]. They demonstrated that in addition to the 20 canonical amino
acids, 59 previously unknown substances were recognized as substrates by AARS and were
charged onto cognate tRNAs.
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The naturally occurring catalytic promiscuity of the AARS paved the way to the expansion
of the genetic code and an impressive number of noncanonical amino acids have been
successfully translated into proteins. As our knowledge of the AARS increases, it is likely
that novel mutant enzymes will be developed to increase this number even further.

Ribosome Flexibility
Successful incorporation of noncanonical amino acids with bulky side chains such as
glycosyl-, cumarin- or azophenyl-moieties into proteins [8] once more highlights the remarkable substrate tolerance of the cellular amino acid uptake systems and the catalytic
promiscuity of the (mutant) AARS. Even more interestingly, it points to an impressive
flexibility of the ribosome that must be able to accommodate tRNAs charged with these
bulky analogues. However, size is not the only thing that matters since D-analogues of the
naturally occurring amino acids are exclusively rejected from protein biosynthesis [37].
Additional mechanisms such as peptide bond formation in the ribosome are expected to
discriminate unnatural amino acids from canonical ones [38].
During the translation of the genetic information from an mRNA molecule into a protein,
the ribosome accepts the aminoacyl-tRNAs in the form of ternary complexes with elongation factors and GTP. Various RNA and protein components of the ribosome influence the
fidelity of the translation process. The selection of the cognate aminoacyl-tRNA in response to a certain codon from a pool containing also noncognate aminoacyl-tRNAs,
occurs mainly on the basis of matching codon and anticodon triplets. In fact, discrimination
of cognate ternary complexes from noncognate ones is achieved by the ribosome in two
consecutive steps, initial selection and subsequent proofreading. This mechanism operates
on the basis of both, substrate stabilities and induced fit and noncognate ternary complexes
are efficiently excluded from translation in the initial selection step [37].
In the early 1950 s, several investigators showed that ribosome-mediated protein synthesis
does not require the integrity of the cell and can continue after cell disruption. Ribosomes
in crude cell extracts could be programmed with endogenous DNA templates to synthesize
encoded proteins. Such test tube transcription/translation systems proved to be invaluable
tools for the elucidation of the molecular mechanisms of protein biosynthesis, its biochemical requirements and the deciphering of the genetic code. Recently, reconstituted translation systems such as PURE have been introduced that consist of highly purified E. coli
ribosomes and tRNA, plus recombinant translation factors and AARS [39]. These reconstituted systems are capable of translating mRNAs with protein yields similar to those of
crude extracts. The essential advantage of reconstituted translation systems over crude
extracts is that they allow tight control of the components that are critical for the manipulation of the genetic code, that is, tRNA, AARS, amino acids, and release factors. Hence,
reconstituted translation systems can be provided with either all naturally occurring tRNAs
along with 20 amino acids or, more importantly, also with enzymatically or chemically
charged tRNAs. Chemical aminoacylation of tRNAs with (noncanonical) amino acids is
usually carried out using the method developed by Hecht and coworkers [40]. The system
supplemented with chemically charged tRNAs offers an ideal platform to examine not only
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the ribosome's tolerance towards unnatural amino-acid related substances but also the
malleability of the genetic code. By omitting certain amino acids and the corresponding
tRNAs and AARS, Forster and co-workers were among the first who used a reconstituted
translation system to simultaneously reassign three sense codons to noncanonical amino
acids [41]. Employing three different tRNAs, chemically charged with noncanonical amino
acids, it was possible to synthesize a small peptide that coincidentally displayed the
features of the three amino acids analogues.
Efforts on understanding ribosomal selectivity are predominantly focused on the discrimination of cognate from noncognate aminoacyl-tRNAs [37]. As outlined above, experiments
on in vivo translation of noncanonical amino acids document the remarkable tractability of
the ribosome in accepting tRNAs charged with noncanonical amino acids of most diverse
structures [8]. Fifteen years ago, Sisido and co-workers studied the adaptability of noncanonical aromatic amino acids to the active centre of ribosome A-site. By using mRNA
programmed E. coli S 30 extract they identified the determinants that dictate adaptability of
amino acid analogues carrying large aromatic groups and their efficient translational incorporation [38]. They postulated that accommodation of analogues with bulky aromatic
side chains in the ribosome A site is dependent not only on the size but also on the
geometry of the aromatic ring system (Fig. 3A). The authors found that, e. g., 2-naphtylalanine adapted efficiently to the active centre of ribosomal A site and was successfully
incorporated into polypeptides, whereas 2-anthrylalanine adapted less efficiently and 9anthrylalanine was neither adapted nor incorporated (Fig. 3B). Thus, the incorporation
efficiency of a certain noncanonical amino acid was directly correlated to its adaptability
to the A site of the ribosome.

Figure 3. Ribosomal adaptability of polyaromatic amino acids. (A) Schematic representation of the Sisido-Hohsaka rules for adaptability of different polyaromatic amino
acids [53]; (B) Some classic examples to which the Sisido-Hohsaka rules can be
applied.
Aromatic amino acids with benzene rings in the grey positions will be rejected by the
ribosome A site (e. g. 9-anthrylalanine). In contrast, when the benzene rings occur at
the white positions of the structure, the amino acids are accepted by the ribosome and
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are incorporated into proteins at higher yields (e. g. 2-naphtylalanine). Structures with
partially allowed rings (light grey) are usually translated at very low yields (less than
1 %; e. g. 2-anthrylalanine).

Besides size and geometry, chirality of amino acids is also fundamental to ribosomal
proofreading. For example, D-amino acids are widely distributed in living organisms and
their active utilization in many cell types has been demonstrated [17, 18, 20, 42, 43].
However, all D-amino acids occurring at specific positions in peptides or proteins result
from post-translational modification or from non-ribosomal synthesis [4] and never form
ribosomal protein translation. It should be kept in mind that erroneous incorporation of Damino acids in a protein is likely to disrupt secondary structural elements like a-helices.
Stringent quality control mechanisms at different levels ensure effective translation of only
L-amino acids, namely during charging of the tRNA and complex formation of the aminoacyl-tRNAs with elongation factors, and at the ribosome itself [24]. For example, erroneously formed D-aminoacyl-tRNAs of some amino acids like Tyr are usually subjected to
D-amino acid deacylases capable of recycling such D-aminoacyl-tRNA molecules into free
tRNA and D-amino acid [44]. Not surprisingly, previous attempts to incorporate D-amino
acids into proteins using chemically misacylated tRNAs in cell-free translation systems
were unsuccessful. However, it was demonstrated that certain mutations in 23S rRNA
induce alterations in the ribosomal peptidyltransferase centre, yielding ribosomes that
discriminate less stringently against D-aminoacyl-tRNAs in the ribosomal A-site [45]. This
approach was exploited by Hecht and co-workers in order to devise an in vitro system for
enhanced incorporation of D-amino acids into protein sequences [46].
The substrate tolerance of the ribosome is not restricted to amino acid side chains. Recently, Forster and co-workers successfully synthesized peptidomimetics using a reconstituted transcription/translation system [41]. Peptidomimetics are small peptide-like chains
that are designed to mimic peptides. Often, they contain backbone modifications that differ
substantially from the peptide amide structure and, thus, can affect local conformational
geometries. While b-amino acids are not translationally active [47], analogues with unusual
backbones such as a-hydroxy amino acids can be used as substitutes for normal a-amino
acids in ribosomal synthesis.
Owing to the ability of the ribosome to accommodate amino acids and amino acid analogues with remarkably diverse structures, geometries and sterical properties (Fig. 4), a
number of unnatural amino acids [48] could be successfully incorporated into polypeptides
with cell-free protein expression platforms as well as living cells. Among them are noncanonical amino acid analogues with charged, polar, uncharged, aromatic, nonpolar or a,adisubstituted side chains. Of special interest are fluorescent amino acids with cumarinyl-,
anthraniloyl-, benzooxadiazolyl- and dansyl fluorophores - which are usually rather bulky since they are very sensitive to their microenvironment and are, thus, well suited for the
detection, e. g., of ligand binding. Equally important are reactive groups amenable to
specific post- translational derivatization. The scope of protein engineering will be further
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extended with noncanonical amino acids carrying redox-sensitive moieties, such as nitrophenylalanines and anthraquinonylalanines, spin-probes and photo-switchable or metal
chelating residues.

Figure 4. Ribosomal tolerance towards diverse noncanonical amino acid side chains.
This sketch shows only a small part of the chemical diversity that can be accommodated by the ribosome A site and subsequently inserted into target protein sequences.
The majority of these substances can only be chemically charged onto tRNA molecules, hence, translation into polypeptide sequences in response to sense, termination
or extended codons is achieved only in various in vitro expression systems.

Protein Plasticity
The formation of stable (secondary) structure elements in proteins such as a-helices or bsheets is usually not confined to a defined amino acid sequence but numerous different
polypeptide sequences are able to bring forth similar structural features. Many proteins are
able to accept mutations with no or only a limited loss of activity and essentially unchanged
stability. This quality is termed protein plasticity and most likely results from evolutionary
optimization complying with “function defines form”. Thus, characteristic folds and stable
conformations in proteins have been conserved in spite of their great sequence variations.
Protein plasticity obeys the rules of the standard genetic code. Evolution of the genetic
code in living cells limited the number of amino acids to only 20 canonical compounds.
The evolutionary conservation of this repertoire is a consequence of at least two facts. First,
certain classes of amino acids were excluded from the code through negative selection
since they exhibit adverse effects on the folding and structural integrity of target proteins.
Second, the exclusion of other amino acid types that do not distort protein structures can be
explained by their unavailability at the time when the genetic code appeared in its present
day form.
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The incorporation of unnatural amino acids into proteins expands the genetic code. However, it may overexpand protein plasticity that was evolutionarily optimized for only 20
canonical amino acids. In fact, the core of globular proteins is probably the most tightly
packed form of organic matter in nature that tolerates only little if any structural alteration
(Fig. 5). It consists mainly of amino acids with chemically similar or even uniform,
hydrophobic side chains (“convergent types”; Fig. 5) leaving few possibilities for substantial structural or functional variations. In fact, overpacking the core with large either
canonical or noncanonical side-chains causes a loss of native-like structure [49]. The
“ambivalent (or amphipathic) type” rare canonical amino acids Met and Trp along with
Cys, Thr, Tyr, Ala and the imino acid Pro are distributed in the protein core, at surfaces and
in minicores (Fig. 5). Their noncanonical analogues are expected to be incorporated into
proteins in an identical manner. Surface-exposed canonical amino acids are of the “divergent type” because they display vast chemical and sterical diversity (Fig. 5). Consequently,
the most reasonable topological context for incorporation of noncanonical amino acids with
chemically and sterically divergent side chains into proteins is their surface.

Figure 5. Distribution of amino acid types and protein topology. The interior of
globular proteins is tightly packed and consists mainly of amino acids with chemically
similar or even uniform, hydrophobic side chains (“convergent types”). Only few
noncanonical fulfil the stringent chemical and sterical criteria for successful incorporation into the protein core. The “ambivalent or amphipathic” amino acid types, the
rare canonical amino acids Met and Trp along with Cys, Thr, Tyr, Ala and the imino
acid Pro are distributed in the protein core, at the surface and in minicores. Their
noncanonical analogues are expected to be incorporated into proteins in an identical
manner. Surface-exposed canonical amino acids are often hydrophobic and bulky.
They are of the “divergent type” because they display vast chemical and sterical
diversity. Noncanonical amino acids with equally divergent side chains can be successfully accommodated at the protein surface.
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Depending on the degree of evolutionary optimization of a given amino acid sequence and
the plasticity of the structure it forms, translation of noncanonical amino acids into proteins
is either neutral or disruptive. In most cases, however, the noncanonically substituted
alloproteins are expected to be functionally impaired in comparison to their natural counterparts. There are indeed a few cases where the insertion of noncanonical amino acids into
recombinant proteins yielded protein structures capable of accomplishing new functions
[50]. One of the most prominent examples includes the design of a golden class of tailormade autofluorescent proteins. In particular, the incorporation of 4-aminotryptophan into
green fluorescence protein (GFP) from Aequorea victoria substantially shifts its fluorescence emission to longer wavelengths. Gold fluorescent protein (GdFP) features a unique
principle of photophysics that causes a Stokes shift of about 100 nm in its 4-aminotryptophan substituted chromophore [51].
Taken together, protein plasticity often does not leave enough space for systematic amino
acid side chain variations. In order to circumvent these difficulties an adaptation of polypeptide sequences for insertion of noncanonical amino acids with novel chemical and/or
sterical properties is necessary. This means, some kind of “artificial evolution” of protein
plasticity with an expanded genetic code has to be achieved.

Summary and Outlook
For efficient and robust reprogramming of the cellular translation machinery some aspects
deserve detailed experimental attention:
As outlined above, the cellular amino acid uptake systems accept an extraordinarily versatile substrate spectrum for transport. According to preliminary noncanonical amino acid
uptake experiments performed by Liu and Schultz, the cytotoxicity of noncanonical amino
acids varies greatly [23]. Their uptake assay provides useful information on the applicability of a specific noncanonical amino acid for the expansion of the natural amino acid
repertoire which would strongly disfavour toxic analogues. However, for efficient incorporation of a noncanonical amino acid into a protein the analogue must accumulate in the
cell at high levels, especially because most noncanonical amino acids are bad substrates for
AARS [11, 23, 33]. Therefore, it would be of outstanding importance to evaluate the
intracellular amounts of at least some noncanonical amino acids by classical uptake assays
with radioactively labelled analogues.
The naturally occurring relaxed substrate specificity of AARS is a good starting point for
the rational design of mutant enzymes with unusual substrate specificities. These are
especially interesting as part of orthogonal tRNA/AARS pairs that are mutually compatible
but resistant to challenge by competing interactions with a natural amino acid, and noncognate AARS or tRNA. Currently available orthogonal pairs allow site specific incorporation of noncanonical amino acids in vivo in response to termination codons [52]. Appropriate mutant AARS with tailored substrate specificities should activate and charge even
exotic noncanonical amino acids for translation that cannot be incorporated into proteins
with the existing techniques.
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Ribosomes have proved their ability to accept a vast variety of different noncanonical
amino acids. However, protein plasticity can be readily overexpanded by translation of
unnatural amino acids into sequences that are evolutionarily optimized for the standard
genetic code. Inevitably, it will be necessary to adapt the polypeptide sequences for the
insertion of noncanonical amino acids with novel chemical and/or sterical properties.
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Abstract
Using beta-hairpin model systems, we have investigated the role of
aromatic interactions in providing selectivity to protein folding and
protein-protein interactions. In particular, we have explored the role of
cation-p and amide-p interactions and their role in controlling proteinprotein interactions with post-translationally modified proteins. Specific modifications that have been studied are Lysine methylation and
acylation and Arginine methylation. The molecular recognition of
these modified amino acids has particular relevance to understanding
the “histone code”, which has been proposed to control chromatin
structure and gene expression.

Introduction
There are two factors which are critical to biomolecular recognition, whether involving
protein-protein, protein-DNA, or protein-RNA interactions, or intramolecular interactions
which give rise to a single low energy protein structure: affinity and selectivity. Often these
two factors are coupled, but not always; for example, high affinity can be achieved with a
large number of non-specific interactions, such as the binding of polycations to DNA
through electrostatic interactions. Thus, one can argue that specificity is the more difficult
of the two to achieve. Early work in de novo protein design provides an example. The de
novo design of a-helical coiled coils using binary coding of hydrophobic and hydrophilic
residues lead to tertiary interactions between the two helices. However, the hydrophobic
interface was described as being “liquid-like”; there was not one single low energy struc-
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ture as in a native protein. This points to a general problem in that the hydrophobic effect,
which is considered a major contributor to protein folding and protein-protein interactions,
is a nonspecific interaction. A common solution in the design of a-helical coiled coils has
been to bury a hydrogen bond at the hydrophobic interface [1, 2]. This provides specificity,
but at the expense of affinity due to the desolvation costs associated with burying such an
interaction. Another approach has been to use a “knobs-in-holes” approach, in which the
hydrophobic surfaces “fit together” in a specific way [3]. We were interested as to whether
there may be more subtle approaches that Nature uses to address this problem: one such
approach is the use of aromatic interactions to provide specificity. The term aromatic
interaction includes a number of interactions that are specific to the p-system of an
aromatic ring, including p-p, cation-p, amide-p interactions, among others [4, 5]. The
key feature of these interactions which we expected would provide specificity is that an
aromatic ring is not non-polar: it has a quadrupole moment which gives rise to a fixed nonuniform charge distribution on its surface (Fig. 1). Nonetheless, an aromatic ring is still a
hydrocarbon, and hence is still relatively hydrophobic (but not as hydrophobic as aliphatic
groups). This gives rise to a number of unique properties in its non-covalent interactions.
Aromatic groups have a preference for interacting with other aromatic groups due to
quadrupole-quadrupole interactions, which results in preferential orientations of the two
rings in an offset-stacked or edge-face orientation (Fig. 1b and c). This is not what would be
expected from a simple hydrophobic interaction, in which maximal surface area would be
buried. Because these interactions occur in a specific geometry, they provide directionality
like hydrogen bonds, yet there is no significant desolvation penalty for incorporating them
in a hydrophobic environment.

(a)

Figure 1. (a) Electrostatic potential map of benzene generated with MacSpartan; HF/
6 – 31 g*; isodensity value = 0.02; range =-20 (red, electron rich) to 20 kcal/mol (blue,
electron poor).

Cation-p Interactions in Proteins
Cation-p interactions between an aromatic sidechain and the ammonium group on lysine
(Lys) or the guanidinium group on arginine (Arg) are common in protein structures [6]. In
this case, the full positive charge on the cation is attracted to the partial negative charge on
the face of the aromatic ring. Once again, these interactions occur in a specific geometry,
providing directionality. Interestingly, however, the most common geometry for the interaction of Lys with an aromatic sidechain is the packing of the e-CH2 of the Lys sidechain
into the face of the aromatic ring (Fig. 2a) [6, 7]. This leads to the question as to whether
this can still be considered to be a cation-p interaction or whether this is an example in
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which a hydrophobic interaction is preferred. This question becomes even more relevant
with respect to post-translationally modified Lys and Arg sidechains. Site-specific methylation of Lys and Arg in histone proteins induces protein-protein interactions that are
critical for mediating gene expression (Fig. 2b) [8, 9]. There is evidence that both methylated Lys and Arg are recognized via key aromatic interactions. For example, when Lys 9
of histone 3A is trimethylated, it is bound in an aromatic pocket made up of one Trp and
two Tyr residues in the HP1 chromodomain (Fig. 2b) [10, 11].

(a)

(b)
Figure 2. (a) Lys-Trp pair in typical cation-p geometry (PDB code: 1ONR); (b)
Trimethyllysine of histone 3A bound to the aromatic pocket of the HP1 chromodomain (PDB code: 1KNE).
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Amide-p Interactions
Amide-p interactions are also common in protein structures, in which the amide stacks
against the surface of the aromatic ring. With regard to protein-protein interactions, there is
evidence from protein crystal structures that acylated Lys (KAc) forms amide-p interactions which may be important in its recognition (Fig. 3) [12, 13]. KAc is another common
post-translational modification in histone proteins and mediates chromatin condensation
[14].

Figure 3. KAc-Tyr pair in typical amide-p geometry between the acetylated histone
H4 peptide and GCN5 bromodomain (PDB code: 1E6I).

We were interested in gaining a molecular level understanding of the magnitude, driving
force, and specificity of such interactions and their role in protein folding and proteinprotein interactions. We have done so by investigating these interactions in a minimalist
peptide model system in which we can isolate and investigate a single sidechain-sidechain
interaction. The results of such studies are discussed below.

Results
System design
b-Hairpins have been shown to make excellent model systems for studying non-covalent
interactions in water within a biologically relevant context [15 – 22]. Moreover, b-hairpins
have a number of distinct advantages over other peptide-based model systems. Unlike ahelices, b-hairpins are highly amenable to characterization by NMR, allowing for information at each residue of the peptide to be obtained [23, 24]. NMR allows for characterization
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of the folded state and also of sidechain-sidechain interactions. Importantly, sidechainsidechain interactions have been shown to directly contribute to b-hairpin stability. Because
folding of b-hairpins has been shown to be two-state, energetic values for sidechain-sidechain interactions can be obtained easily from measurements of the hairpin stability.
Cation-p interactions
Our earliest work on cation-p interactions was aimed at investigating cation-p interactions
between unmodified sidechains and their potential contribution to specificity in protein
folding [19, 20]. To this end, we were intrigued by the finding that Lys interacts with Trp
most often via its e-CH2 group, and not directly via the ammonium group. Does this CH2-p
interaction have cation-p character or is it simply a (nonspecific) hydrophobic interaction?
We found that in the context of a b-hairpin peptide, placing an aromatic residue (Phe or
Trp) in the i position and a basic residue (Lys or Arg) in the j-2 position allowed for a
diagonal sidechain-sidechain interaction (Fig. 4) [19, 20] NOE data as well as upfield
shifting of the Lys sidechain due to ring current effects indicated that the Lys interacts
with the face of the aromatic sidechain primarily through its alkyl chain (see below). The eCH2, which is adjacent to the aromatic ring, provides the site for greatest interaction
(Fig. 5). We hypothesized that if this interaction is strictly a hydrophobic interaction, then
an alkyl sidechain missing the ammonium group should interact in the same way as Lys.
However, if there is a cation-p component to the Trp-Lys interaction, then a sidechain
missing the ammonium group would not interact in the same way. Hence, we compared the
peptides containing Lys or norleucine (Nle) using a b-hairpin model system (Fig. 4) [20].

Figure 4. (a) Structure of the model b-hairpin peptide used to study cation-p interactions. (b) Structure of Lys and Nle.
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Figure 5. Model for preferred geometry of interaction of Trp with Lys.

Characterization of the Lys and Nle-containing peptides (Fig. 4) indicated that both residues resulted in similarly well-folded b-hairpins. However, their interactions with Trp were
distinctly different. Upfield shifting of the Lys and Nle sidechains provided insight into
their interactions with the p-cloud of Trp (Fig. 6). The Lys sidechain is significantly upfield
shifted due to its interaction with the p-cloud of Trp, with a maximum interaction at the eCH2 position, as discussed above. In contrast, Nle exhibits little upfield shifting, indicating
that it is not as well packed against the Trp sidechain. NOEs are consistent with this: Lys
exhibits a number of strong NOEs to Trp, whereas Nle displays weak NOEs to Trp as well
as to the other sidechains on the same face of the hairpin. This indicates less preference for
Trp to interact with Nle than with Lys.

Figure 6. Sidechain chemical shifts of Lys and Nle relative to random coil values.
Conditions: D2O, 50 mM acetate-d4 buffer, pH 4.2, 298 K.

Thermal denaturation of the b-hairpins also provides insight into the difference between the
Lys and Nle on sidechain-sidechain interactions (Fig. 7). The curves themselves are quite
different, despite the fact that the only difference between the two peptides is the presence
or absence of an ammonium group. Fitting of these data allows for abstraction of DH , DS ,
and DCp , which provides insight into the effect that the Lys-Trp interaction has on the
driving force for folding (Table 1). In comparison to WNle, the driving force for folding of
WK is more enthalpically favourable and less entropically favourable. The more favourable
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enthalpy is consistent with the addition of the cation-p interaction, which is enthalpic in
nature. The less favourable entropy is consistent with a reduced hydrophobic driving force
for folding, but likely also reflects that fact that the preferential interaction between Trp and
Lys results in less conformational freedom for Lys than for Nle.

Figure 7. Thermal denaturation profiles of WK and WNle peptides as determined by
NMR. The fraction folded was determined from the Gly splitting. Error is € 0.5 K in
temperature and € 1 % in fraction folded. Conditions: 50 mM NaOAc-d4 buffer, pD
4.0 (uncorrected).
Table 1. Thermodynamic parametersa for hairpin folding at 298 K for peptides WK
and WNle.a
DSo

DCpo

Entry

Peptide

DHo

1

WK

-2.8 (0.03)

-6.8 (0.1)

-163 (3)

2

WNle

-1.41 (0.07)

-1.2 (0.2)

-170 (9)

(a) Determined from the temperature dependence of the Gly chemical shift from 0 to 60 C. Units
are: DH: kcal/mol; DS: cal/mol K; DCp: cal/mol K. Errors (in parentheses) are determined from
the fit.

Taken together, these data indicate that replacement of Lys with Nle causes significant
changes in the sidechain's preference for interaction with Trp, and on the overall driving
force for folding. Furthermore, the data indicate that the interaction between Trp and Lys is
not strictly hydrophobic in nature. We propose that the Lys interacts via the e-CH2 of its
sidechain, rather than the NH3+, because the e-CH2 has a partial positive charge due to
inductive effects of the NH3+, resulting in a polar yet hydrophobic group. This matches
perfectly with the polar hydrophobic face of the aromatic ring, resulting in a specific
interaction at that position in the chain. In contrast, the NH3+ group does not interact
directly with Trp because it is highly solvated by water.
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Cation-p Interactions with KMe3
Next, we asked whether methylation of Lys influenced its interaction with an aromatic
residue, in this case Trp, to address the role of cation-p interactions in the recognition of
trimethyllysine by the aromatic pocket of chromodomain proteins (Fig. 8) [10, 11]. Using
the same methods described above, we found that the interaction with Trp was enhanced
significantly when Lys is methylated. This is most clearly seen from the upfield shifting of
the KMe3 sidechain, particularly at the e-CH2 and the terminal methyl positions (Fig. 8c).

(a)

(b)
Figure 8. (a) Model peptide system for studying Trp-Lys and Trp-KMe3 interactions.
(b) Structure of Lys and KMe3. (c) Sidechain chemical shifts of Lys and KMe3
relative to random coil values. Conditions: 50 mM sodium acetate-d4, pH 4.0 (uncorrected) at 298 K, referenced to DSS.

As can be seen from Fig. 9, methylation of Lys has a significant stabilizing effect on the bhairpin. It also results in some cold denaturation, as was seen in WNle. Fitting of the data
indicates that Lys methylation has an impact on DH , DS , and DCp as well (Table 2). The
driving force for folding of WKMe3 is enthalpically less favourable than WK, suggesting
that the contribution from the cation-p interaction is decreasing. This is not surprising
based on inspection of the electrostatic potential maps of Lys and KMe3 (Fig. 10). Methy-
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lation effectively spreads the positive charge over a larger surface area, such that the
magnitude of the d+ at any one site is reduced. The more favourable entropy of folding
in WKMe3 can be explained by the fact that there are now multiple sites for favourable
interaction with Trp (three degenerate methyl groups) and also that the sidechain has
become more hydrophobic. In summary, alkylation of the ammonium group increases the
net driving force for interaction with Trp via changes in both entropy and enthalpy.

Figure 9. Thermal denaturation profiles of WK and WKMe3 peptides as determined
by NMR. The fraction folded was determined from the Gly splitting. Error is € 0.5 K
in temperature and € 1 % in fraction folded. Conditions: 50 mM NaOAc-d4 buffer, pD
4.0 (uncorrected).
Table 2. Thermodynamic parametersa for hairpin folding at 298 K for peptides WK
and WKMe3.a
Peptide

DH

DS

WK

-2.8 (0.03)

-6.8 (0.1)

DCp
-163 (3)

WKMe3

-0.1 (0.1)

+4.5 (0.3)

-243 (4)

(a) Determined from the temperature dependence of the Gly chemical shift from 0 to 80 C. Units
are: DH: kcal/mol; DS: cal/mol K; DCp: cal/mol K. Errors (in parentheses) are determined from
the fit.
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(a)

(b)

Figure 10. Electrostatic potential maps of (a) Lys and (b) KMe3 generated with
MacSpartan; HF/6 – 31 g*; isodensity value = 0.02; range = 20 to 120 kcal/mol (red,
electron rich; blue, electron poor).

Arg-p Interactions.
Methylation of Arg is another common post-translational modification found in histone
proteins. Because Arg and dimethylarginine (DMA) have been observed to stack with Trp
in protein crystal structures (Fig. 11), we chose to investigate the role of Arg methylation
on cation-p interactions using the same b-hairpin model system (Fig. 12) [25]. We had
previously shown that an Arg-Trp interaction occurs via stacking of the guanidinium group
with the Trp, and that the interaction is more favourable than the Lys-Trp interaction
discussed above [19]. As with Lys [21], we found that Arg methylation enhances the
cation-p interaction, as indicated by significant upfield shifting of the guanidinium group
and the methyl groups (Fig. 12c) [25].

(a)

(b)
Figure 11. (a) Arg-Trp pair in typical cation-p geometry (human growth hormone and
receptor complex: 3HHR) [26]. (b) DMAa-Trp pair from histone H3-chromodomain
complex (2B2U) [27].
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(c)
Figure 12. (a) Model peptide system for studying Trp-Arg interactions. (b) Structure
of Arg, DMAs, and DMAa. (c) Sidechain chemical shifts of Arg, DMAs, and DMAa
relative to random coil values. Conditions: 50 mM sodium acetate-d4, pH 4.0 (uncorrected) at 298 K, referenced to DSS.

Thermal denaturations of WR, WDMAa, and WDMAs indicate that methylation of Arg
has a similar stabilizing effect on b-hairpin stability as was seen with Lys, although the
magnitude is not as great (Fig. 13, Table 3). Methylation of Arg results in a less favourable
enthalpy of folding and a more favourable entropy of folding, as was observed in WKMe3
as compared to WK (Table 3). Thus, it appears that methylation-induced enhancement of
cation-p interactions may be a common biological method for enhancing biomolecular
recognition between two proteins or a protein and another biomolecule.
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Figure 13. Thermal denaturation profiles of WR, and WDMAa, and WDMAs peptides as determined by NMR. The fraction folded was determined from the Gly
splitting. Error is € 0.5 K in temperature and € 1 % in fraction folded. Conditions: 50
mM NaOAc-d4 buffer, pD 4.0 (uncorrected).
Table 3. Thermodynamic parametersa for hairpin folding at 298 K Peptides WR,
WDMAs, and WDMAaa
Peptide

DHb

DSb

DCpc

WR

-3.7 (0.1)

-9.1 (0.2)

-193 (29)

WDMAs

-2.4 (0.2)

-2.6 (0.8)

-409 (61)

WDMAa

-2.3 (0.1)

-2.1 (0.4)

-355 (53)

(a) Determined from the temperature dependence of the Gly chemical shift from 0 to 80 C. Units
are: DH: kcal/mol; DS: cal/mol K; DCp: cal/mol K. (b) Errors (in parentheses) are determined
from the fit. (c) Error for DCp values are estimated to be € 15%.

Amide-p Interactions
Lastly, we investigated the role of Lys acylation on its interaction with Trp (Fig. 14) [28].
In this case, the positive charge is lost, so the comparison is between a cation-p interaction
in WK and an amide-p interaction in WKAc. One might expect that the cation-p interaction
would be substantially stronger than the amide-p interaction, but that was not what was
observed in the context of the b-hairpin model system. Upfield shifting of the AcLys
sidechain is similar in magnitude to that of Lys, and unlike that observed for Nle
(Fig. 14). However, the position of maximal upfield shifting differs for Lys and AcLys:
AcLys exhibits maximal shifting at the NH rather than at the e-CH2 group (Fig. 14c).
Although not definitive, this suggests stacking of the amide group with the Trp ring, such
that the NH is still free to hydrogen bond with water, similar to the stacking of Arg with
Trp.
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(c)
Figure 14. (a) Model peptide system for studying Trp-AcLys interactions. (b) Structure of Lys and AcLys. (c) Sidechain chemical shifts of Lys and AcLys relative to
random coil values. Conditions: 50 mM sodium acetate-d4, pH 4.0 (uncorrected) at
298 K, referenced to DSS.

Despite the difference in geometry of the Trp-Lys and Trp-AcLys interactions, thermal
denaturation studies (Fig. 15) indicate that the driving force for folding is virtually identical, with a favourable enthalpy of folding and a concomitant entropic cost (Table 4).
These findings suggest that the Trp-AcLys interaction may compensate for the loss of the
charge-quadrupole component of the cation-p interaction through the additional p-p component as well as the dipole-quadrupole interaction between the amide bond and aromatic
ring.
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Figure 15. Thermal denaturation profiles of WK and WKAc peptides as determined
by NMR. The fraction folded was determined from the Gly splitting. Error is € 0.5 K
in temperature and € 1 % in fraction folded. Conditions: 50 mM NaOAc-d4 buffer, pD
4.0 (uncorrected).
Table 4. Thermodynamic parametersa for folding of WK, WKAc, and WNle at 298 K
[10].
Peptide

DH
(kcal/mol)

DS
(cal/mol K)

DCp
(cal/mol K)

WK

-2.8 (0.03)

-6.8 (0.1)

-163 (3)

WKAc

-2.91 (0.07)

-6.1 (0.2)

-250 (40)

WNle

-0.85 (0.07)

-0.7 (0.2)

-170 (25)

a

Determined from the temperature dependence of the Gly chemical shift from 0 to 60 C. Errors (in
parentheses) are determined from the fit. Error is € 0.5 K in temperature and € 1 % in fraction folded.
Conditions: 50 mM NaOAc-d3 buffer, pD 4.0 (uncorrected).

Conclusion
Using a b-hairpin model system, we have been able to study a wide range of subtle
interactions which are important to protein folding and biomolecular recognition. These
findings provide insight into how Nature gains selectivity in molecular recognition, and
suggests that simplifying assumptions of hydrophobic and hydrophilic interactions are
incomplete for understanding biomolecular recognition.
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Abstract
The use and characteristics of local properties designed to describe
intermolecular interactions projected onto molecular surfaces and
based on semiempirical molecular orbital theory are described. After
a discussion of the local properties themselves and their relationship
to intermolecular interactions and chemical reactivity, two applications are described. The first, surface-integral models for physical
properties, involve integrating a functional of the local properties over
the molecular surface. In the second example, we discuss a possible
approach to determining the potential specificity of biological interactions based on Shannon's theory of communication.

Introduction
The atomistic approximation (i. e., that molecules can be represented as an array of distinct
atoms that are usually treated as points) is used almost universally for modelling, quantitative structure-activity (QSAR) and -property (QSPR) relationships, and chemoinformatics
applications. The atomistic approximation is the basis of classical mechanical models of
molecules (force fields) but it is often also derived from the results of quantum mechanical
calculations. Wave functions or electron densities are “reduced” to atomistic descriptions
by a variety of population analyses [1 – 6] or other techniques for partitioning the electron
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density [7, 8] or by fitting atomic monopoles to the molecular electrostatic potential (MEP)
[9 – 14] or any other local property around the molecule to atom-centred two-centre potentials. Although it has been argued strongly that “atoms in molecules” represent transferable
and easily recognizable entities [8], a purist quantum mechanical view of molecules within
the Born-Oppenheimer approximation is a cloud of electron density comprising the appropriate number of indistinguishable electrons in which a number of fixed point positive
charges (the nuclei) exist. However, even techniques that nominally rely on surface descriptions of molecules often designate portions of the molecular surface to an underlying
atom and assign them properties according to the appropriate element. Examples of such
techniques include those which are purely classical such as MolFESD [15 – 17] and the PBSA solvent techniques [18, 19] but also those based on quantum mechanics such as the SMn
solvation models [20] or COSMO-RS [21]. This should not be necessary if a wave function
or electron density is available, but represents a simple approximation that allows the
introduction of element-specific parameters that often improve model performance considerably. However, the need for different parameters for different elements means that the
theory is incomplete. What is missing are the typical properties that were often defined
early in the development of molecular orbital (MO) or density-functional theory (DFT) to
describe the differences in the properties of elements, whole molecules, regions around
them or even points in their vicinity. An incomplete summary of some such properties is
given in Table 1.
Table 1. Some representative descriptive quantities relevant to molecular reactivity
and intermolecular interactions. For the meanings of the various symbols, see the
original references.
Property

Definition

Reference

Electronegativity, c

χ=

Pauling;

( E + EBB ) ⎞
⎛
χ A − χ B ≈ ⎜ E AB + AA
⎟⎠
⎝
2

∂E
∂N
ε LUMO − ε HOMO I − A
Pearson; η =
≈
2
2
Parr, Pearson;

Hardness, h

I+A
2

Mulliken;

Parr;

χ = −µ =

1 ∂µ ∂ 2 E
η= ⋅
=
2 ∂N ∂N 2

22,23

24,25

26,27

27

26
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Property

Definition

Softness, s

Parr;

Polarizabilty, a

α=

MEP, V

V (r ) = ∑

σ=

Reference

1
η

P
E
A

Superdelocalizability, Sr

26

ρ ( r ′ ) dr ′
ZA
−∫
RA − r
r′ − r

Fukui,
2

2

n
Crj
Cj
( −β ) + ν ∑ r ( −β )
j =1 α h − ε j
j = m +1 ε j − α h
m

S r = ( 2 − ν )∑

Fukui function, f

Average local ionization energy, IEL

⎡ δµ ⎤
⎡ ∂ρ ( r ) ⎤
f (r ) = ⎢
⎥ =⎢
⎥
⎣ δη (r ) ⎦ N ⎣ ∂N ⎦ν
− ρi (r ) ε i
∑
=
1
,
i
HOMO
Murray, Politzer, IE (r ) =
L
∑ ρi (r )
Parr,

28

26

29 – 33

i =1, HOMO

Electron localization function,
ELF

Local electron affinity, EAL

⎡ ⎛ D ⎞2⎤
σ
Becke, ELF = ⎢1 +
⎜⎝ D 0 ⎟⎠ ⎥
⎢⎣
⎥⎦
σ

Clark,

EAL (r ) =

∑
∑

i = LUMO , norbs

−1

34

− ρi (r ) ε i

i = LUMO , norbs
NAOs

Local polarizability, aL

Clark,

α L (r ) =

∑ ρ (r ) q α
j =1
NAOs

Local hardness, hL

Clark,

Clark,

χ L (r ) =
ηL (r ) =

1
j

j

35

j

35

∑ ρ (r ) q
j =1

Local electronegativity, cL

ρi (r )

1
j

j

( IP (r ) + EA (r ))

35

( IP (r ) − EA (r ))

35

L

L

2

L

L

2
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The starting point of our investigations was therefore to investigate whether we can define
a set of local properties at or near the surfaces of molecules that allow us to formulate
intermolecular forces and energies as the classical [36] combination of Coulomb, exchange
repulsion, dispersion and donor-acceptor interactions.

Local Properties
By far the most familiar local property is the MEP [37], which is often projected onto
molecular surfaces and visualized using colour coding to represent the value of the MEP.
However, although Coulomb interactions, which can be derived from the MEPs of two
interacting molecules, are by far the strongest contributors to intermolecular interaction
energies in the gas phase, they are strongly attenuated in polar solution and may even lead
to a net destabilization if Coulomb attraction to the solvent is stronger than to the complexation partner. In situations such as this, interactions that are weaker in the gas phase
become far more significant and may even dominate the total interaction energy. It is
therefore necessary to include these weaker interactions in a complete model of intermolecular complexation, which is the basis of all molecular communications mechanisms. We
can therefore consider appropriate surface properties that are related to the four types of
interaction outlined above.

Pauli Repulsion = Shape
The Pauli repulsion between the molecule and a neighbour depends on the electron density.
Therefore, using isodensity molecular surfaces [38] allows us to treat repulsion. Molecular
shape analysis has been discussed in detail by Mezey [39] and virtual screening techniques
based solely on the molecular shape are becoming well established [40, 41]. Currently, the
Gay-Berne potential [42] is the best known of very few examples of repulsive/van der
Waals potentials for anisotropic bodies. Describing the shapes of molecules using spherical-harmonic expansions [43 – 45] provides an analytical shape description that has, as far
as we know, not yet been used to describe repulsion between molecules.

Coulomb Interactions
The MEP is well established as an observable molecular property that determines intermolecular Coulomb interactions. However, Coulomb interactions are usually calculated
from atomic monopoles [1 – 14] or multipoles [46], distributed multipoles [47, 48], or from
the electron density directly [37]. Electrostatic shell models in which charges are not
centred on the atoms are common in materials modelling [49, 50]. The Coulomb interaction
energy between two electrostatically anisotropic bodies is almost always calculated using a
multi-centre approach such as atomic multipoles or distributed multipoles [46, 47]. Singlecentre multipole expansions can be used [51], but may not converge as the order of the
multipole expansion is increased. This approach is mathematically equivalent to our fitting
of the molecular electrostatic potential at the surface of the molecule to a spherical-har-
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monic expansion [45]. This approach promises to be very useful for cheminformatics
applications, but may be less so for classical modelling applications such as molecular
dynamics.

Local Polarizability
The dispersion interactions of a molecule with neighbours are linked to the polarizability
by the London equation [52 – 55]. We [56] have described a parameterized technique for
calculating the molecular electronic polarizability tensor accurately using semiempirical
MO-techniques and have proposed a partitioning scheme [57] similar to a population
analysis that allows atomic (or even atomic orbital) polarizability tensors to be assigned.
Note that any such partitioning scheme, like those used to assign net atomic charges [1 – 6]
is arbitrary and that our scheme has been defined to give the molecular electronic polarizability as the sum of the atomic polarizability tensors, although this definition is also
arbitrary. However, the “atomic orbital” polarizabilities can be used to define a local
polarizability around the molecule that serves to indicate the anisotropy of the molecular
polarizability. This is illustrated by the local polarizability of naphthalene projected onto an
isodensity surface (calculated with AM158) shown in Fig. 1. The p-face of the molecule is
relatively more polarizable than the hydrogen atoms around the periphery and the 1-, 4-, 6-,
and 9-hydrogens are less polarizable than their 2-, 3-, 7-, and 8-counterparts.

Figure 1. The AM1-calculated local polarizability of naphthalene projected onto an
isodensity surface. The colour scheme ranges from red (most polarizable) to blue
(least polarizable). The surfaces and the local electronegativity were calculated with
ParaSurf'06 [59].

Such descriptions of the polarizability are important if dispersion interactions such as, for
instance, those that play a role in the p-stacking of aromatic rings. Using a dispersion term
derived from the atomic polarizability tensors derived as described above [57] together
with the London equation [52 – 55] and the Slater-Kirkwood approximation [60], we [61]
were able to reproduce such interactions with MNDOref semi-empirical MO-theory. Normally, neither semi-empirical MO-theory nor density-functional theory (DFT) is able to
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reproduce dispersion, although several correction terms have been suggested for DFT [62 –
64]. The technique that we have described is atomistic, but can be formulated in terms of
the local polarizability.

Local Ionization Energy and Electron Affinity

Figure 2. The least positive areas of the local electron affinity at an isodensity surface
(calculated with AM1 [58]) for three substrates for an SN2 substitution reaction. The
surfaces and the local electronegativity were calculated with ParaSurf'06 [59].

Electron donor-acceptor (Lewis acid-base) interactions are usually either ignored in classical modelling techniques or are implicit in more general interaction potentials. Interestingly, these interactions have traditionally played a dominant role in qualitative reaction
theory [22 – 28]. Thus, the superdelocalizability [28] introduced by Fukui and the “Fukui
function” introduced by Parr [27] follow similar concepts to the average local ionization
energy [29 – 33] and the local electron affinity [35] in that they are based on perturbational
molecular orbital theory. The Fukui function also uses the frontier orbital approximation
and both the superdelocalizability and the local electron affinity rely on using virtual
orbitals and therefore are limited in their current forms to minimal basis sets. Perhaps not
surprisingly, the average local ionization energy and the local electron affinity describe not
only the donor-acceptor component of intermolecular interactions, but also chemical reactivity. Figure 2, for instance, shows the areas of highest (least negative) local electron
affinity for chloroethane, chloromethane and methyl chloroacetate. The activating influence
of the ester substituent and the opposite effect of the methyl group in chloroethane relative
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to SN2-substitution at the carbon bearing the chlorine substituent are clearly visible. Similarly, the local ionization energy usefully indicates the reactivity of aromatic ring positions
towards electrophilic aromatic substitution [35].

QSAR and QSPR with Descriptors Derived from Local
Properties
The above discussion suggests that intermolecular interactions, which are the basis of
biological communication and also determine many physical properties such as vapour
pressure, boiling point, partition coefficients, solubility etc., are described well by the local
properties. Therefore, these properties should be sufficient to describe intermolecular reactions, and thus for QSAR and QSPR applications. We have investigated two approaches to
such models.

Figure 3. Experimental vs. calculated logP values for the SIM model described
above.

The first uses the statistical descriptors based on local properties at the molecular surface
first introduced by Murray and Politzer [65, 66] and later extended by us to other local
properties [67]. These descriptors are derived by first calculating a triangulated molecular
surface such as an isodensity or solvent-excluded surface. The calculated values of the local
properties, in the case of the descriptors introduced by Murray and Politzer the MEP, are
then used to calculate statistical descriptors such as the variance, maximum, minimum,
mean value, range etc. These values serve as descriptors that are completely independent of
the 2D-structure of the molecule, by which we mean that they do not contain information
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such as atom counts, numbers of aromatic rings, numbers of hydrogen-bond donors or
acceptors etc. The descriptors can then be used in combination with an interpolation
technique such as multiple regression or artificial neural nets to construct a classical
QSPR-model.
The second type of QSPR model is known as a surface-integral model (SIM) and has been
used in connection with the MolFESD technique [15 – 17]. We [68] have presented SIMs
for the free energies of solvation in water, n-octanol, and chloroform and for the enthalpy
of solvation in water. Strictly speaking, solvation energies are not local properties, but the
concept of a hydration free-energy density (HFED) was introduced by Scheraga [69] and
has proved useful. The target property (in the following example logPkow) is calculated as
the integral of a functional of the local properties over the entire isodensity surface of the
molecule. The functional is determined by regression using potential functional expressions
based on one or more of the local properties, as outlined in reference [68]. In order to
demonstrate the generality of the concept of SIMs, we have trained a SIM-model based on
the gas phase AM1 wave-function for the water/n-octanol partition coefficient, logPkow.
The statistical characteristics of the resulting 8-term model and a plot of the calculated vs.
experimental logPkow values are shown in Fig. 3.

Figure 4. Local logPkow values projected onto an
isodensity surface of a phospholipid. The calculations are based on the AM1 [58] wave function
and the surface and SIM values were calculated
with ParaSurf'06 [59].

One of the attractive features of SIMs is that the values of the functional themselves
represent a local property that can be visualized in order to help understand the system.
Figure 4 shows the areas of the surface of a phospholipid that have the largest positive
contribution to logPkow (i. e. the hydrophilic regions). The distribution corresponds exactly
to our qualitative ideas of the hydrophilic/hydrophobic regions of the phospholipid.
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Surface Information
Clearly, biologically active molecules carry information. Instinctively, we expect, for
instance, an octapeptide to “carry more information” than, say, cyclohexane. This leads
to the expectation that we should be able to quantify the information content of molecules.
This idea is not new. For instance Kuz'min et al. [70] have discussed molecular information
fields. However, if we turn to Shannon's classical work on information theory [71], we can
define analogies and differences between signal transfer in communications systems and in
biology.
Figure 5 shows Shannon's original scheme of a communications system.

Figure 5. Schematic diagram of a communications system consisting of transmitter,
channel and receiver (after reference [71]).

Shannon was mostly concerned with the capacity of the channel and with the influence of
noise. Biological communication can be described by a modified scheme, as shown in
Fig. 6.

Figure 6. Schematic diagram of biological communication. For our purposes, the
capacity of the channel (“Molecular Recognition”) can be regarded as infinite. The
dominant question is whether a given legend carries enough information to elicit one
and only one response.

We can assume that the process of information transfer (molecular recognition) has enough
capacity to satisfy the needs of the system. The pertinent question then becomes whether a
given ligand carries enough information to be able to distinguish between its own response
and all others. Note that “carries enough information” in this context means exactly the
reverse of the concept of information content defined by Shannon. We are actually interested in the ligand carrying no information at all (i. e. being able to interact with only one
receptor), rather than in Shannon's information content, which we might define as the
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“degree of ambiguity” in the context of Fig. 6. Thus, the most selective ligands should have
the lowest Shannon entropy. Following Shannon [71], we can define the “amount of
information” using the Shannon entropy, H:

H = − ∑ Pi log ( Pi )
where Pi is the probability of finding symbol i in the message.
Translated into a continuous surface described by the four local properties V, IL, EL, and aL,
which we assume to be orthogonal to each other (as is approximately the case [35]), we can
write the Shannon entropy as the numerical integration of the triangulated surface:
k

H = − ∑ ⎡⎣ p (Vi ) log 2 p (Vi ) + p ( I L ,i ) log 2 p ( I L ,i ) + p ( EL ,i ) log 2 p ( EL ,i ) + p (α L ,i ) log 2 p (α L ,i ) ⎤⎦ ⋅ Ai
i =1

where k is the number of triangles on the surface, Ai the area of triangle i, and Vi, IL,i, EL,i
and aL,i are the average values of V, IL, EL, and aL, respectively, for triangle i. the
probability of finding a given value of a local property x is defined as p(x).
Thus, we can calculate a molecular Shannon entropy by numerical integration over the
molecular surface analogously to a SIM-model. In this case, however, the Shannon entropy
is a true local property [71]. The only question that remains is that of the probability
distribution appropriate for calculating the Shannon entropy. Here, there are two possibilities. If we consider the ligand in isolation, we can use the distribution of the local
properties on its own surface to define the probability function.
This results in what we term the “internal” Shannon entropy. Alternatively, we can consider
an ensemble of ligands all competing to convey their messages, in which case we need a
probability function for the complete set of ligands (termed the “external” Shannon entropy). We have approximated this probability by calculating the local properties at the
surfaces of all the ligands contained in the PDBBIND dataset [72, 73]. In order to eliminate
size effects, we define a surface-entropy density rShannon as:

ρShannon =

H
A

where H is the molecular Shannon entropy and A the total surface area of the molecule.
Figure 7 shows the distribution of the calculated information densities for the PDBBIND
ligands.
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Figure 7. Calculated distribution of molecular information densities (“internal” and
“external”, as defined in the text) calculated based on the AM1 [58] wave-functions
for the ligands of the PDBBIND database [72, 73]. The Shannon entropies were
calculated with ParaSurf'06 [59].

Figure 8. The “external” Shannon entropy projected onto an isodensity surface for a
fragment of polyethylene glycol, PEG. The surface area is 345 2, the internal and
external Shannon entropies 97.5 and 134.8 bits, respectively, and the internal and
external surface-entropy densities 0.280 and 0.389 bits -2, respectively. The surface
and the Shannon entropies were calculated with ParaSurf'06 [59].

The “internal” information content shows a narrower distribution than the “external”. This
is an effect of the charge of the ligands, which shifts the VL values strongly in the case of
the “external” Shannon entropy and therefore broadens the distribution. Thus, as might be
expected, the “internal” Shannon entropy removes the effect of charge on the ligand,
whereas the “external” equivalent provides a more global view of the ligands.
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Two examples serve to indicate the possible meaning of the molecular Shannon entropy,
although this quantity needs to be investigated more thoroughly before we can reach firm
conclusions. Figure 8 shows the Shannon entropy projected onto the surface of a model
segment of polyethylene glycol, which is often found bound non-specifically to proteins in
crystal structures.
This can be compared with the model FPN tripeptide, which is also a neutral molecule but
could be expected to bind more specifically to proteins. Its Shannon-entropy surface (on the
same colour scale as Fig. 8) is shown in Fig. 9.

Figure 9. The “external” Shannon entropy projected onto an isodensity surface for a
fragment of a model FPN tripeptide. The surface area is 380 2, the internal and
external Shannon entropies 95.7 and 106.7 bits, respectively, and the internal and
external surface-entropy densities 0.250 and 0.280 bits -2, respectively. The surface
and the Shannon entropies were calculated with ParaSurf'06 [59].

The tripeptide has very similar, but slightly lower total “internal” Shannon entropy and
surface-entropy density than the PEG fragment, but the difference between the two becomes apparent when we consider the “external” Shannon entropy and surface-entropy
density. The tripeptide derives its specificity (blue and green areas) from the zwitterionic
end groups and from the phenyl group, whereas the praline ring is considered to be very
unspecific.

Summary and Conclusions
Modelling and simulation using molecular surfaces is certainly technically more difficult
than the common atomistic techniques. However, molecular surfaces provide new opportunities to view molecules in a different light and to reconsider whether our continued
preference for atomistic techniques is not influenced by the fact that we, as chemists, have
learnt to view molecules atomistically. It remains to be seen whether techniques such as
surface-integral models or surface Shannon entropy provide significant advantages in
treating biological systems and, above all, in understanding biological communication.
However, after 30 years of atomistic modelling it is probably time to consider alternatives.
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Abstract
Stereochemistry is information, and stereoselective reactions are the
means by which that information may be communicated within and
between molecules. The control of remote stereogenic centres can be
achieved by stereochemical relay, and the use of thermodynamic
control over conformational preference is turning out to be a very
powerful method for long-range transmission of stereochemical information.

Introduction
Stereoselective synthesis, which aims to control relative and absolute configuration at new
stereogenic centres, has been a remarkable success story [1]. The award, in 2001, of a
Nobel Prize to three of the founding thinkers in the area of asymmetric catalysis [2]
confirmed as one of the great achievements of late 20th century chemistry the science of
stereoselectivity. Stereochemistry is information – binary information – and stereochemical
control, mediated by stereoselective reactions, can be seen as a chemical means of information transfer – of communication of information. The reliability of the communication
depends on a handful of interrelated factors, but it is clear that stereocontrol is best when
proximity and rigidity are features of the reaction sites and molecules involved: it has long
been a stereochemical tenet that flexible acyclic molecules provide generally poor substrates for stereoselective reactions.

http://www.beilstein-institut.de/bozen2006/proceedings/Clayden/Clayden.pdf
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The need for stereoselective reactions to take place close to the stereocontrolling influence
in general limits the distance through which stereocontrol can take place to some four or
five bond lengths. The communication of stereochemistry over greater distances than this is
generally described as remote stereocontrol, or remote asymmetric induction [3]. Stereocontrol apparently reaching over distances of up to 12 or 13 bond lengths has been achieved
by using a metal ion to grab a remote reaction site and bring it into temporary proximity
with a stereocontrolling influence [4]. But stereocontrol at a reaction site truly distant in
space generally requires specific structural features to allow stereochemical information to
be communicated – “unrelayed” 1,5- stereocontrol with a selectivity of 90:10 has been
described as “remarkable” [5]. These structural features “relay” the stereochemistry to the
new site.
Stereochemical relays may take the form of temporary stereogenic centres, which bridged
the gap between the two reaction sites. For example, Paterson's intermediate 3 en route to
ebelactone [6] contains a 1,5-relationship between an isolated stereogenic centre and its
nearest neighbour. After first setting up a proximal 1,2-relationship in 2 using a stereoselective aldol reaction of 1, a stereospecific Ireland-Claisen {3,3]-sigmatropic rearrangement expands the 1,2-relationship to a 1,5-relationship (Scheme 1).

Scheme 1. Stereospecific rearrangement as a means of relaying stereochemistry.

The “temporary” stereogenic centre need not be present in an isolable synthetic intermediate, but instead might be formed transiently at some point along the overall reaction pathway. Thomas [7] has achieved up to 1,7 stereocontrol in alkenes such as 6 using this
strategy: the tin-bearing centre in the intermediate 5 is under the control of the hydroxyl
group by virtue of tin-oxygen coordination within a six membered ring (Scheme 2).
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Scheme 2. Relaying stereochemistry through a transient stereogenic centre.

Scheme 3 shows both strategies combined: the strategy of Scheme 2 controls the 1,7relationship in 7 which is extended, by the strategy of Scheme 1, to a 1,9-relationship in
8 [7].

Scheme 3. Extending a remote stereochemical relationship.

A more subtle means of achieving stereocontrol from a distance makes use of a controlling
centre to orientate not temporary configuration but simply to bias the conformation of that
part of the molecule lying between the reaction site and controlling influence. Still very
elegantly demonstrated the power of such methods for stereocontrol where the conformation of a macrocyclic ring relays the stereochemistry [8]. A conformational relay effect
accounts for the protecting group dependence of the stereoselectivity exhibited by alkylation reactions of the phenylmorpholinones 9 (Scheme 4) [9]. Changing the planar N-Boc
protecting group of 10a to the conformationally mobile N-benzyl group of 10b inverts the
1,3-diastereoselectivity in the alkylation of 12, the sodium enolate of 9. The Boc group is
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stereochemically inert, and an “inherent” anti stereoselectivity is observed in reactions of
12a. However, in 12b the steric interaction between the phenyl-bearing centre and the Nbenzyl group forces the benzyl group onto the top face of the molecule, and favours
alkylation from the bottom face. The N-benzyl group of 12b facilitates the relay of stereochemical information from the old centre to the new.

Scheme 4. Relay via an N-benzyl group.

In the alkylations of diketopiperazines 13, a switch of protecting group from conformationally inconsequential N-Me to conformationally powerful N-p-methoxybenzyl by contrast enhances selectivity (Scheme 5) [10]. While 13a (R = H) is alkylated with 2:1 diastereoselectivity, 13b (R =p-MeOPh) is alkylated with diastereoselectivity of 30:1. Modelling
suggests that the enolate 16 derived from 13b adopts a conformation (Scheme 5) in which
steric repulsion between the adjacent isopropyl and p-methoxybenzyl group favours conformations with this group lying anti to the isopropyl group. In turn, this N-substituent
pushes the second N-substituent onto the bottom face, directing the electrophile to approach
the enolate from above. Effectively, stereochemical information is relayed via both benzyl
groups to the reacting centre.
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Scheme 5. Stereochemical relay via two N-PMB groups.

Renaud has developed a related concept [11] in which stereochemistry is relayed from a
chiral catalyst to a relatively distant reaction centre through the conformation of an intervening bond (Scheme 6) [12]. The agent of the relay takes the form of an “achiral
auxiliary”, an oxazolidinone derivative of 2-aminophenol. Complexation of chiral Lewis
acid MgBr2.19 to acryloyl oxazolidinone 17 is proposed to favour one of the two diastereoisomeric conformations 20 about the exocyclic N-CO bond, and indeed increasing the
size of R from H through Me, Et, Bn and PMB gave a corresponding increase in product
enantiomeric ratio (er) [13] from 57:43 to 94:6 as the differentiation between the faces of
the acrylamide is increased.
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Scheme 6. Stereochemical relay through a transient N-CO axis.

In related reactions of 21, a temporary, labile (i. e. kinetically unstable) stereogenic nitrogen
centre relays stereochemistry from the chiral catalyst to a reaction centre (Scheme 7) [11,
14]. The “achiral auxiliary” in this case is a pyrazolidinone, readily available by the
conjugate addition of hydrazine to 3,3-dimethylacrylate. The synthesis allows for easy
variation of the substituent R, and the results suggest that this group R has an important
role to play in relaying the effect of the chiral Lewis acid to the reaction site: the bigger the
group R the higher the selectivity. The tetrahedral N atom inverts rapidly, but in the
presence of a chiral Lewis acid it prefers the configuration shown as 24a or 24b, converting
the achiral (or prochiral) auxiliary into a chiral auxiliary. The chiral ligand biases the
stereochemistry at N which in turn, being relatively close to the reaction centre, controls
the face-selectivity of the Diels-Alder reaction.
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Scheme 7. Stereochemical relay through a transient stereogenic centre at N.

A similar effect is evident in the conjugate addition of nucleophiles to 21 in the presence of
chiral magnesium Lewis acids [15]. Introducing larger N-substituents R apparently turns on
the relay effect.
Relays of stereochemical information from chiral catalysts have an inbuilt drawback: the
catalyst must activate the reaction centre and therefore interact with it in some way: the
source of asymmetry can never be truly removed spatially from its effect.
Unlike in Schemes 1 and 2, the stereochemical features proposed to give rise to the
observed relay effects in Schemes 3 – 7 have a lifetime which is short on the laboratory
timescale (though presumably long relative to the half-life of the reaction itself [16, 17]).
For example, although they have features of a chiral axis, the N-CH2Ar bonds of 12b and
16 and the N-CO bonds of 20 are not atropisomeric at the temperature of the reaction – in
other words their chirality relies solely on the thermodynamic influence of a nearby centre,
not on a kinetic barrier to bond rotation. The evidence that a true relay effect is involved is
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therefore necessarily circumstantial – the dependence of the level of stereoselectivity in the
reactions on the presence or absence of certain proposed stereochemical features. While the
result of these reactions is not in doubt, the detailed mechanism by which stereochemical
control is achieved is by no means clear, since it has not yet proved possible in these
systems to study spectroscopically the conformation and stereodynamics of the bonds
concerned. Scheme 8 illustrates schematically the various possibilities for achieving stereochemical relay.

Scheme 8. Kinetic and thermodynamic control in strategies for stereochemical relay.
A and B represent two alternative stereo- or conformational isomers of the centre or
bond facilitating the relay, in which one is more highly populated than the other due
to either kinetic or thermodynamic control. A and B may or may not interconvert on
the laboratory timescale.
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The idea of temporarily storing information in an atropisomeric bond (i. e. one with
kinetically stable stereochemistry which is not labile on the timescale of the reaction, and
which for example can be studied by low temperature NMR techniques) was expanded by
Curran [18] into the concept of “prochiral auxiliaries”. Curran envisaged that atropisomeric
stereochemistry generated under kinetic control would subsequently relay stereocontrol to
further centres in a substrate. The idea has never been fully realized in its original form, and
the most significant recent developments in the use of temporary atropisomeric chirality to
relay stereochemical information have made use of thermodynamic rather than kinetic
control over the temporarily stereogenic bond.
Kawabata and Fuji have shown that appropriately protected amino acids 25 may be alkylated apparently with retention of configuration via the hindered enolate 26 (Scheme 9)
[19]. Extensive kinetic investigations have shown the origin of this “through time” relay
effect (generally termed “chiral memory” [20], and to be contrasted with the “through
space” relays above) is the conformation of the starting amide, coupled with the kinetic
stability of the atropisomeric intermediate enolate. As the enolate 26 is formed from what
semi-empirical calculations suggest to be the major conformer of 25, the preferred orientation of its NR2 group persists. Because C-N bond rotation is slow, and alkylation of the
atropisomeric enolate is diastereoselective, the product 27 is formed largely retentively
(90:10 er). Thus thermodynamic control over conformation is trapped and given kinetic
stability by the formation of the atropisomeric (at low temperature) enolate 26, the axial
configuration of which persists even once the original controlling centre has disappeared
[19, 21].

Scheme 9. Chiral memory – stereochemical relay through time.

Being very fast, radical reactions can often display chiral memory effects, and Curran has
reported a reaction in which comparison of the temperature dependence of the stereoselectivity and of the starting conformer distribution suggests that both chiral memory and
chiral relay effects are in operation (Scheme 10) [17]. The stereogenic centre of 28 biases
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the population of the two amide conformers in such a way that radical cyclization gives
principally 30a rather than 30b. At low temperature the radicals 29 cyclize faster than they
can interconvert, and while there is some stereochemical leakage from 29b to 30a the
product ratio is largely the result of the ratio of conformers of 28. The importance of the
axis in relaying stereochemistry is evident in related reactions of resolved M-31 which
gives 32 with 90 % stereospecificity [22].

Scheme 10. Chiral memory in radical cyclizsations.

Results
Our own work [23, 24] has established the surprising ease with which stereogenic centres
placed adjacent to certain functional groups – in particular tertiary aromatic amides such as
33 – are able to govern their orientation, often with very high degrees of conformational
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control. Scheme 11 summarizes some of the substituents which display this ability, notably
sulfoxides such as 36, which give rise to conformational ratios about Ar-CO of up to 200:1
[25].

Scheme 11. Typical conformational ratios in tertiary amides bearing adjacent stereogenic centres.

The relatively slow rate of rotation about bonds in aromatic amides [26] meant that we
have been able to quantify conformational ratios by NMR, and we have used the ability of a
stereogenic centre to control the orientation of a functional groups as a means of synthesizing new classes of non-biaryl atropisomers enantioselectively [27, 28]. However, given that
we were also well aware that atropisomeric amide axes are able to control the formation of
new stereogenic centres [29, 30], it occurred to us that by placing these two aspects of
stereoselectivity in series we could use a rotationally restricted amide as a means of
relaying stereochemical information (Scheme 12). The sulfoxide group of 36 is introduced
straightforwardly by quenching the lithiated amide (€)-34 with Andersen's menthyl sulfinate 35. The sulfoxide is then removed by sulfoxide-lithium exchange, and like the enolate
26, organolithium M-34 retains its absolute stereochemistry at least over a period of
minutes at low temperature, long enough to relay its stereochemistry to the new stereogenic
centre of 37. Lactonization gave ent-O-methylisoochracein 38 in 92:8 er [31].
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Scheme 12. Chiral memory via the Ar-CO axis of a tertiary aromatic amide.

Amide conformation can be used as a means of relaying stereochemical information
through space as well as time. Our first spatial stereochemical relay [24, 32] used the
racemic silane 39, in which steric effects impose an 88:12 conformational preference on
the amide (quantified by NMR in CDCl3 at room temperature), to synthesize the meso
amide 41 (Scheme 13). The lithio derivative of 40 has low kinetic stability on the laboratory timescale, even at low temperature [33], but the persisting conformational influence of
the adjacent silyl-bearing centre ensures the success of the relay.

159
Remote Control of Stereochemistry: Communicating Information via Conformation

Scheme 13. 1,5-Stereochemical relay through an amide axis.

A reliable source of conformational control over aromatic amides, and one which is easily
introduced in enantiomerically pure form, is the (-)-ephedrine-derived oxazolidine featured
in 44. It was known that condensation of an aromatic aldehyde with (-)-ephedrine 43 leads
preferentially to one of the two possible diastereoisomeric oxazolidines [34]. Intriguingly,
though, an adjacent amide will adjust its conformation to ensure that the oxygen atoms of
oxazolidine and carbonyl group, and likewise their bulky substituted nitrogen atoms, lie on
opposing faces of the ring which bears them [24, 35]. Thus condensation of 42 with 43
gives 44, which adopts preferentially the conformation shown and retains that conformation
through the formylation and addition reactions leading to 46. Stereoselectivity of Grignard
additions is governed by amide conformation [30], and reaction of 45 with PhMgBr is fully
diastereoselective (Scheme 14) [24].
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Scheme 14. 1,5-Stereocontrol by stereochemical relay from an oxazolidine [36].

In all of the examples above, stereochemical relay induces asymmetry at an otherwise
locally achiral remote site in a molecule. That otherwise achiral site could alternatively
be a point of coordination for a metal. Scheme 15 and Table 1 show how the phosphines 47
[35] and 48 [36], whose chirality in the vicinity of phosphorus is the consequence of
stereochemical relay from their chiral centres via the amide, can be moderately effective
chiral ligands in the palladium-catalysed asymmetric allylic substitution of acetate 49 by
dimethyl malonate (Scheme 15).

Scheme 15. Enantioselective allylic substitution catalysed by palladium in the presence of amidophosphine ligands.
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Table 1. Ligands for the enantioselective substitution of 45.
entry

ligand

Time

yield

product

er

1

47

3 days

60

(-)-50

95:5

2

48

24 h

93

(-)-50

91:9

3

52

24 h

85

(+)-50

23:77

In 1989, the crystal structure of 51 was reported [37]. The benzene-1,2,3-tricarboxamide
adopts the conformation shown in Scheme 16: each amide carbonyl group points in a
direction opposing its neighbours – presumably controlled by steric or electronic (dipole)
interactions or both. On the assumption that the preference for nearby tertiary amide groups
to adopt mutually opposing conformations persists in solution, we made the amide 52, a
homologue of the ligand 48 [36]. The phosphine was included in an allylic substitution
reaction and gave moderate enantiomeric excess (Table 1, entry 3), but importantly the
major enantiomer of the product 50 was opposite to that generated in the presence of the
ligand 48. This is exactly what is to be expected if the amides lie opposed to one another:
the local environment of the phosphorus atom in 52 is enantiomeric with the local environment of the phosphorus centre of 48, despite the stereochemistry originating from the
same enantiomer of ephedrine.

Scheme 16. Conformational interactions between adjacent amides.

The anti alignment preferred in aromatic dicarboxamides turns out to be quite general, even
with more remote relationships between the amide substituents [38]. The NMR spectrum of
xanthene-1,8-dicarboxamide 53, for example, contains a single 6 H singlet corresponding to
the gem-dimethyl group, and double lithiation and electrophilic quench yields a compound
54 which in principle contains two stereogenic axes and may therefore exist as a pair of
diastereoisomers. However, only a single diastereoisomer is obtained, which NMR showed
to be C2 symmetric, HPLC on a chiral stationary phase showed to be chiral and racemic,
and X-ray crystallography showed to have the stereochemistry shown in Scheme 17 [39].
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Scheme 17. Anti-preference in a xanthene-1,8-dicarboxamide.

Even amides borne on separate non-rigidly interconnected aromatic rings have a strongly
preferred conformation. Amide 56 contains two stereogenic axes, but double ortholithiation
of 55 gave only a single diastereoisomer syn-56 (Scheme 18). We were able to prove its
stereochemistry by HPLC on a chiral stationary phase: a separation into two enantiomers
was just visible, indicating formation of racemic, C2-symmetric syn-56 rather than achiral,
centrosymmetric anti-56 [40]. However, this C2-symmetric diastereoisomer turned out to
be the less stable of the two, because heating in toluene gave a mixture of compounds in
which the second, achiral diastereoisomer prevailed. The amides have a clear thermodynamic preference for the S2-relationship and biaryl 2,2'-dicarboxamides fall into the class of
molecules which are “flexible with a defined shape” [41].

Scheme 18. Kinetic and thermodynamic stereocontrol in biphenyl-1,1'dicarboxamides.
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The question that posed itself at this point was how far stereochemistry could be communicated using conformational preference alone as the means of stereochemical relay. In
1988, Noe [42] had reported some chemistry which, though characterized by only poor
stereoselectivity, gave the first indication that conformational control allows communication of stereochemical information over long distances. The anomeric effect forces paraformaldehyde oligomers to adopt a helical conformation in solution, and by tethering short
chains of paraformaldehyde to a source of chirality it appears to be possible to induce the
helix in 57 to prefer one of two diastereoisomeric conformations. Stereochemical information is transmitted to the new chiral centre in 58 by Grignard attack on a ketone. Stereoselectivity drops with chain length but still reaching 2:1 for the 1,10-relationship formed in
the reaction shown in Scheme 19. The importance of the polyether helix in mediating an
interaction between the origin and terminus of the stereochemical relay was confirmed by
control experiments showing that a hydrocarbon chain of the same length failed to induce
selectivity.

Scheme 19. Relay of stereochemistry via a helix.

Given that amides even with rather remote relationships are also capable of communicating
with one another, we hoped to be able to use pairs of conformationally communicating
groups to mediate remote stereocontrol by a form of staged stereochemical relay. The
concept is illustrated in Fig. 1. A set of otherwise freely rotating groups u-z adopt, under
the influence of a stereocontrolling influence at A, a single orientation which results in the
transmission of information about the shape of A through u-z to B. Cowburn and Welland
had demonstrated a similar concept using quantum dot magnets spaced 135 nm apart [43]:
stereochemical relay using amide dipoles could reduce the scale of the system by a factor
of about 300.1

1

The 1 and 8 positions of a xanthene ring are about 4.6  apart.
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Figure 1. A strategy for the conformational relay of information from A to B. Groups
u-z are freely rotating but on incorporation (i) of a stereochemical influence at A
adopt an “all-anti” alignment, allowing information about the shape of A to be relayed
to B via u-z. (ii) Formation of new stereochemistry at B can take place diastereoselectively despite the remoteness of A.

Stages in the development of this idea are shown in the Schemes 20 [32], 21 [39, 44] and
22 [40]. In Scheme 20, the conformation of the axis adjacent to the stereogenic centre of 39
is relayed round the ring by introduction of a second axis into 59 adjacent to the first. When
the second stereogenic centre of 60 is constructed adjacent to this axis, its stereochemistry
is under the ultimate control of the centre lying para across the ring [32]. In Scheme 21, the
idea is taken a stage further: the two amides of 53 are already related by the anti conformational preference of such systems; introduction of an ephedrine-derived oxazolidine
into 61 forces both axes to adopt a single absolute conformation. The stereochemistry of the
oxazolidine is relayed through both amides and allows the subsequent addition of a nucleophile to the carbonyl group of 62 to proceed with complete (1,9)-stereochemical control, and 63 is formed as a single diastereoisomer [39, 44]. In Scheme 22, the amides also
adopt conformations which allow the molecule as a whole to minimize its dipole moment.
Thus the oxazolidine of 65 controls both amide groups and thus also ultimately directs
nucleophilic attack on the remote carbonyl group of 66, leading to complete 1,8-stereocontrol in 67 [40].
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Scheme 20. Remote (1,6)-stereocontrol relayed through a benzene-1,2-dicarboxamide.

Scheme 21. Remote (1,9)-stereocontrol relayed through a xanthene-1,8-dicarboxamide.
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Scheme 22. Remote (1,8)-stereocontrol relayed via a biphenyl-1,1'-dicarboxamide.

The next logical step was to make some molecules containing both the features of both 1,8xanthenedicarboxamides and biphenyl-2,2'-dicarboxamides. Extensive work to establish
optimum conditions for Suzuki couplings allowed us to synthesize the conformationally
uniform (by NMR) bis-xanthene 70 via the route shown in Scheme 23 [44].

Scheme 23. Synthesis of a bis-xanthene.
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From 70, a further series of lithiations, functionalizations and coupling gave two aldehydes,
73 and 78, in which the electrophilic centre is separated from a terminal (-)-ephedrinederived oxazolidine by a chain of four or six amide groups respectively. The X-ray crystal
structure of 78 shows all six amides arranged with their dipoles successively opposed.

Scheme 24. Stereochemical relay in a bis- and tris-xanthene.
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Nucleophilic addition of EtMgBr and PhMgBr to each aldehyde generated a single stereoisomer of the product 74 or 79, as judged by NMR and by HPLC (Scheme 24), in reactions
displaying relayed unprecedented 1,16- and 1,23-remote stereocontrol. Stereochemical
homogeneity at the newly formed centre was confirmed by hydrolysis of the oxazolidines
to yield aldehydes 75 and 80. Comparison of the HPLC traces of these aldehydes with those
of authentic mixtures of stereoisomers showed some degree of thermal epimerization (from
the deprotection step), but allowed the degree of stereocontrol at the new centre to be
quantified as > 95:5 (Scheme 24) [44].

Scheme 25. Switching relative stereochemistry from a distance.

Alternative explanations for the stereocontrol achieved in 74 and 79, such as association
between the oxazolidine ring of one molecule with the Grignard reagent as it adds to
another, were ruled out by showing for example that diastereoselectivity is unchanged in
reactions of racemic oxazolidines. Conclusive evidence that stereochemical information
may be relayed through the amides was obtained simply by re-condensing 74 (R = Et) with
ephedrine enantiomeric with that first used to form the oxazolidine (Scheme 25). Initially,
presumably, 81 is formed, but under the conditions of the oxazolidine formation, the
amides of 81 relax into their preferred orientation. Necessarily, the relative stereochemistry
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between the last amide in the sequence and the stereogenic centre adjacent to it becomes
inverted, and this local inversion of relative stereochemistry is clearly evident in the
chemical shifts of the CHOH signals of the two samples of 74 (Scheme 25).

Conclusion
The chemistry in Schemes 24 and 25 shows conformational information being relayed
through a molecule in a manner which parallels the allosteric conformational changes in
enzymes and receptors which relay information in biological molecules. So far the “output”
of the conformational change has been a stereoselective reaction, detectable chromatographically or spectroscopically. Other inputs and outputs can be envisaged, though: for
example, Krauss and Koert [45] have developed molecules which use conformational
information to mediate signal transduction between a metal binding site and a fluorophore
(Scheme 26). Tricyclic 82 adopts the preferred conformation shown as 82a, but on treatment with zinc a switch occurs to the ring-flipped 82b. Evidence for the ring flip is
provided by NMR or by a change in the fluorescence spectrum as the pyrene fluorophores
move apart [46].
The possibility that the synthetic methodology of remote stereocontrol might be applied to
a challenge in nanotechnology – signal transduction and processing – is intriguing, and it is
clear that the future in this area is very bright. There are huge opportunities for the
combination of various types of conformational control elements to lead not just to systems
capable of relaying information but of processing and storing that information as well.

Scheme 26. Conformational relay
of binding information to a fluorophore.
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Abstract
The design of focused compound libraries aims at enriching bioactive
molecules that contain different scaffold structures. Pharmacophorebased similarity searching has been shown to provide a means to
achieve this goal. We have developed such a method (LIQUID) that
is grounded on the representation of potential pharmacophore points
by trivariate Gaussian densities. This “fuzzy” pharmacophore technique is described and discussed in detail, together with a retrospective
virtual screening application. LIQUID succeeded in retrieving activity-enriched sets of compound with diverse backbone architecture.

Introduction
A crucial task in molecular design is the selection of “focused libraries”, that is, a set of
compounds exhibiting a desired pharmacological profile. Without any prior knowledge
about potential structure-activity relationships or known reference compounds one would
have to perform random guessing to find active molecules. The number of possible subsets
p of size k from a pool containing N molecules is given by Equation 1. For example, there
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174
Schneider, G. et al.

are more than 1013 possibilities to sample a set of 10 compounds out of 100. A realistic
scenario would be to pick 100 or 1000 molecules for testing from a corporate library
containing more than one million substances. It is evident that brute-force examination of
each possible subset in turn (“full enumeration”) is not feasible. Maximum diversity
methods aim at covering the variability of the complete compound pool within a carefully
chosen small subset. Cell- and dissimilarity-based clustering and partitioning methods are
employed for this purpose [1]. Maximally diverse compound sets often represent reasonable starting points for screening campaigns. Focused libraries, in contrast, typically contain substances only from a certain region (“activity island”) of the chemical space defined
by the pool compounds. Generic filtering steps for drug- or leadlike compounds in conjunction with target-specific prediction and selection tools have been shown to be suited for
designing activity-enriched focused libraries [2].

p=
ef =

N!
k ! ( N − k )!
actives found

activesexp ected

(1)

.

(2)

Successful library design results in a set of compounds containing more actives than a
randomly picked subset on average. The enrichment factor ef quantifies this advantage
(Equation 2). Figure 1 displays the result of a similarity method, for example a pharmacophore search or any other similarity search, in comparison to the ideal outcome and
unbiased (“random”) picking. Such enrichment curves help assess the usefulness of a
virtual screening method but it requires several known actives that can be used in retrospective virtual screening. Enrichment factors for the simulated experiment shown in Fig. 1
can be obtained as follows: The ef for the first 10% of the screened compounds is (33 /
10)= 3.3 (33 actives found, 10 actives expected), for the first 50 % of the screened compounds it computes (85 / 50)= 1.7 (85 actives found, 50 actives expected). It is generally
assumed that a method that performed reasonably well in such an experiment is also likely
to succeed in a prospective screening study. We wish to point out that this does not
necessarily have to be the case since some similarity methods can be strongly biased
toward a certain drug target or screening database and thus do not represent generally
applicable tools.
The screening compound pool represents the chemical space from which a focused library
is compiled by virtual screening approaches such as similarity searching or machine learning techniques. These methods essentially represent predictions that have a certain precision that depend on the molecular descriptors and the similarity measure, among other
variables (Fig. 2). Let us assume the accuracy of a prediction tool would be high meaning
that most of the compounds picked for the focused library do actually bind to the target
with a binding constant below a certain threshold q (e. g. 1 mM). This outcome will result in
a high enrichment factor. A less accurate method would yield a lower hit rate according to
the q boundary, and as a consequence the calculated enrichment factor would be compar-
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ably poor. Does this mean that the second method is unsuited for focused library design?
The answer depends on what we actually wish to achieve: Higher activity enrichment does
not necessarily mirror great chemotype diversity among the hits. The scenario depicted in
Fig. 2b shows that the compound library covers only a small portion of chemical space.
According to the similarity principle the architecture of these compounds should not be
very different. Broadening the area covered by a library can help increase structural
diversity but often comes at the price of decreased activity enrichment. Many retrospective
studies have been performed to compare virtual screening methods based on enrichment
factors, but only few have considered chemotype diversity of the library as an additional
quality criterion.

Figure 1. Enrichment curves obtained from simulated similarity searching in a pool of
1000 compounds containing 100 active substances. The ideal method finds all actives
on ranks 1 to 100, random picking retrieves one active every 10 compounds, and a
successful similarity search lies between these extremes.

Figure 2. Hitting a target area in chemical space using a virtual screening method
with high (a) and low (b) precision. The “fuzzier” method (b) covers a broader area.
Shading indicates the biological activity (e. g. target binding) of the compounds,
which is highest at the centre of the target area. The dashed circle represents the
activity threshold q.
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LIQUID: Fuzzy Pharmacophore Method Based on
Trivariate Gaussians
One possibility to increase structural diversity in a focused library is broader sampling as
shown in Fig. 2 (for example, by using several prediction methods); a second one is to
“fuzzify” the molecular descriptor [3]. Our program LIQUID (Ligand-based Quantification
of Interaction Distributions) provides such a “fuzzy” pharmacophore method, which can be
used for virtual screening (unpublished; a demo version is available at www.modlab.de).
According to the Medicinal Chemistry Section of IUPAC a pharmacophore is the “ensemble of steric and electronic features that is necessary to ensure the optimal supramolecular
interactions with a specific biological target structure and to trigger (or to block) its
biological response” [4]. According to this concept, ligand-receptor interactions are a
function of individual functional group contributions. Since we do not know a priori which
functional group actually contributes to the interaction they are termed “potential pharmacophore points” (PPPs). Ligand-receptor interactions take place in 3D space. Therefore 3D
pharmacophore models represent the most intuitive choice. Noteworthy, in the absence of a
receptor-relevant ligand conformation or conformation ensemble, quantitative structureactivity relationship (QSAR) studies that are based on 3D models can still be erroneous.
In addition to the problem of conformer generation, an error-prone step in pharmacophore
matching methods is the 3D-alignment of molecular features, that is, matching a screening
molecule to a given pharmacophore model. To enable rapid database searching the explicit
alignment step can be avoided by an alignment-free representation of pharmacophore
patterns. One idea is to convert the spatial distribution of PPPs to a vector representation.
Such vectors are referred to as “fingerprints”, “bitstrings”, “correlation vectors” (CV), or
“spectra” depending on the type of information stored. The trick is to compare these
reduced molecular representations instead of explicit 3D feature alignment [5], thus formulating a pharmacophore search as a similarity search.
In our software LIQUID, PPPs are modeled as trivariate Gaussian distributions and encoded as CV representations. The statistical spread of every PPP reflects the fuzziness of
the pharmacophore model: The probability of a certain interaction decreases with the
increasing distance to the PPPs centroid. Three-dimensional visualization tools, e. g.
OpenGL [6] embedded in PyMOL [7], enable us to visually analyse generated pharmacophore models. An example of a LIQUID pharmacophore model is shown in Fig. 3, derived
from a molecular alignment of the COX-2 inhibitors Rofecoxib, M5, and SC-558.
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Figure 3: a) Molecular alignment of three COX-2 inhibitors (Rofecoxib, M5, SC558). The common chemical groups, which are essential interactions for specific
COX-2 inhibition, are labelled according to ref. [8]. b) LIQUID Pharmacophore
model of a): the visualization shows the ellipsoidal PPP models of both ring systems,
which are members of the maximum common substructure of the respective superposition.

LIQUID can be used to compute a pharmacophore model of either a single molecular
conformation or a conformer ensemble. The first fundamental step is the atom type recognition, where potential pharmacophore features are assigned to the query's atoms. We
consider three different interactions types: “lipophilic”, “hydrogen-bond donor” and “hydrogen-bond acceptor”. For example, oxygen atoms are always hydrogen-bond acceptor
interaction points, whereas the -OH group also possesses a hydrogen-bond donor feature.
An atom can represent none, one or maximal two of these features. Atoms lacking a
pharmacophore feature are not considered for the model. Atom typing results in a transformation of the query molecule(s) into a three-dimensional disposition of interaction
points. To gather a fuzzy approximation of this interaction field via Gaussian functions,
single interaction points are clustered into PPPs. Every PPP represents a local maximum of
the Gaussian distribution of interaction points it contains.
To determine the maxima of the interaction point distribution the cluster radius dependent
local-feature-density (LFD) was introduced [3]. It allows a quantification of common-type
atoms in the spatial environment around an atom. Hereby the manually adjustable cluster
radius is used to constrain the space around an atom where the maximum is determined.
This also enables the user to generate pharmacophore models with varying fuzziness. The
LFD of the kth atom of pharmacophore type T is calculated by Equation 3.
(3)
Where n is the total number of atoms of the pharmacophore type T in the query, D2 is the
Euclidean distance of two atoms, and rc represents the cluster radius of the specific
pharmacophore type. The closer a common-typed atom, the bigger is its impact to the
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considered atom's LFD. Clustering of the interaction points is done on the basis of the
atoms' LFDs via a Union-Find strategy. The following pseudo-code illustrates how the
algorithm works:
INIT: each atom is a singleton.
FOR each atom i of type T
FOR each atom j of type T
calculate Distance(i,j)
IF Distance £ ClusterRadius rc/sub>/emph> THEN
FIND maxLFD(Clusteri)
FIND maxLFD(Clusterj)
IF maxLFD(Clusteri)£ maxLFD(Clusterj) THEN
UNION Clusterj with Clusteri

Initially, every atom represents a singleton. If a common-typed atom yielding a higher LFD
inside the cluster radius of the considered atom is found, both atoms get “united” into a
cluster. Finally, each cluster of interactions points (feature-typed atoms) forms a PPP. One
can observe that the number of final clusters depends on the adjusted cluster radius. The
centroid of a PPP is calculated as geometric centre of its clustered atoms.
We apply the principal component analysis (PCA) [9] in order to compute the size and
orientation of a PPP. The covariance matrix is built up from the Cartesian coordinates of
the clustered atoms in relation to the PPPs centroid. The orientation of a PPP is given by
the resulting principal components, because their directions span the data space according
to the highest variances. Eigenvector approximation is done with the NIPALS algorithm
[10]. The corresponding Eigenvalues provide the distribution of the PPP in the direction of
the Eigenvectors.
After having obtained the position, size and orientation of the PPPs, we encode the pharmacophore model as a correlation vector (Equation 4) [3, 5]. LIQUID computes a correlation-vector from the trivariate Gaussian functions, which are used to model the PPPs. Due
to pair-wise PPP correlation, we encounter six PPP pairs: “lipophilic-lipophilic”, “lipophilic-donor”, “lipophilic-acceptor”, “donor-donor”, “donor-acceptor” and “acceptor-acceptor”. Encoding yields an equally partitioned bin vector. Each bin (vector element) contains
the correlated frequency of a certain PPP pairing. In the case of PPP instances, the
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correlation vector reduces to scaled occurrence frequencies of atom pairs at distance intervals from 1 to 20? [5, 11]. Each bin contains a correlated probability, which indicates the
presence of a PPP pair at distance d:
CVdA, B =

A B
1
1
∑
∑⋅
# pairs ( A, B ) i j 2

{ trivG (σ

}

) ⋅ trivG (σ 1,2,3 ) j ,

1, 2 ,3 i

(4)

for all PPPs i of pharmacophore type A and for all PPPs j of type B. trivG gives the
trivariate Gaussian with standard deviations s1,2,3, and #pairs(A,B) is the number of pairs
of PPPs of type A and B. The result is a 120-dimensional correlation vector-based descriptor designed for fast virtual screening.

The Influence of the Gaussian Function
We have experimented with different parameters of the bell-shaped curve as an approximation of the PPPs. In addition to the normal Gaussian distribution (Equation 5), we have
omitted the linear scaling factor and used an altered function (Equation 6) instead. Finally
we expanded the PPPs by multiplying the standard deviation by the factor of two (Equation
7). Essentially, Equation 6 and Equation 7 compute a probability value of one at the centre
of a PPP, and Equation 7 corresponds to a wider PPP shape than Equation 6 (Fig. 4). In
other words, Equation 7 leads to a “fuzzier” PPP representation than Equation 6 and
Equation 5.

f( x) =

⎛ 1 ⎛ x − µ⎞ 2⎞
1
exp ⎜ − ⎜
⎟ ⎟.
σ 2π
⎝ 2⎝ σ ⎠ ⎠

(5)

⎛ 1 ⎛ x − µ⎞ 2⎞
f( x) = exp ⎜ − ⎜
⎟ ⎟.
⎝ 2⎝ σ ⎠ ⎠

(6)

⎛ 1 ⎛ x − µ⎞ 2⎞
f( x) = exp ⎜ − ⎜
⎟ ⎟.
⎝ 2 ⎝ 2σ ⎠ ⎠

(7)

In Fig. 5 the effects of Equations 5 – 7 on CV calculation are illustrated. We observe a
general broadening of the CV density (increased number of populated bins) when increasing the “fuzziness” of a PPP. The CV produced by using Equation 5 has the tendency to
underestimate broad PPPs (large standard deviation s) compared to narrow ones (small s).
Figure 5a illustrates two PPPs with an identical standard deviation. The correlation of these
two PPPs results in the black correlation vector shown in Fig. 5 d. If we double the standard
deviation of one of the PPPs (Fig. 5b), we observe a dramatic reduction of the CV values
(white CV in Fig. 5 d). Considering that the trivariate Gaussian distribution is a product of
three univariate distributions, this effect increases in the 3D-space. These considerations led
to the conclusion that Equation 5 is a poor choice for use as a fuzzy function for PPPs. It
penalizes the absence of a small PPP harder than the absence of a large PPP. Fortunately,
this problem can be overcome by omitting the linear normalization factor of Equation 5
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which leads to Equation 6. Figure 5e illustrates this effect: The dominant CV values have
the same height for both cases, and the correlation of the narrow PPP with a wider one
leads to slightly expanded distribution of the CV. Employing Equation 7 as the fuzzy
function for the PPPs shown in Figs 5a and 5b leads to a CV with even more populated
bins (Fig. 5f).

Figure 4. Probability distributions obtained by Equations 5 – 7 for zero-centred Gaussian data with s= 2. The curves represent PPP density along an axis.

Figure 5. Effect of PPP approximation by Equations 5 – 7 on correlation vector (CV)
calculation. x is a Cartesian coordinate in 3D space; d is the correlation distance.
a) – c) each represent the densities of two different PPPs.
d) Effect of Equation 5: black: CV of the PPPs shown in (a), white: CV of the PPPs
shown in (b).
e) Effect of Equation 6: black: CV of two PPPs shown in (a), white: CV of the PPPs
shown in (c).
f) Effect of Equation 7: black: CV of two PPPs shown in (a), white: CV of two PPPs
shown in (c).
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Enrichment of Actives and Scaffolds: A Retrospective
Virtual Screening Study
Table 1 contains results we obtained using fuzzy functions 5 – 7 in retrospective virtual
screening. For the three ligand classes tested (COX-2, ACE, thrombin; taken from the
COBRA collection v.4.6 [12]), we observe a continuous increase in the enrichment of
actives from Equation 5 to Equation 7. Obviously, a fuzzier PPP representation is beneficial
for retrieving actives in a given library size (here: 60 compounds). Noteworthy, the standard deviations of the average ef values are high. Therefore, this conclusion should be
treated with sufficient caution.
Table 1. Enrichment factors (ef€ standard deviation) yielded for the first percent
(k= 60) of the ranked compounds (N= 6,046) with different fuzzy functions. COX-2:
cyclooxygenase 2, ACE: angiotensin converting enzyme.
Fuzzy function
Target

Eq. 5

Eq. 6

Eq. 7

COX-2
(95 actives)

11 € 7

14 € 10

15 € 10

ACE
(74 actives)

7€5

8€6

10 € 7

Thrombin
(204 actives)

7€6

9€6

10 € 7

We then analysed scaffold diversity to investigate the degree of scaffold-hopping in the
focused libraries (top-ranking 60 molecules). Two definitions of “scaffold” were employed:
i) “Murcko scaffold” [13], that is, the side-chain-depleted atomic scaffold of a molecule,
retaining all information about atom types and bond order, and ii) “reduced scaffold” [14,
15], the side-chain-depleted molecular graph ignoring information about atom types, bond
order and ring size. The latter is the more abstract representation of the molecular architecture. While the number of Murcko scaffolds in a library defines chemotype diversity, the
number of reduced scaffolds is related to the diversity of molecular shape. For the COX-2
and the ACE example our scaffold analysis reveals that despite high enrichment factors
(Table 1) only few (COX-2) or just a single (ACE) scaffold were retrieved, irrespective of
the scaffold definition (Table 2, Table 3). Note that the numbers in Table 2 and Table 3
give the numbers of scaffolds that were retrieved by all reference compounds. This means
that the fuzzy functions facilitated scaffold-hopping in the case of thrombin whereas for the
COX-2 and ACE data the approach did not show the desired outcome. Why is that? For
both ACE and COX-2, a single scaffold dominates the reference compounds (ACE: amide
backbone; COX-2: “mickey mouse” motif). As a consequence, for these two ligand families the number of scaffolds found by all reference compounds among the top-scoring 60
molecules is limited. Clearly, most of the top-ranking molecules (here: in the first percentile) belong to the same chemotype, rendering the “enrichment” listed in Table 1 arguable.
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This study demonstrates that i) providing only the enrichment of actives obtained by a
virtual screening method is of limited value for the medicinal chemist and for assessing the
applicability of a virtual screening tool, and ii) the data sets used for retrospective screening
were biased towards some few scaffolds.
Table 2. Murcko scaffolds retrieved by all reference compounds in the first percentile
(60 molecules) of the ranked compound lists: #scaffolds_of_actives (#scaffolds_total).
Fuzzy function
Target

Eq. 5

Eq. 6

Eq. 7

COX-2
(51 scaffolds)

3 (52)

1 (52)

5 (54)

ACE
(40 scaffolds)

1 (47)

1 (49)

1 (50)

Thrombin
(143 scaffolds)

13 (49)

19 (50)

21 (51)

Table 3. Reduced scaffolds retrieved by all reference compounds in the first percentile
(60 molecules) of the ranked compound lists: #scaffolds_of_actives (#scaffolds_total).
Fuzzy function
Target

Eq. 5

Eq. 6

Eq. 7

COX-2
(27 scaffolds)

3 (46)

1 (44)

3 (47)

ACE
(33 scaffolds)

1 (44)

1 (45)

1 (44)

Thrombin
(111 scaffolds)

11 (44)

16 (49)

21 (51)

Still, our findings actually indicate successful scaffold-hops, in particular for the thrombin
ligands. Apparently, this set of reference compounds was less balanced toward some few
molecular frameworks, and the higher degree of PPP fuzziness actually facilitated the
retrieval of more scaffolds. This provides additional support for Equation 7 as a PPP fuzzy
function. The greatest number of scaffolds was compiled using this fuzzy PPP function (up
to 21 out of 111 reduced scaffolds present in the thrombin ligands).
Surprisingly, we did not observe differences of the fuzzy functions regarding the total
numbers of Murcko scaffolds (Table 2) and reduced scaffolds (Table 3) compiled in a
library. This means that the three equations appear to be equally well suited for overall
scaffold retrieval: between 47 and 54 different Murcko scaffolds and between 44 and 51
different reduced scaffolds were compiled in a library of only 60 molecules. We conclude
that the concept of fuzzy pharmacophores by trivariate PPPs seems to be useful in retrieving both active molecules and many different scaffolds in one library – a desired outcome
of virtual screening [16, 17]. Extended retrospective analyses and ongoing prospective
studies will help assess this preliminary conclusion.
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Abstract
Particle-based computer simulation is a powerful tool to study the
behaviour of membranes at molecular resolution. Atomic-level models have been employed for decades now, and have given an understanding of many membrane phenomena. However, these studies are
computationally very expensive, for an enormous amount of calculation has to be performed to model the interactions between all atoms
in the system. This problem can be tackled by adopting simplified,
“coarse-grain” descriptions, in which the number of interacting particles is significantly reduced. In this review, we summarize and discuss
the most representative work reported in the literature concerning
coarse-grain computer models of lipid bilayers. Every model is analysed in terms of the force-field employed, parameterization procedure, and predictive power in relation to the corresponding experimental observables. We also highlight general advantages and drawbacks of the coarse-grain approach with respect to the traditional
atomic-level methodology.

http://www.beilstein-institut.de/bozen2006/proceedings/Orsi/Orsi.pdf
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Introduction
Lipid bilayers are extremely complex systems: they are characterized by a highly heterogeneous structure and dynamics, and display an astonishingly rich and biologically-relevant
behaviour on a wide range of spatial and temporal scales [1]. The scope of this article is
limited to the nanosecond to microsecond temporal scale, and to the nanometre spatial
scale, as this is the realm of the models that we will consider. The nature of the modelling
methodology further limits the treatment to non-specific membrane phenomena, in the
sense that biochemical reactions will not be involved. It is important to note that these
restrictions do not compromise in any way the possibility of obtaining a general understanding of bilayers: experiments have indeed shown that the most fundamental membrane
properties depend exclusively on basic physical principles governing lipid structure and
dynamics at the molecular level [2].
Experimental investigation of the physics of membranes has resulted in the characterization
of a large body of bilayer features. The internal structure is resolved via electron density
profiles [3], lipid dynamics is studied by lateral diffusion measurements [4], mechanical
properties can be related to the measurements of elastic moduli [5], electrostatic properties
can be quantified by estimating internal potentials [6], and even the trans-bilayer stress
distribution can be qualitatively measured [7]. All of these membrane properties are crucially important in a vast number of physiological mechanisms. For example, the thickness
of the inner hydrophobic core directly influences the conformation and function of embedded proteins [8], whereas lipid fluidity is central to membrane lateral organization [9]
and trans-membrane transport processes [10]. The bilayer dipole potential is believed to
affect the behaviour of integral proteins [11], membrane fusion [12, 13] and the modulation of molecule-membrane interactions in lipid rafts with effects on cells signalling [14,
15]. An even more important role is assigned to the trans-membrane lateral stress distribution, which is involved in protein folding [16], lipid synthesis [17], phase transitions and
fusion [18 – 20] bilayer permeability [21], drug transport [22], anaesthetic potency [23 – 25]
and modulation of protein channels [26 – 29].
Considering the hugely differing nature of the structures, interactions and phenomena
present in lipid bilayers, it is clear that the development of realistic membrane models is
a challenging task. In this review, we focus on particle-based computer models, which are
typically simulated with the molecular dynamics method [30].
In particular, we will describe the two main approaches to the simulation of membranes.
First, we summarize the basics of the traditional methodology, which involves an atomistically-detailed description of the system. Second, we describe the recently developed
coarse-grain approach, which is based on a simplified representation: this is the main focus
of this review, and therefore a number of representative coarse-grain models that have
appeared in the literature will be described in some detail.
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Atomic-Level Modelling
The traditional methodology employed to simulate lipid bilayers is based on an atomiclevel (AL) representation: every atom of the system is explicitly represented as a pointmass. The inter-atomic interactions are described by molecular mechanics force-fields [31]:
non-bonded interactions are modelled using Lennard-Jones and Coulomb potentials,
whereas bond terms are considered via harmonic, angle and dihedral potentials.
Over the past two decades, several AL models of lipid bilayers have been developed and
validated on experimental structural and dynamic data [32 – 39]. More recently, AL membrane simulations have been used to study important biological phenomena, such as undulations [40], self-diffusion [41], electrostatic interactions [42, 43], cholesterol function
[44, 45], the permeation of small molecules [46, 47], the lateral pressure distribution [48 –
50] and the appearance of transient ordered domains [51]. Despite their popularity, AL
membrane models are affected by a limiting efficiency issue: obtaining data comparable to
the experimental measurements is hugely time-consuming, due to the computational cost
inherent in the simulation of every atom in the system. This drawback of the AL approach
makes difficult the study of (relatively) large-scale phenomena, such as membrane fusion
or lipid rafts. Furthermore, there are efficiency issues associated even with the standard
(relatively small) membrane sizes. For instance, it has become clear that several tens of
nanoseconds are required for some crucial parameters (such as the lipid area) to converge
[52]: even with parallel computing, several weeks of computation may be needed just to
equilibrate the AL system. Also, the measurement of some properties such as elastic moduli
or the lateral pressures, typically require extended simulation times to obtain accurate and
precise data. Another issue is related to the prohibitive cost of simulating the fundamental
phenomenon of the self-assembly of lipids into a bilayer from a random solution. With the
single exception of Marrink et al. [53], all AL studies reported in the literature to date have
been conducted on pre-assembled bilayers: these systems are therefore not guaranteed to be
thermodynamically stable. A more general problem concerns the force-field reliability: AL
lipid force-fields are still far from accurate, in terms of being able to quantitatively reproduce experimental data. For example, Benz et al. [54] conducted a thorough testing on the
popular CHARMM and GROMACS force-fields via constant-pressure simulation, and
concluded that neither parameter set can capture within experimental error the experimentally determined structure of a DOPC bilayer in the fluid state. Furthermore, de Vries et al.
[55] showed through constant-volume simulation of a standard hydrated DPPC bilayer that
the GROMOS parameter set yields a total pressure of about -140 bar (the proper equilibrium value being 1 bar). A refinement of the current lipid force-fields could in principle be
performed by trial-and-error adjustments of the parameters, although in practice the computational cost associated with this procedure may be too high.

Coarse-Grain Modelling
A possible solution to the AL efficiency problem involves the use of simpler, coarse-grain
(CG) models. The general CG strategy involves grouping together selected clusters of
atoms into single super-sites, to reduce the number of interactions calculated, and hence
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also the computational cost (as the computing time scales with the square of the number of
interaction sites present). A typical lipid molecule, which in reality comprises more than
one hundred atoms, is thus typically reduced to a collection of only a dozen CG sites. The
representation of water also undergoes a simplification process, that typically results in the
replacement of groups of three/four water molecules by single CG units. To further improve efficiency, electrostatic interactions are highly simplified or completely absent.
In the following sections, we review the most representative coarse-grain models for
biological membranes that have been reported in the literature, in chronological order.
We focus on those CG models that retain a connection with specific chemical systems:
these studies allow a direct comparison with the experimental results for the corresponding
bilayer systems. However, a section is also devoted to a brief summary of “coarser”,
idealized models: in this case, there is no effort to reproduce any particular real system,
the objective instead being to capture general membrane phenomena (see Idealized membrane models). Other reviews of CG biomembrane modelling have been published by
Nielsen et al.[56], Shillcock and Lipowsky [57], Muller et al.[58] and Venturoli et al. [59].

Smit and Groot Models
In the early Nineties, Smit and co-workers developed a seminal CG model of oil/water/
surfactant systems [60, 61]: simulations showed for the first time the spontaneous formation of micelles. Some years later, Groot and Warren [62] discussed the use of the Dissipative Particle Dynamics (DPD) technique to simulate the dynamics of mesoscopic
systems, and also proposed parameterization methods. The DPD technique is a coarse-grain
scheme by construction: the forces due to clusters of individual molecules are lumped
together to yield effective friction and a fluctuating force between the interacting sites. In
particular, beads interact pairwise via a combination of three contributions: a conservativerepulsive, a dissipative, and a random force [63]. On these bases, Venturoli and Smit [64]
employed DPD to model single-chain surfactant bilayers while Groot [65] simulated the
spontaneous formation of surfactant micelles and the formation of polymer-surfactant
mixtures. In all these early studies however, the parameters had not been related to molecules of specific chemistry. This issue was addressed by Groot and Rabone [66], who
developed a model for phosphatidylethanolamine (PE) membranes; they also included
similar models of non-ionic surfactants. The parameterization method of Groot and coworkers was subsequently used and extended by Smit and co-workers to develop a model of
dimyristoylphosphatidylcholine (DMPC) lipids in water [67].
Force-field and parameterization
Smit et al. [61] modelled idealized surfactant molecules as chains of identical LennardJones sites.
Venturoli and Smit [64] employed different parameters to construct surfactants as linear
molecules composed of one headgroup (hydrophilic) site and six to ten tail (hydrophobic)
sites. Groot and Rabone [66] parameterized a DPD force-field to represent PE lipids. In
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particular, triplets of methyl groups were coarse-grained into individual tail beads, whereas
the glycerol-headgroup region was described by three CG sites. Parameters were derived
from compressibility and solubility data. Triplets of water molecules were collected into
individual DPD solvent beads, the parameters being fitted to give the correct compressibility of water. Many subsequent DPD studies have employed this model of solvation [66].
A model of DMPC consisting of three hydrophilic head beads and two tails, each consisting
of five hydrophobic tail beads was implemented by Kranenburg et al. [67]. The chain
length of this model was varied by Kranenburg and Smit [68] to model the dilaureoylphosphatidylcholine (DLPC) and distearoylphosphatidylcholine (DSPC) lipid types. A common feature of the Smit and Groot CG membrane force-fields is the complete lack of
electrostatic interactions. Groot [69] did extend the DPD methodology to incorporate
electrostatics, obtaining realistic results for a cationic polyelectrolyte solution, but no
biomembrane model has been developed to date.
Results
The very simple oil/water/surfactant model of Smit et al. [61] was able to (qualitatively)
reproduce experimental observations such as micelle formation, density profiles and order
parameters.
Venturoli and Smit [64] obtained for the first time the self-assembly of (model) surfactant
bilayers via DPD simulations. Studies on the effect of changes in the chain length and
stiffness of the single-tail surfactants on the properties of the model membranes were
carried out. The lateral stress profile across the model bilayer was also computed: the
distribution is qualitatively reasonable. Groot and Rabone [66] made the first attempt to
simulate a realistic biomembrane with DPD using a molecular-specific parameterization:
the resulting CG membrane structure matched that of corresponding AL simulations, and
the essential experimental thermodynamics was reproduced. They also included non-ionic
surfactants to investigate morphology changes and bilayer rupture processes.
Smit and coworkers worked on further tuning of Groot's parameter set. Kranenburg et al.
[70] studied the phase behaviour of model membranes and were able to induce interdigitation; the self-assembly process was also simulated [71]. Kranenburg et al. [67, 72] reproduced the experimental values of area per lipid and the hydrophobic thickness of a DMPC
bilayer. The phase behaviour of bilayers comprising different lipid species was also characterized [68].
Kranenburg and Smit [73] also developed a DPD system composed of a DSPC bilayer
incorporating model alcohol molecules, represented as idealized amphiphiles. The study
reproduced the experimental phase diagrams, as well as the alcohol-induced interdigitated
phase shown by experiments [74]. Smit's model has also been extended to study the
structural changes resulting from the inclusion of a rod-like object taken as an idealized
protein [75].
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Klein Model
Klein and coworkers developed a model for simulating hydrated DMPC lipid bilayers
which for the first time included an explicit, though incomplete, treatment of electrostatic
interactions [76].
Force-field and parameterization
In the Klein CG model, the 118 atoms of a DMPC lipid are reduced to a 13-site model. The
two choline and phosphate head-groups were assigned charges of +e and -e, respectively:
these are the only charges present in the force-field, and they interact via a dielectric
constant set to er= 78. The potentials employed were systematically parameterized in order
to mimic structural properties obtained from atomistic simulations (radial distribution
functions) and experimental data (density, surface tension).
Klein et al. modelled water through spherically symmetric sites each representing a loose
grouping of three water molecules; site-site interactions were described using a LennardJones potential, the parameters being chosen to reproduce the correct density and to have
consistency with hydrodynamics. The electrostatic properties of water were not included in
the solvent model [76].
Results
Shelley et al. [77] qualitatively reproduced the density profiles of a hydrated liquid-phase
DMPC bilayer; simulations were conducted at constant-volume. Lopez et al. [78] further
simulated Klein's model and studied the lipid lateral diffusion: the CG diffusion coefficient
was about two orders of magnitude higher than the experimental measurement.
The Klein model has been extended to incorporate the anaesthetic halothane inside the
DMPC bilayer [77, 79]. A single site was used to represent each halothane molecule. The
system studied was characterized by a 2:1 ratio of the phospholipid to halothane, equivalent
to an atomistic simulation considered for comparison. After several adjustments of the
parameters, the distribution of the halothane perpendicular to the membrane was brought
into qualitative agreement with that found in the atomistic studies. Pickholz et al. [79]
observed that increasing the anaesthetic concentration resulted in an increase of the lipid
area and order parameters and a decrease in the inter-lamellar spacing.
Srinivas and Klein
molecule with the
which the initially
tance to match the

[80] studied the interaction of a synthetic pore-promoting “hydraphile”
CG phospholipid bilayer; the system was simulated for 5 ns, during
fully extended trans-membrane hydraphile adjusted its end-to-end disbilayer thickness.

Srinivas et al. [81] employed Klein's CG model to simulate diblock copolymer self-assembly.
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The Klein bilayer was also extended to incorporate a model nanotube [56, 82]. In particular, the nanotube is modelled as a hydrophobic rod (made of sites identical to the lipid
tail sites) capped at its termini with hydrophilic sites (identical to the water sites). Simulations were carried out in the NPT ensemble for several tens of nanoseconds to study the
structure and dynamics of spontaneous insertion into the CG membrane [83]. First the
nanotube fuses with a bilayer leaflet, then penetrates the interior while rotating to assume
a transverse orientation.
Nielsen et al. [84] studied the lipid bilayer perturbations around the trans-membrane
nanotube, focusing on the contact angle at the bilayer-nanotube interface and on the
orientation of the lipid molecules in the vicinity of the inclusion.
Nielsen et al. [85] studied the trans-membrane peptide-induced lipid sorting (the phenomenon by which integral proteins attract the lipid type which better matches their hydrophobic surface) and the mechanism of L-to-inverted phase transition.
The spontaneous insertion of antimicrobial polymers has also been simulated: the average
orientation of the antimicrobial molecules was found to be parallel to the bilayer plan [86].

Marrink Model
Marrink et al. [87] developed a CG model for lipid simulation which has become very
popular due to its high efficiency, flexibility and simplicity.
Force-field and parameterization
In the Marrink model, DPPC molecules were coarse-grained into 12 sites [87]. Water is
represented by Lennard-Jones sites accounting for groups of four water particles. A trial
and error procedure was used to optimize the parameters to reproduce the experimental
densities of pure water and alkane systems around room temperature, the mutual solubility
of oil and water, and the relative diffusion rates. Electrostatic interactions are only present
between lipid headgroups, where they are treated through a Coulombic potential in a
manner similar to the Klein model. A relative dielectric constant er = 20 is employed for
explicit screening [87].
Results
Marrink's model showed spontaneous bilayers formation: the final structures were consistent with corresponding AL results, in terms of density profiles and order parameters. A
number of elastic parameters were computed: results for the area compressibility modulus,
bending rigidity and line tension were within an order of magnitude of the experimental
data [87]. The calculation of the bending rigidity modulus proved particularly demanding:
the simulation of undulatory modes (from which the bending rigidity can be extracted)
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required the simulation of a bilayer patch comprising 6400 lipids for 250 ns. The lipid
lateral diffusion coefficient was also computed: it was found to be about four times larger
than the experimental data [87].
The phase transformation into the gel phase was simulated by Marrink et al. [88]: the
observed drop in lateral mobility by two orders of magnitude is consistent with experiments.
The Marrink CG model has been used to simulate a variety of phenomena and extendedsystems, such as vesicle formation [89] and fusion [90], and mixed-lipid systems [91].
By increasing the temperature or reducing the hydration level, Marrink and Mark [92]
simulated the complete transition pathway from a multi-lamellar to an inverted hexagonal
phase: stalk intermediates were identified, in agreement with experimental observation.
Faller and Marrink [93] studied binary mixtures of two phosphatidylcholines of different
chain lengths: the experimental phase behaviour was qualitatively reproduced. Shi and
Voth [94] also employed Marrink's methodology to simulate a binary mixed system at
the liquid-gel phase coexistence condition.
Dickey and Faller [95] studied the interaction of Marrink's bilayer with an alcohol. The
Marrink model has also been extended to contain CG representations of polyamidomine
dendrimers [96] and membrane proteins [97, 98].
Recently, Adhangale and Gaver [99] employed the Marrink model to study a DPPC
monolayer at the air/water interface.

Voth Model
Izvekov and Voth [100] developed a CG model for hydrated DMPC bilayers using a multiscale approach in which explicit atomistic forces are propagated in scale to the coarsegrained level.
Force-field and parameterization
The Voth model relies on a force-field which is obtained from a corresponding AL simulation via a so-called “force-matching” procedure. In particular, the force-matching yields
potentials of mean force (PMFs) that are fitted using a spline interpolation of the AL forces,
where atoms are grouped according to the chosen CG subdivision. This method is unique in
the CG field, as it is not dependent on the matching of selected thermodynamic data, but it
makes use of the calculated atomic forces from an underlying AL model.
Izvekov and Voth coarse-grained each DMPC lipid to a 13-site model, in a way similar to
the Klein and Marrink models. Water molecules are represented explicitly through individual CG sites. Electrostatic interactions are not present in this CG force-field.
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Results
A pre-assembled membrane bilayer comprising 64 DMPC molecules solvated by 1312
water sites was simulated in the NVT ensemble. Radial distribution functions and density
profiles of the underlying AL model were reproduced [100].
The “force-matching” procedure has subsequently been applied to the study of a DMPC/
cholesterol mixture simulated at constant temperature and pressure [101]. CG order parameters were consistent with the underlying AL data. CG diffusion coefficients turned out to
be about four times higher than the corresponding experimental measurements.
Shi et al. [102] constructed a mixed AL-CG model of a membrane-protein system: in
particular, an AL model of the gramicidin A ion channel was embedded in hydrated CG
lipid bilayer. The system was simulated at constant temperature and volume for 10 ns; the
radial distribution functions of the AL simulation employed in the “force-matching” parameterization were reproduced.

Idealized Membrane Models
This section briefly presents CG models that are more phenomenological and simplistic
than those previously summarized: bilayers are composed of amphiphiles with no specific
chemical identity. These models are sometimes called “bead-and-spring” models, as the
interactions represented often reduce to Lennard-Jones and harmonic potentials only. Electrostatic interactions are indeed typically not included. In some cases, even the solvent is
sacrificed (see Implicit-solvent models).

Lipowsky Model
In the late Nineties, Lipowsky and coworkers developed a simple, idealized CG bilayer
model that proved capable of qualitatively capturing a number of fundamental membrane
characteristics [103]. In particular, solvated aggregates of surfactant molecules were obtained employing only two types of Lennard-Jones sites: hydrophilic sites, used to describe
both solvent and surfactant head-group particles, and hydrophobic sites, employed to model
surfactant tail segments. Simulations of the model allowed bilayer self-aggregation, diffusion, interfacial tension and area compressibility to be studied. The trans-bilayer lateral
pressure profile was also calculated: the distribution is qualitatively reasonable, apart from
the unphysical negative pressure peak at the bilayer mid-plane. The Lipowsky model was
further investigated in terms of undulations: in particular, from the spectral analysis of the
bilayer shape fluctuations, Goetz et al. [104] were able to extract a value for the bending
rigidity modulus.
Imparato et al. [105] extended the model to simulate a mixture of two different types of
molecules: lateral diffusion was measured, and the activation barrier of flip-flop processes
was estimated. Imparato et al. [106] investigated further the two-component membrane to
study shape fluctuations and elastic properties. The Lipowsky model was employed by den
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Otter and Briels [107] to study the bilayer thermally-induced undulations and to ultimately
extract the bending rigidity using different methods: undulatory modes either aroused
naturally during equilibrium simulations, or were imposed through a number of non-equilibrium methods. The results of this work have proved consistent with the bending free
energy prediction from the popular theory developed by Helfrich [108]. Boek et al. [109]
performed additional simulations on Lipowsky's model to analyse structure factors: they
propose refining the intermolecular potential parameters to yield fluctuation spectra that
coincide with the atomistic results.

Other Bead-and-Spring Models
Loison et al. [110] proposed a model where amphiphiles are represented by linear tetramers, each composed of two solvophobic (tail) and two solvophilic (head) beads. A selfassembled bulk lamellar phase was investigated from a mechanical perspective. Pores,
fluctuations and defects of the lamellar stack were also analysed [111, 112].
Stevens [113] developed a CG model where each lipid is composed of eleven beads, four in
each aliphatic tail and three for the headgroup; the solvent is represented by particles
equivalent to the headgroup sites. Stevens' model system spontaneously self-assembled
into a lamellar bilayer; measurements of lipid lateral diffusion and material elastic parameters yielded qualitatively reasonable values [113]. Fusion simulations have also been
performed: at the contact edge between liposomes, lipids were observed to splay their tails
into the opposing leaflets, thus progressively producing a new hydrophobic core (a “stalk”)
that eventually opened to complete the fusion process [114].
Lenz and Schmid [115] presented a simple CG bead-spring model with the aim of reproducing the main (gel-liquid) phase transition of biomembranes. Lipids are modelled as singletail amphiphiles, each composed of six tail beads and one slightly larger head bead.
Molecules are defined via bond and bond-angle harmonic potential; non-bonded interactions are taken into account via Lennard-Jones potentials. Solvent was represented by
explicit “phantom” solvent beads: they behave exactly like head beads, except that they
do not interact with each other. The model proved well suited for simulating lipid bilayers
in the regime of the liquid-gel transition.

Implicit-Solvent Models
In this section we briefly consider a number of CG membrane models that have been
designed to work without the presence of explicit solvent; for a thorough review, see
Brannigan et al. [116].
Although water is generally regarded as an essential component of bilayer systems [2], in
specific cases it may not play a fundamental role while still representing a computational
bottle-neck. Hence, solvent-free models might be useful to gain insight into selected
membrane phenomena at a very low computational cost.
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Whitehead et al. [117] developed a CG model for the bilayer hydrocarbon region only,
based on the Gay-Berne model of liquid crystals [118]: in the absence of water and headgroup, the lipid packing was maintained through the use of a restrain potential. The
experimental phase behaviour of typical phospholipid bilayers was reproduced.
Noguchi and Takasu [119] represented lipids as rigid trimers consisting of one hydrophilic
and two hydrophobic units interacting through multi-body potentials. This model has been
used to simulate the self-assembly [119] and fusion [120] of vesicles, adhesion of nanoparticles to vesicles [121] and pulled vesicles [122].
Lyubartsev [123] developed a 10-site lipid model parameterized exclusively from corresponding AL structural data processed through the inverse Monte Carlo method [124].
Several simulations of the CG model obtained were performed, both within Monte Carlo
and molecular dynamics simulations, such as a periodic sample of lipid molecules ordered
in a bilayer, a free sheet of such a bilayer without periodic boundary conditions, formation
of vesicle from a plain membrane and self-assembly of lipids [123].
Brannigan and Brown [125] developed a model of bilayers where entire lipids are represented by single soft spherocylinder. Through the combination of three simple pair potentials, a rich assortment of self-assembled phases was recovered, including micelles, fluid
bilayers and gel-like bilayers. Brannigan et al. [126] extended the model to allow for
variations in lipid length and simulations under constant surface tension conditions.
Brannigan et al. [127] developed a new model with flexible lipids that was employed to
extract compressibility and bending moduli, and the lateral pressure profile. The pressure
distribution is qualitatively reasonable apart from an unrealistic pronounced pressure trough
located at the centre of the bilayer; interestingly, the curve is very similar to the result from
the explicit-solvent model by Goetz and Lipowsky [103].
The model by Brannigan et al. [127]) was extended to incorporate multiple lipid species: in
particular, the elasticity of idealized heterogeneous bilayers has been analysed [128].

Summary and Conclusion
The traditional methodology for simulating biomembranes involves an atomic-level description of lipids and hydrating water. This approach has yielded fairly precise and
accurate predictions of a number of experimental data. However, the associated large
computational cost results in two major issues:
. collective, large-scale phenomena such as membrane fusion or micro-domain
formation (lipid rafts) are intractable;
. the reliability of the calculation of some important properties, such as the lipid
area or the lateral pressure profile, is often undermined by insufficient sampling.
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Coarse-grain modelling techniques have shown a number of advantages over atomistic
models:
. orders of magnitude more efficient, resulting in the possibility to study phenomena characterized by much larger temporal and spatial scales;
. enhanced sampling, resulting in statistically-reliable measurements;
. bilayers are usually self-assembled, which guarantees that the system is at thermodynamic equilibrium.
On the other hand, CG models are also affected by issues:
. limited force-field transferability;
. experimental data are typically captured at a qualitative level only;
. the over-simplification or complete lack of electrostatics precludes the proper
representation of the membrane potential, which has indeed never been computed for CG models;
. no CG model published to date has proved able to reasonably quantify the transbilayer lateral pressure profile, which is crucial for the accurate modelling of
many membrane processes.
There is a clear need, therefore, for CG models to be developed that incorporate electrostatic interactions more accurately. Such models will likely increase the range of membrane
phenomena that may be accurately studied using the CG approach.
Considering that the CG field is still in its infancy, the preliminary results obtained so far
are encouraging. In the future, we foresee that coarse-grain models will play an increasingly important role in the understanding of lipid membranes.
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Abstract
The present impact of supramolecular chemistry in biology is not as
large as it could be. The affinities of most water-soluble supramolecular receptors are many orders of magnitude lower than those of their
biological counterparts, preventing their application in biological systems. We believe that the superiority of biological hosts is due to
noncovalent interactions within their structures that enhance binding
affinity. We have recently discovered that the synthetic receptors for
anions that we have developed exhibit enhanced affinities as a result
of similar intra-receptor interactions. This effect has as yet unexplored
potential as a tool for pushing binding affinities of synthetic receptors
into the desirable nanomolar affinity range. Another area where an
expanding role of supramolecular chemistry is expected is that of
complex systems. We have investigated the behaviour of dynamic
combinatorial libraries of hosts in response to the introduction of
guest molecules. These investigations have improved our understanding of thermodynamically controlled molecular networks, which is
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relevant for the use of dynamic combinatorial libraries as a method to
discover new receptors, but also provides a new entry into the emerging field of systems chemistry.

Introduction
Nature has evolved to become enormously complex and this complexity is being investigated at various levels giving rise to a number of vibrant scientific disciplines. On a global
level the interplay between different life forms is studied by ecologists while biologists tend
to focus at the level of the individual organism. Biochemists investigate the role played by
the individual molecules that are found within living organisms. Chemists have traditionally contributed by scrutinizing (synthetic) molecules in isolation. With the emergence of
supramolecular chemistry also the noncovalent interactions between molecules have become fair game for chemists. However, the synthetic molecules developed in the course of
these studies have generally been a lot smaller in size and simpler in structure than most
biomolecules. Moreover, the study of complex mixtures has not been something chemists
have traditionally been interested in. Chemists are trained to purify compounds and characterize substances in isolation and are therefore not naturally inclined to look at 'messy'
complex mixtures. This has left a void between biology and (supramolecular) chemistry in
terms of both structural complexity of the constituent molecules as well as complexity of
the ensemble of molecules (Fig. 1). With regards to the latter: while systems biology (study
of the interplay between the various molecules and mechanisms in a biological system) is a
vibrant field, systems chemistry (the study of the behaviour of complex mixtures of manmade compounds) is still in its infancy.

Figure 1. Bringing supramolecular chemistry to life will require coming to grips with
complexity on the level of individual molecules as well as mixtures of molecules.
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In an effort to begin filling this void we now present some of our results from our work on
dynamic combinatorial chemistry [1 – 3]. In the course of these studies we have generated
complex molecules as well as complex mixtures and have learned new things about both
aspects of complexity.

Complex Molecules
Biology has produced numerous molecules and molecular assemblies of stunning complexity and with a great variety of functions. Supramolecular chemists have made extensive
efforts to produce molecules with similar functional properties, but have only rarely succeeded in rivalling nature's efficiency. This is clearly illustrated by the survey of Houk et
al. in which binding affinities exhibited by biological hosts are compared with those of
supramolecular systems [4]. On average the former outperform the latter by about six (!)
orders of magnitude (Fig. 2).

Figure 2. Comparison between binding affinities of supramolecular receptors with
their biological counterparts (data taken from ref.[4]). The affinities of the synthetic
receptors we have developed using disulfide-based dynamic combinatorial chemistry
(cf. Fig. 4) are shown as red bars.

This raises the question whether we should be looking for new approaches to the development of synthetic receptors as alternatives to the traditional design approach. One such
alternative is dynamic combinatorial chemistry [5 – 7]. This approach is based on the
selection of the best receptors from large mixtures, reducing the need for a detailed design:
instead of having to preconceive the structure of a complete synthetic receptor, only
subunits need to be designed and synthesized. These are subsequently combined and linked
together through a reversible chemical reaction to form a complex mixture of potential
receptors that are all in equilibrium (a dynamic combinatorial library or DCL). Introducing
a guest into such a mixture will result in the stabilization of the library members that bind
the guest causing the equilibrium to shift in favour of, ideally (vide infra), the best binders.
The compounds can be identified by comparing the library distributions before and after
addition of the guest.
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While several reversible covalent reactions can be used to generate DCLs, our work has
focused on disulfide exchange [8]. In practise disulfide DCLs are made from thiols which
are allowed to oxidize to form disulfides (Fig. 3a). During the irreversible oxidation process
the mixture passes through an intermediate stage in which disulfides and thiols are present.
Disulfide exchange occurs through nucleophilic attack of a disulfide by a thiolate anion,
generating a new disulfide and liberating another thiolate anion (Fig. 3b). Exchange can be
halted by addition of acid to protonate the thiolate or by allowing oxidation to go to
completion [8].

Figure 3. Irreversible disulfide formation (a) and disulfide exchange (b) [8].

Some of the receptors that we have so far developed using this approach are shown in Fig. 4
[9 – 11] and include hosts for biologically relevant guest such as morphine alkaloids [9] and
spermine [11]. The affinities exhibited by these receptors are shown by the red bars in
Fig. 2 and are clearly at the higher end of the spectrum of synthetic receptors. Thus
dynamic combinatorial chemistry appears successful in bringing us closer to the binding
affinities of biomolecules. However, our dynamic combinatorial receptors are still roughly
two orders of magnitude short of the biological affinities.

Figure 4. Synthetic receptors developed using disulfide-based dynamic combinatorial
chemistry and their affinities for their guests (shown in black) in aqueous solution
[9 – 11].

This raises the question whether there is anything special taking place in biological hosts
that is not captured in the smaller synthetic counterparts? One important difference between
biological receptors and synthetic ones is that the former are shaped through a complex set
of noncovalent interactions within their structures, while the conformation of the latter is
usually determined by the conformational preferences of covalent bonds. This raises the
question of whether noncovalent interactions within biomolecules are important for their

211
Bringing Supramolecular Chemistry to Life

function beyond merely providing some degree of structural integrity? A clue that this may
well be the case comes from an analysis of one of the tightest noncovalent interactions
known in biology: binding of biotin by streptavidin. Williams and coworkers have demonstrated that ligand binding in this system is felt throughout most parts of the protein
resulting in a tightening of its structure [12]. For example, the melting temperature of
streptavidin is increased by 37 C upon binding of biotin [13, 14]. While tightening of
protein structures upon binding of their ligands appears to be widespread, it is not immediately obvious whether this leads to an increase in ligand affinity or, conversely, whether
structural tightening occurs at the expense of binding energy. We have recently reported a
simple thermodynamic analysis that shows that the noncovalent interactions within the
protein can indeed reinforce ligand binding [15]. Our analysis was based on comparing
two binding scenarios: one in which binding is based on direct interactions between host
and guest (Fig. 5a) and one which additional noncovalent interactions can be formed
between different parts of the host (Fig. 5b). The interactions between host and guest can
be split between the enthalpy associated with these and the entropy penalty related to
bringing host and guest together and the entropy penalty of arranging the host in the
optimum binding conformation. In case the conformational rearrangement of the host that
is needed to form efficient interactions with the guest is (partly) the same as those needed
to form efficient interactions within the host, then guest binding is more efficient when
accompanied by the formation of intra-host interactions. Thus, structural complexity can
indeed be beneficial for ligand binding.

Figure 5. Breakdown of the Gibbs energy of binding in the enthalpic and entropic
contributions related to the guest (yellow), and the inner (light blue) and outer (dark
blue) shells of the host. In (a) ligand binding is not accompanied by any change in
intra-receptor interactions, while in (b) these interactions contribute to binding but
they are not (fully) formed in the absence of the ligand (c). Reprinted with permission
from ref. [15].
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In our work on the dynamic combinatorial development of cyclic peptide based receptors
for anions [3, 16] we have come across a system where intra-host interactions are occurring
and we have been able to show that these interactions are indeed contributing to guest
affinity. The X-ray crystal structure of the sulfate complex of receptor 1a is shown in
Fig. 6.
(a)

(b)

Figure 6. X-ray crystal structure of the complex of 1a with (NBu4)2SO4. (a) Representation in which one of the peptide rings is shown as space-filling and the other
peptide ring and the disulfide spacer is shown as sticks; (b) space-filling representation showing the two peptide rings in different colours illustrating the close contacts
between them. Counterions and solvent molecules are not shown for clarity [3].

This system shows some remarkable similarities to proteins: it is a peptide that is folded
into a particular structure and held together by disulfide bonds. It has a binding pocket that
is shielded from the solvent and which contains hydrogen bonding sites for recognition of
the guest (see Fig. 6a). Most importantly, in the conformation in which it binds the guest
extensive noncovalent interactions within the receptor are possible. This is clearly illustrated in Fig. 6b, which shows the extensive interdigitation of the two peptide rings. As the
parts of the peptide rings that come into close contact are mostly nonpolar, hydrophobic
interactions play an important role in stabilizing the structure. This is evident from the
solvent dependence of binding of sulfate and, in particular, iodide (Table 1) by analogous
receptor 1b.
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Table 1. Binding constants and free energy of binding of iodide by receptor 1b in
different acetonitrile-water mixtures compared with the relative energy of desolvating
iodide at 298 K. Data taken from ref [3].
Mol% water in
acetonitrile

Kiodide
(M-1)

DGoiodide
(kJ/mol)

relative cost of desolvating iodide
(kJ/mol)

49

9.9 x 104

-28.5

0

80

4.5 x 104

-26.5

+5.7

Whereas anion binding by synthetic receptors is normally extremely sensitive to the
amount of water in the solvent mixtures, binding of iodide by receptor 1b was remarkably
solvent insensitive. Increasing the amount of water in acetonitrile from 49 to 80 mol%
induced a decrease in the binding constant by a factor of only 2.2 (corresponding to 2.0 kJ/
mol). The same change in solvent makes desolvating iodide (an intrinsic part of the binding
process) 5.7 kJ/mol more difficult. We conclude that in our cyclic peptide this increased
cost of desolvating the anion is partly offset by the increased stabilization of the iodide
complex by hydrophobic intra-receptor interactions.
We have been able to quantitatively estimate the contribution of intra-receptor interactions
in 1:1 D2O/CD3OD from the analysis of the stepwise binding of sulfate by the monomer
peptide 2 (Fig. 7) [17].

Figure 7. Stepwise binding of monomeric cyclopeptide 2 to sulfate to give a 2:1
sandwich complex [17].

The first binding step gives the 1:1 sulfate-peptide complex with a binding constant of
360 M-1. Statistically, the second binding event to give the 2:1 sandwich complex is
expected be 4 times weaker than the first. However, instead of the statistically expected
binding constant of 80 M-1 we found a binding constant of 8760 M-1. Thus the interactions
between the two cyclic peptide rings which are only possible in the second binding event
reinforce the stability of the complex by a factor 110 (12 kJ/mol). As these experiments
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were performed in mixed aqueous solvent and given that the intra-receptor interactions are
largely hydrophobic in nature, we expect that the reinforcement of binding in pure water
should be even greater.
In conclusion, intra-receptor interactions can significantly boost the affinity of synthetic
receptors. Thus there is an incentive to develop more complex receptors in which such
interactions can take place. We have shown that dynamic combinatorial chemistry can be a
useful tool in producing the required complex structures which are otherwise difficult to
access. While we have to admit that the occurrence of intra-receptor interactions in our
cyclic peptide system was serendipitous, the challenge is now to design a new generation of
building blocks for dynamic combinatorial libraries that would allow us to further exploit
intra-receptor interactions as a means of enhancing host-guest binding. This approach
should allow us to close the affinity gap between supramolecular and biological hosts,
which would create exciting opportunities to interfere with biological systems using synthetic receptors.

Complex Mixtures
In the previous section we have used dynamic combinatorial chemistry as a tool for the
development of new synthetic receptors. While the focus of these studies was on eventually
obtaining a pure compound and studying its binding behaviour, the approach forced us to
investigate the behaviour of complex equilibrium mixtures. It is becoming increasingly
clear that the understanding of such mixtures is in fact an important goal on itself and
highly relevant to the emerging field of systems chemistry (the study of the behaviour of
complex mixtures of man-made compounds).
The ability of a dynamic combinatorial library to respond to the introduction of a template
can be considered an emerging property of the system; it comes about through the interplay
between the library members and cannot be ascribed to one single constituent of the
system. However, the response of the library is clearly linked to the properties of the
individual molecules in the mixture. In the context of our work on the development of
synthetic receptors using dynamic combinatorial chemistry we have been particularly
interested in how the amplification of library members relates to their binding affinity.
Our expectation was that the amplification factors (the ratio of the concentration of a
particular library member after addition of the template compared to that in the untemplated mixture) of the various hosts in the library would be correlated with the efficiency
with which they bind the guest; i. e. the stronger the binder the better the amplification.
However, pioneering theoretical work by Severin et al. on small model systems cast some
doubt on the validity of this expectation [18, 19]. We therefore set out to investigate the
behaviour of DCLs using an in-silico approach which would allow us to arrive at statistically significant results on complex mixture. We simulated DCLs based on an arbitrary
number of 7 building blocks which were combined to form an equilibrium mixture of 28
dimers, 84 trimers and 210 tetramers in a statistical distribution using DCLSim software
[2]. We then investigated how this mixture would respond to the introduction of a template.
Of course, this response depends on how strong the various library members bind the
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template. To reflect the situation in a real DCL experiment where affinities of individual
library members are unknown at the outset of the experiment, we chose to assign randomly
a binding energy to every library member, based on a normal distribution. The result of a
typical in-silico experiment is shown in Fig. 8a, in which the amplification factors of the
library members are plotted as a function of their Gibbs energy of binding.
(a)

(b)

(c)

Figure 8. Correlation between amplification factor and the Gibbs energy of host-guest
binding in simulated dynamic combinatorial libraries generated from 7 building
blocks at a total concentration of 10 mM, using a template concentration of 10 mM
(a and b) or 1 mM (c). The binding energies for the library members have been
assigned randomly based on a normal distribution and are different for panels a and b,
but the same for panels b and c [2].

While there is notable scatter of the data points the correlation between amplification factor
and binding energy is satisfactory. However, using the very same 'experimental' conditions,
but a different random assignment of binding affinities can give rise to dramatically
different behaviour, as is apparent from Fig. 8b. In this example the correlation is weak
and the best binder is not amplified at all. This behaviour is due to the fact that a single
library member (CG) has ended up with a fairly high affinity for the template (K= 1 x 104
M-1). As CG is a dimer it has already a significant abundance in the library in the absence
of the template (small oligomers are entropically favoured over higher oligomers). Under
the specific 'experimental' conditions ([template]=[building blocks]= 10 mM) there is sufficient template around for all library members, in which case it is beneficial for the system
to produce many copies of CG, at the expense of all other library members which contain
building blocks C or G. Even the best binder in the system (CCCE; K= 2 x 105 M-1) is
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unable to compete with CG, since for every molecule of CCCE the system can produce
three molecules of CG and gain three times the binding energy of CG with the template
versus only once the corresponding binding energy of CCCE.
When performing DCL experiments it is important to minimize the chance of encountering
undesirable behaviour such as that exhibited by the library in Fig. 8b. The probability of
encountering misbehaving libraries is dependent on the experimental conditions and we
have investigated how the correlation between binding energy and amplification factor,
quantified by the correlation coefficient R2, depends on template and building block concentrations. The results are shown in Fig. 9 with good correlations in green and poor
correlations in red. In general, using a modest template concentration of about one tenth
of the total building block concentration appears to give satisfactory correlations. The
reason for this is that forming large amounts of mediocre binders is no longer possible
when the supply of template is limited, thus biasing the library towards the formation of the
best binders. The effect the concentration of the template can have on the correlation
between binding affinity and amplification factor is demonstrated by performing the simulation of the 'misbehaving' library of Fig. 8b at a 10-fold reduced template concentration,
reassuringly restoring the correlation (see Fig. 8c).

Figure 9. R2 values for the correlation between the Gibbs energies of binding and the
amplification factor as a function of the template and building block concentrations
[2].
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In the in-silico studies that are described above we used binding constants of individual
host-guest pairs as the input for the simulations and were able to obtain library distributions
as output. We are currently working on the reverse approach which should allow us to
derive binding constants directly from the product distribution in complex equilibrium
mixtures and the way these respond to varying the concentrations of the building blocks
and template; that is, deriving information on individual molecules from the emerging
properties of a complex molecular network, bypassing the need for time-consuming isolation procedures and binding studies. This would clearly be an important advance in the
development of dynamic combinatorial libraries as a method for the development of new
binders.

Conclusions and Outlook
Man-made supramolecular systems have the potential to provide a unique perspective on
the biological processes as they can, in theory, serve as controllable and manageable
models of the latter. However, there is still a considerable gap between supramolecular
chemistry and biology that prevents widespread application of supramolecular chemistry in
biological contexts. This gap exists on the level of the complexity of individual molecules
as well as on the complexity of systems comprised of mixtures of molecules. In our recent
work we have started to bridge both of these gaps.
Firstly, we have produced elaborate synthetic receptors which have led to new insights into
the interplay between structural complexity and binding affinity. Specifically, we demonstrated that intramolecular interactions within a synthetic receptor that do not directly
involve the guest can contribute to guest binding. This effect has so far not been utilized
in the design of synthetic receptors but has definite potential as a tool for pushing binding
affinities of these compounds into the desirable nanomolar affinity range.
Secondly, our work on trying to understand the behaviour of dynamic combinatorial
libraries has led us to investigate the multidimensional relationship between emerging
properties (shifts in product distribution upon introducing a template molecule), the properties of individual library members and the experimental conditions. This has not only
improved the effectiveness of the use of dynamic combinatorial chemistry but also led to
a deeper understanding of the thermodynamics of complex equilibria. Extension of this
work studying the interplay between irreversible reactions and complex equilibrium systems is currently underway. The emergence of connected chemical reactions that resemble
metabolic pathways is conceivable. Such systems may well prove relevant to the way early
life developed.
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Abstract
Gene therapy for HIV-1 infection has been proposed as an alternative
to antiretroviral drug regimens due to emerging drug resistance and
toxicity that raises concerns about HAART as a long-term therapy.
VIRxSYS has developed an HIV-based lentiviral vector platform for
delivery of genetic therapies. For the first clinical application of the
gene delivery technology, VIRxSYS created VRX496, a lentiviral
vector expressing a 937-base long antisense against the HIV envelope
gene. Along with the lentivector, a packaging vector, VIRPAC, was
created based on a single plasmid approach for transient production.
Many safety features were incorporated into VRX496 and VIRPAC.
VRX496 pre-clinical efficacy was demonstrated in vitro by achieving
high transduction efficiencies with stable gene transfer into human
primary CD 4+ T lymphocytes and by showing selective resistance
to CD 4 down regulation with over 4 logs (99.99 %) of HIV replication
inhibition in challenge assays using various X4, R5 or dual tropism
strains of HIV. In December 2002, the US Food and Drug Administration approved the first ever Phase I clinical trial of lentiviral vectors
in humans, testing the safety and tolerability of a single infusion of
autologous HIV infected CD 4+ T Cells transduced with VRX496. No
adverse events due to the product were observed. Although the purpose of the Phase I clinical trial was to establish the safety of the
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therapy, and the number of patients in the Phase I clinical trial is too
small to make any conclusions with respect to efficacy, potential
effects of VRX496 were observed in patients during the monitoring
of their circulating CD 4 counts and HIV viral load.

Introduction
HIV infects 38.6 million people worldwide [1]. It is predicted that in the absence of
drastically expanded prevention and treatment efforts, at least 68 million people will die
from AIDS between the years 2000 and 2020. In the United States, it is estimated that
almost 1.2 million people are infected with HIV [1]. The mortality due to HIV/AIDS is
estimated to be approximately 2.8 million deaths annually worldwide, and approximately
15,000 in the U.S. [1].
The current standard of treatment for HIV/AIDS is combination antiretroviral therapy
(CART). This therapy typically consists of a triple “cocktail” of a nucleoside reverse
transcriptase inhibitor (NRTI), a non-nucleoside reverse transcriptase inhibitor (NNRTI)
and a protease inhibitor (PI). Although these cocktails have been successful in reducing
viral loads, restoring immune function, and prolonging patients' lives they do not represent
a cure, and there are concerns regarding adverse effects associated with long-term usage of
CART. Specifically, a variety of metabolic disorders including HIV-associated lipodystrophy, central adiposity, dyslipidaemia, hyperlipidaemia, hyperglycaemia and insulin resistance have been reported as resulting from combination therapies [2 – 4]. These reactions,
combined with complex and cumbersome dosing regimes, can have an adverse impact on
patient adherence to therapy [5, 6]. Furthermore, poor adherence has led to an increased
rate of HIV resistance, resulting in viral strains that have reduced sensitivity to the drugs [7,
8]. In fact, a subpopulation of HIV infected individuals has failed or is resistant to combination antiretroviral drug therapy. Currently 10 – 15% of newly-transmitted HIV is already
drug resistant. Over the past decade, gene therapy for HIV-1 infection has been proposed as
an alternative to antiretroviral drug regimes [9, 10].
Gene therapy technology has the potential to treat a variety of serious life threatening
diseases, which currently have limited treatment options. The first retroviral vectors used
for gene delivery were chosen for their ability to have large payloads cloned into them,
their ability to integrate into chromosomes of target cells to establish long-term expression,
and because they do not transfer virus-derived coding sequence [11]. Unfortunately, 3 of 10
patients treated for SCID-X1 with replication defective retroviral vector-mediated gene
transfer developed leukaemia from insertional mutagenesis [12]. The construction of vectors engineered to be safer alternatives continues to be a focus of gene therapy research.
Adenovirus and AdenoAssociated Virus (AAV) vectors have been used because, unlike
retroviral vectors, they do not possess leukaemia causing factors and are able to infect nondividing cells. This results in the expansion of the number of host cells they can infect.
Unfortunately, Adenovirus and AAV vectors have short term expression from limited
integration and can lead to immunogenicity and toxicity as seen in the death of a patient
in a gene therapy trial at the University of Pennsylvania [13]. After several setbacks in
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earlier gene therapy clinical trials, the field of gene therapy has made some advances in
recent years. The emergence of a new class of vectors, lentiviral vectors have yielded some
of the most promising vectors for clinical application to date. Lentiviral vectors were
derived from the human (HIV), feline (FIV) bovine, (BIV) or equine (EAIV) immunodeficiency viruses. Lentiviral vectors are able to transduce dividing and non-dividing cells at
a high efficiency [14]. They are able to integrate into the chromosome for long-term
expression of therapeutic payload, while lacking the antigenicity of adenovirus and AAV
vectors [15]. Safety concerns exist about the use of lentiviral vectors in humans since they
are derived from immunodeficiency viruses. However, advances in pseudotyping, allowing
lentiviruses to be packaged with different envelope proteins besides the immunodeficiency
virus envelope, and vector construction, to reduce the possibility of RCL generation, have
reduced these concerns [16, 17]. Also, recent studies have shown lentiviral vectors to be
safer in terms of insertional mutagenesis since they have an insertion pattern similar to
wild-type-HIV (wt-HIV), and leukaemia is not a recognized side effect of HIV infection
even though cells have integrated virus for years [18, 19]. Lentiviral vectors have also been
shown to express their payload more efficiently than other vectors, which often experience
silencing of the payload genes in the host cells [20]. Thus, in vitro experiments demonstrated that ß-thalassemia could be successfully treated with lentiviral vectors, while retroviral vectors were unable to correct patients' bone marrow stem cells [21]. Similar evidence
was also seen in CD 34+ cells when lentiviral vectors were transduced into a rhesus
macaque model, under conditions of minimal stimulation, ordinarily insufficient for transduction with murine retroviruses [22]. Thus, lentiviral vectors have been shown to be safer
and more efficient delivery tools than retroviral vectors. Although a significant portion of
research is focused on lentiviral vectors, and they appear to be the most promising vector
for clinical application, (17 % of the ASGT abstracts from 2006 focusing on gene therapy
vectors were about lentiviral vectors), only five clinical trials with lentiviral vectors (three
of which are sponsored by VIRxSYS) have been approved to date in the United States.
A number of different genetic vectors, retrovirus and lentivirus, and accompanying genetic
antiviral payloads have been utilized to combat HIV-1, including antisense RNA, transdominant proteins, ribozymes, RNA decoys, and single chain antibodies [23, 24]. Antisense
RNA targeted to wt-HIV RNA offers a significant advantage over several other genetic
antiviral approaches since it is not a protein and thus not immunogenic. HIV-1 vectors
expressing anti-HIV-1 genes have been previously described [25, 26]. One of the advantages of using HIV-1-based vectors over other vector types for HIV/AIDS gene therapy is
they can transduce primary CD 4 T Cells with very high stable efficiency without overt prestimulation with cytokines, as is needed with murine onco-retroviral vectors. Another
advantage is the anti-HIV effect is a combination of the anti-HIV antisense payload and
competition by cis-acting elements in the HIV-1 vector, (e. g., TAR and RRE decoys), with
wt-HIV for factors of replication and encapsidation. Another advantage occurs by flanking
the anti-HIV antisense with HIV sequences in the vector's backbone. Vector anti-HIV
antisense RNAs are effectively targeted to the intracellular site of wt-HIV RNA accumulation, hence mediating their effective destruction. HIV-based vectors may provide several
important advantages over current HIV combination therapies. HIV-1 vectors are likely to
be less toxic than current combination drug therapies since the antisense genetic antiviral is

224
Humeau, L.

expressed only in those cells that become infected with wt-HIV. Finally, HIV vectors are
predicted to be safe since no novel genetic sequences are introduced into the patientsubject, since no novel genes are contained in the HIV-1 vector. All the sequences present
in the vector are derived from highly conserved regions of wt-HIV that would be almost
certainly present in any given HIV-1-infected individual. The HIV sequences that were
used to create VRX496 were derived in part from pNL 4 – 3, a prototypic HIV-1 molecular
clone that is derived from two North American strains of HIV-1.
VIRxSYS' goal is to improve anti-HIV therapy through the use of a novel HIV-1-based
lentiviral vector. VIRxSYS produced a lentiviral vector to treat HIV/AIDS, VRX496 that
contains a 937 nucleotide anti-HIV antisense sequence. The anti-HIV antisense sequence
contained in VRX496 is targeted to the 5' end of the wt-HIV envelope (env) gene, which is
necessary for virus replication. The anti-HIV antisense genetic antiviral payload is located
upstream of a major splice acceptor site and is thus dependent upon the expression of Tat
and Rev proteins that are provided by wt-HIV that infects vector transduced cells. Secondly, the length of the antisense is over 900 nucleotides long, making it difficult for wtHIV to create resistant strains that are sufficiently fit to cause disease. Preclinical tests have
demonstrated the promise of VRX496. To date, VIRxSYS has successfully created a lentiviral vector for the treatment of HIV/AIDS and is currently testing the therapy in multiple
Phase II trials after successful completion of an earlier Phase I trial. Clinical trial results
indicate primary human T Cells transduced with VRX496 interfere with wt-HIV replication
lowering the HIV viral load in the subject, and improving the CD 4+ T Cell count and
immune response.

Lentiviral Vectors
Lentiviral vector construction
Since lentiviruses have the ability to transduce nondividing cells and integrate for longterm expression of payload, it has been a goal to make lentivirus vectors for efficient
delivery of genetic material. The construction of a vector from infectious viruses has safety
concerns, so the vectors have been engineered to incorporate safety features to avoid the
generation of infectious material. The evolution of lentiviral vector construction has gone
through several generations. The first generation of vectors were viral particles generated
by expression of HIV-1 core proteins, enzymes, and accessory factors from heterologous
transcriptional signals and the envelope of another virus from a separate plasmid [27]. The
next generation had the HIV-derived packaging component reduced to gag, pol, tat, and
rev, reducing the amount of sequences encoding critical virulence factors [28]. Further
refinement lead to a third generation that had the HIV-derived packaging component
reduced to gag, pol, and rev with rev expressed in a separate expression plasmid [29].
Production of this virus only occurs in the presence of endogenous rev because the 5' LTR
is replaced with a cytomegalovirus enhancer and tat expression is not necessary.
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VRX496
VIRxSYS' gene therapy vector, VRX496, is an HIV-1-based lentiviral vector carrying a
937-nucleotide antisense sequence targeted to the HIV-1 envelope (env) gene (Fig. 1). It is
a fully gutted vector and does not encode any complete viral proteins. VRX496 was
meticulously designed with several safety features to limit the likelihood of a possible
recombination event in vivo that could lead to a replication competent lentivirus, or RCL
[30]. Codon degeneration was used to minimize homologous regions that could lead to
recombination events between wt-HIV, VRX496, and the packaging construct VRX577
(VIRPAC). Furthermore, even in the unfortunate event that, a recombination should occur,
a stop codon was introduced into the remaining VRX496 gag sequence while a pause signal
and a cis acting ribozyme was engineered into VIRPAC to prevent read-through and
packaging of the VSV-G RNA sequence into the lentiviral particles. The anti-HIV-1 antisense sequence is tat and rev dependent and is thus only expressed in transduced cells that
are infected with wt-HIV. VRX496 is produced using a 2-plasmid system. The first plasmid
construct encodes the VRX496 lentiviral vector genome. A second or “helper” plasmid
DNA construct, VIRPAC, is introduced with the vector construct via calcium phosphate cotransfection of a certified 293 cell line to provide proteins in trans that are necessary for
production of the VRX496 lentiviral vector particle.

Figure 1. Schematic showing HIVNL 4 – 3 and the fragments derived from it to make
VRX496. Shown in stripes is the 937-base antisense sequence derived from a section
of the envelope gene. Included in the vector are the HIV LTR for insertion and gene
expression, and elements from gag, pol, and env, which encode the packaging signal
(psi), the central polypurine tract (cppt), the rev response element (RRE) and a 186base tag from GFP to allow differentiation between the vector and wt-HIV in vivo. A
schematic of the packaging vector, VIRPAC is shown. A schematic of VRX494, a
vector used in preclinical studies, is identical to VRX496 except for the fact that it
expresses GFP instead of the GFP tag in VRX496, is also shown.
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Preclinical Studies
Gene transfer
To conduct preclinical studies of our vector, we created a VRX496 analogue expressing
GFP, VRX494 (Fig. 1). In order to develop a therapy that would be effective, we first had
to develop a protocol that would have efficient gene transfer into primary CD 4+ T Cells.
After fine-tuning our transduction protocol to maximize transduction efficiency in patient
cells, we were able to reach transduction levels similar to those found in normal donor cells
(> 90%), far above what we were expecting (Fig. 2). All 17 patients tested using the
optimized two-dose protocol were transduced at high efficiency. We were pleased to find
that transduction efficiency was independent of patient viral load and CD 4 count, indicating that our vector can modify CD 4 T Cells from a range of patients. Although we could
not test patients with a high viral load and high CD 4 counts since they were unavailable for
enrolment, we predict that these would respond similarly to those with high CD 4 count and
low viral load, based on the following logic: stimulation with iCD 3/ 28 is critical to
successful transduction efficiencies, and lower T cell responsiveness to iCD 3 / 28 bead
stimulation for expansion correlates with AIDS onset [31], which is defined by a CD 4 T
cell count of < 250 cells/mm3. Since a high CD 4 T Cell count is not indicative of progression to AIDS, we would expect these cells to respond well to expansion and transduction.
Since cells from patients with a broad range of CD 4 counts and vial loads gave high
transduction efficiencies using the optimized VRX496 protocol, this dual vector addition
protocol has been implemented in our clinical trials.

Figure 2. Flow cytometric analysis of CD 4 and GFP expression in mock transduced
CD 4 T cells from HIV negative donors (control) or similar cells transduced at 20 TU/
cell with VRX494 (+vector-EGFP), the GFP-expressing analogue of our clinical grade
vector VRX496. Cells were seeded at 1 x 106 cells/ml in the presence of anti-CD 3 /28
antibody-coated beads, IL-2, and vector at an MOI of 20 TU/ml. GFP expression was
measured at day 7-post-transduction.
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HIV inhibition

Figure 3. Inhibition of HIV replication as measured by cellular p24 secretion. Biweekly culture supernatants from mock (open symbols) and transduced (closed symbols) cultures from patient U01, J25, and J28 were taken from culture supernatant
biweekly after bead removal from culture. Extracellular p24, a surrogate marker for
HIV production, was measured by ELISA (ABL Inc) according to manufacturers
specifications. Measurement of intracellular p24, which quantitates the number of
HIV-infected cells in a culture, was performed by flow cytometry after intracellular
staining using the antibody KC 57-RD 1 from Caltag. Each mock and transduced
culture was carried in triplicate, and each triplicate well was measured by ELISA in
triplicates. Error bars represent SEM determined for each triplicate culture (where no
bars are seen, the SEM was too small to be shown) using the average ELISA values
for each triplicate. Since 10, 000 events were collected in flow cytometry and the cells
from the triplicate cultures were pooled, no error bars are shown for intracellular p24.

The ultimate goal of high transduction efficiencies is to achieve a strong suppression of
HIV in patient cells. Inhibiting productive HIV replication may prevent cell death of HIVinfected cells and will reduce spread of virus in vivo, both effective ways of delaying and/or
preventing onset of AIDS. There are several ways to measure inhibition of HIV replication,
the most common is quantitation of p24 protein production in culture supernatant. Additional methods include measurement of CD 4 down-regulation [32], intracellular p24 staining, and selective expansion of transduced cultures over mock cultures. To get a robust and
consistent characterization of the antiviral effect of VRX496 in a variety of patients, we
examined each of these parameters separately. All methods consistently showed suppression of HIV replication in cells derived from all patients regardless of their viral load or
CD 4 count [33]. We observed a steady and continuous decrease in p24 production throughout the culture period in transduced patient cells compared to increasing p24 production in
mock cells (Fig. 3). This correlated with reduced percentages of cells infected in transduced
cultures, as detected by intracellular p24 staining, indicating that vector inhibition of virus
replication also prevents spread of HIV in culture. Inhibition ranged from 93% – 100%
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between patients. Inhibition of p24 in culture supernatants directly correlated with lower
percentages of cells infected with HIV in transduced cultures compared to mock cultures.
The consistent and high level of inhibition of p24 secretion, a surrogate for HIV replication,
observed in transduced patient cultures (on average 98% for each group, was independent
of the patient's viral load or CD 4 count. We found that VRX496 is capable of controlling
replication of both CXCR4 (X4) and CCR5 (R5) strains of HIV among the patients tested
in this study and therefore both clade B, X4 and R5, HIV strain-infected patients are good
candidates for VRX496 T Cell therapy.
Selective advantage
To determine the selective advantage of VRX496 transduced cells we minimally transduced CD 4+ T Cells isolated from healthy donors transduced with VRX494 to yield ~50 %
transduced cells in culture. We then infected the cultures at an m.o.i. of 0.05 with the R5
US 1 wildtype strain of HIV. This culture mixture of transduced and nontransduced provides an environment were the untransduced cells are infected and the transduced/protected
cells are constantly challenged. Transduced CD 4+ T Cells exhibited a survival and selective growth advantage in culture after challenge with wt-HIV. We have established that
increased copy numbers correlate directly with enhanced GFP mean fluorescent intensity
(MFI) (unpublished data). At day 36, we observed a decrease in the number of nontransduced cells and a virtual disappearance of cells transduced at lower copy numbers, or MFI,
with VRX494, while those transduced at greater copy numbers, or at a greater MFI, were
enriched (Fig. 4). Therefore, the selective survival of cells in vitro with multiple copies
capable of surviving an intense challenge illustrates the selective advantage conferred by
the antisense-containing vector.

Figure 4. Selective advantage of
vector transduced cells. Mean
fluorescence intensity in partially
transduced (50 %) CD 4-gated cultures 36 days following HIV infection (shaded line) or mock infection (open line).

HIV resistance
To determine if VRX496 creates mutant HIV strains resistance to VRX496 treatment we
established an assay to generate viral breakthrough. Although viral breakthrough is not
normally observed in vector-transduced primary human CD 4 T lymphocytes, we were able
to define conditions in the permissive SupT1 T Cell line to facilitate viral breakthrough.
This was possible since SupT1 cells are more permissible to HIV replication than primary
cells, in part due to their high level of division. Thus, these cells could replicate HIV to
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higher titres, improving the chance of development of potential escape mutant viruses.
After infection of nontransduced SupT1 cells with HIV, peak p24 levels were observed 5
days later. However, in suboptimally transduced SupT1 cells, p24 levels did not peak until
20 to 25 days post-infection. Supernatants normalized for p24 and taken from normal and
selected cultures were passaged serially three times for a total culture time of 56 days
through transduced and nontransduced SupT1 cells. With each passage, selected virus was
detected later than wt-HIV. After serial selection, p24 was produced earlier in selected
virus than before selection, but at lower levels. This shift of the curve down and to the left
suggests that a significant level of mutation may be occurring in response to antisense
pressure.
To characterize the mutations that led to the change in HIV phenotype after vectormediated suppression, a 2-kb region was amplified via PCR using wt-HIV-specific primers
and then subcloned for sequencing. The mutations primarily fell into two categories: (i)
those with large deletions in the envelope region, and (ii) those with only point mutations.
The percentage of deletions in the breakthrough virus was much higher than in wt-HIV and
the deletions always encompassed the antisense target region (Fig. 5A). The higher rate of
deletion in virus from transduced cells indicated that antisense was exerting significant
selective pressure on HIV to delete the region that binds the antisense region in the vector.
Many of these deletions are quite large, which would result in severe debilitation of the
virus. The ability of these mutants to persist with such defects likely resulted from copackaging and/or pseudotyping with wt-HIV in cells. Alternatively, co-infection of complementing defective viruses in a cell could allow propagation of otherwise replicationincompetent viral species. Viruses that contained point mutations ranged from having
background levels of mutations similar to that of wt-HIV to having high levels of mutations
resulting in replication defective viruses. The mutation frequency was examined in the
antisense-targeted region, the nontargeted region, and in the entire envelope region. The
vast majority of the clones displayed similar mutation rates (ranging from 0.04 to 0.35%) to
the wt-HIV control (ranging from 0 to 0.312 %) (data not shown) over the entire region of
the envelope. This suggests that the mutations in these clones may be equivalent to the
spontaneous variations of wt-HIV. In addition, we conducted a t test on the mutation rate
within the antisense target region compared to that outside the antisense target region and
found that for those viruses exhibiting overall spontaneous mutation rates, there was no
statistical difference between the regions (P _ 0.05). Therefore, the selected viruses are
predicted to behave similarly to wt-HIV, which is controlled by the antisense region
expressed by our vector. However, three virus clones did have a significantly higher
mutation rate in the envelope, BTP1, BTP2, and BTP3 (Fig. 5B). Significantly, these clones
only have increased rates of mutation within the antisense region and not outside the region
complementary to the antisense, strongly suggesting that the mutations are a direct result of
antisense-mediated selective pressure on the HIV genome. Due to the high percentage of
base changes in these mutants, it was possible that the viruses would no longer be sensitive
to antisense vector inhibition. To address this question, the functionality of the mutant
envelopes was tested with respect to their ability to support viral replication and subsequent
resistance to vector inhibition. To that end, the envelope regions from the mutant viruses
were cloned back into the HIVNL 4 – 3 backbone. The resultant viruses were tested for their
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replication ability by measuring the viral titres in terms of TCID 50 in nontransduced cells
(Fig. 5B). Two of the three mutants were incapable of replicating in nontransduced SupT1
cells (BT-P1 and BT-P3). One mutant was able to replicate (BT-P2), but not to wt-HIV
levels. These data indicate that the selected viruses are not increasingly virulent, but instead
demonstrate a decrease in fitness or lost replicative ability. Finally, we examined whether
these mutants had evolved to evade vector-mediated antisense inhibition. SupT1 cells were
transduced with vector at 11 TU per cell, a suboptimal level that allows delayed replication
of wt-HIV, and then subsequently challenged with wt-HIV or BT-P2 as a representative
mutant capable of replicating. As a control, mock-transduced cells were infected with wtHIV. As previously observed, in the absence of antisense, wt-HIV replicated to high titres
between days 6 and 9 post-challenge. In transduced cells, wt-HIV p24 levels peaked at days
20 to 23, but BT-P2 was not able to replicate. These data support that the mutations
acquired in the target envelope region of a selected virus capable of replication do not
result in true escape mutants capable of evading the antisense therapy [34]. In summary, the
length of the antisense is over 900 nucleotides long, making it difficult for wt-HIV to create
resistant strains by deletion or multiple mutations of this region that result in a virus
sufficiently fit to cause disease.
Figure 5A. Table showing percentage of deletions in breakthrough virus compared to
wt-HIV.
Deletions at the antisense target region (937 bp)
Wildtype virus

Breakthrough virus

Clones

# of deletions %

Clones

# of deletions

%

40

11

290

264

91

27.5

Figure 5B. Mutant virus variants selected by antisense pressure are not fit. Viruses
were produced by transfecting 293T cells with the mutant virus plasmids. Supernatants were collected at 48 hours post-transfection for determination of virus titre
by TCID 50 in SupT1 cells. Actual values are as follows: 3.88 x 106 for wt HIV,
6.56 x 105 for BT-P2, and 0 for both BT-P3 and BT-P1 (ND is shown on the graph
to indicate not detected). Mutation rates in the antisense region are shown in parenthesis. BT-P2 and BT-P3 were full-length envelopes that were inserted back into
HIVNL 4-3.
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Phase I Clinical Trial
The primary objective of our Phase I clinical trial was to determine the safety and tolerability of a single dose of autologous VRX496-modified T Cells in HIV positive subjects
for 6 months post-dosing. A protocol amendment in March 2004 extended the study to
include a 9 month post-dosing timepoint. To date, all 5 patients have completed the 9
month Phase I clinical trial and the 1 year follow-up safety visit.
Study synopsis
To be eligible for the study, subjects must have failed at least two HAART regimens as a
result of drug resistance or be intolerant to antiretrovirals, with a viral load of ‡ 5000 copies
per mL and CD 4 T Cell counts between 150 and 500. In addition, subjects must have had a
Karnofsky performance score of at least 80 and no signs of opportunistic infections.
Potential subjects were excluded from participation in the study if they met any of the
following criteria: pregnancy; history of cancer; history of class III or IV congestive heart
failure; recent history of drug/alcohol abuse; receiving (within 30 days) corticosteroids,
hydroxyurea, immunomodulating agents or antibiotics within 1 week of dosing. In addition,
subjects with the following laboratory abnormalities were excluded: haemoglobin of less
than 10 for males and less than 9.5 for females; absolute neutrophil count less than 1000 /
mL; platelet count of less than 100,000 /mm3; serum creatinine greater than 1.5 mg/dL; AST
or ALT greater than 2.5 times the upper limit of normal; total serum bilirubin greater than
1.5 times the upper limit of normal; amylase and lipase outside normal range; and proteinuria of 2 or greater.
Subjects were monitored before dosing and at 3, 7, 14, and 21 days and at 3, 6 and 9
months post-dosing for viral load, CD 4 count, emergence of potential replication competent lentivirus (RCL), and for immunological parameters. Adverse events were defined in
part by observation of a sustained 0.5 log increase in viral load, or 30% decrease in CD 4
count within 3 weeks post- dosing. Other safety measures were evaluated by physical
examination (including HIV-specific physical examination) and by clinical chemistry,
haematology and urinalysis.
Twenty-two subjects were screened between April 2003 and July 2004. Nine subjects failed
to meet eligibility criteria and were not enrolled. Of the 13 eligible subjects, four withdrew
consent and nine underwent aphereses. Four subjects did not proceed to dosing because of
failure of T cell processing. The first patient was dosed in July 2003 and the fifth and last
patient was dosed in September 2004.
Enrolled subjects
All subjects infused were male, aged between 27 and 45 years and had been diagnosed with
HIV infection for a median of 15 years, with a range of 9-15 years (Table 1).
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Table 1. Baseline subjects characteristics.
Characteristic

Subject
#1

#2

#3

#4

Age

41

44

40

27

#5
45

Gender

M

M

M

M

M

Ethnic Group

Caucasian

Caucasian

African
American

African
American

Caucasian

Baseline viral load

188,500

54,100

46,150

32,400

19,970

Baseline CD 4 counts

253

316

273

308

220

HIV Infection (Yrs)

15

15

15

10

9

Discontinued
Therapy1

4 NRTI +
2 NNRTI +
3 PI

5 NRTI +
4 PI

6 NRTI +
1PI

2 NRTI +
1 NNRTI +
1 PI

5 NRTI +
1 NNRTI +
1 PI

Therapy at Enrolment

2 NRTI +
2PI

3 NRTI +
1 NNRTI +
1 PI

None

2 NRTI +
1 NNRTI

2 NRTI +
1 PI

1 NRTI = nucleoside reverse transcriptase inhibitors; NNRTI = non-nucleoside reverse transcriptase inhibitors;
PI = protease inhibitor.
2 Value determined at time of cell harvest.
3 RCL = replication competent lentivirus.

Mean viral load at screening ranged from 10,553 to 218,000 copies/mL, with a median viral
load of 45,500. Mean CD 4 counts ranged from 219.5 to 316 counts/ml with a median count
of 273. At the time of screening all patients failed 2 or more HAART therapies (antiretroviral treatment history of 4 to 10 antiretrovirals). During the trial, the only subject not on
any antiretroviral therapy was subject 3. None of the subjects changed their treatment
during the first six months of the trial.
Subjects were infused after an independent DSMB reviewed safety data up to the 21-day
post- dosing time point for the preceding subject plus cumulative safety data of all subjects.
The first three subjects were dosed serially in this fashion. However, based on DSMB
review and recommendations and IRB approval, subject 5 was dosed without a prior
DSMB review for subject 4.
VRX496 T cell product
Ex vivo expansion of cell product was successful in five of nine subjects. Cells were
expanded for a mean of 14 days yielding an average of 8 x 109 cells. The average copy
number per cell for the five infused products was 2.08 (range 1.0 to 4.1). The purity of
infused cells with respect to CD 3 cells was 93.8 %. All infused products tested negative for
RCL (Table 2).
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Table 2. T cell Product Description
Subject

#1

#2

#3

#4

#5

# VRX496 CD 4 Cells
Infused

1 x 1010

1 x 1010

0.6 x 1010

1 x 1010

0.9 x 1010

%CD 3+ Cells

952

100

80

98

94

Avg. Vector Copy #

2.3

1.8

1.0

4.1

1.2

p24

< 502

< 50

< 50

< 50

< 50

RCL3

Negative

Negative

Negative

Negative

Negative

Safety
The single infusion was well tolerated and associated with minimal toxicity. No adverse
events related to the product were reported during the infusion and vital signs were normal
at the time of discharge. Six serious adverse events (SAEs) were recorded during the course
of the trial but none were determined to be related to the product. All subjects underwent a
scheduled apheresis procedure at the 6-month visit and a biological RCL test was conducted on the apheresed product. For the RCL test, patient cells were grown with C 8166,
which serves as an indicator cell line for 10 passages (five weeks) to allow sufficient
amplification of a potential RCL. At the end of the amplification cycle, the culture was
tested for the presence of VSVG DNA and VSVG RNA, by means of a TaqMan PCR and
RT-PCR assay system. All tests were negative for VSVG DNA, and VSVG RNA signal or
p24. Therefore, it can be concluded that no RCL was present in the subject's apheresed cells
at the 6-month time point. Furthermore, VSVG DNA, VSVG RNA and VSVG antibody
immunoassay were all negative at the 6 month post-infusion safety visit.
HIV-viral load and CD 4 counts
A primary endpoint of the study was HIV viral load and CD 4+ T Cell counts. We
monitored the subject's viral load to ensure a sustained increase of greater then 0.5 logs
was not achieved during the trial. We also monitored CD 4+ T Cell counts to ensure that the
patients CD 4+ T Cells did not decrease by more then 30 %. We did not encounter any
safety problems during the trial. CD 4+ T Cell counts remained relatively constant in three
subjects (1, 2, and 5) with respective changes of -7, -34, and +5.5 cells/ml at 6 months
compared to baseline. The other two subjects (3, and 4) saw much greater drops in absolute
CD 4+ T Cell counts at 6 months compared to baseline with decreases of -111, and -79
cells/ml, respectively. After month 6 we continued to see stable or increased CD 4 counts in
all subjects except 001 – 1022 (Fig. 6). The viral load was determined by the number of
copies of HIV RNA in the blood, by Roche Amplicor assay. This assay had a variability of
0.5 log so stable decrease in viral load greater than 0.5 log was determined to be significant.
A drop of 0.5 log from baseline values, was observed in three subjects; 1, 2, and 5, at
Month 6. The viral load in the other two subjects (3, and 4) remained relatively unchanged
from baseline at 6 months (0.02 log decrease and 0.3 log increase, respectively). After
month 6 we observed decreases in the log change of viral load compared to baseline in all
subjects except 001 – 1022 (Fig. 6). Although the purpose of the Phase I clinical trial was to
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establish the safety of the therapy, and the number of subjects in the Phase I clinical trial is
too small to make any conclusions with respect to efficacy, these results were very encouraging.

Figure 6A. CD 4 cell counts. CD 4 cell counts are plotted as a change from baseline
following the VRX496 infusion. Baseline values are shown in Table 1; baseline
represents the average of two counts obtained during protocol screening. Subject #4
began antiretroviral therapy 7 months after infusion, and his viral load became undetectable at that point.
Figure 6B. Log change in viral load from baseline. Viral load. The log plasma HIV
viral load is depicted as change from baseline. The baseline values are shown in Table
1, and represent the average of two values obtained during the screening process. The
VRX496 cell infusion was given on day zero. *Subject #4 began antiretroviral therapy
7 months after infusion, and his viral load became undetectable at that point.
Figure 6C. Viral load data shown on a log scale for Patient 2 for up to 7 years prior to
enrolling in the VIRxSYS Phase I trial. Regardless of changing drug regimens, this
patient's viral load did not drop until after dosing with VRX496. The time of dosing is
indicated by the arrow.

Pharmacokinetics and product metabolism in humans
There is no known information regarding the metabolism, absorption, plasma protein
binding, distribution, or elimination of VRX496-modified T Cells in humans. However,
persistence of the vector in vivo is being assessed by QRT-PCR with a sensitivity of 200
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copies per million PBMC. Baseline samples were obtained approximately 15 minutes postinfusion. Persistence (up to the limit of detection) has ranged from 21 days for Subject 1 to
1 year for Subjects 2 and 4 (Fig. 7). At the 1-year time point, subject 4 has shown
frequencies of engraftment of 0.04 % (400 copies) after being undetectable at the 9-month
time point. The half-life of VRX496 ranged from 11 to 46 days with a harmonic mean of 20
days. At day three, subject 001 – 1017 had a 3.5-fold increase in VRX496 persistence
relative to baseline. A similar, albeit smaller increase was noted for subject 5 around this
time period. The significance of this increase is unknown, but it could indicate migration of
gene-modified cells from organ compartments [35, 36].

Figure 7. Prolonged engraftment of lentiviral transduced CD 4+ cells. Vector persistence was assessed beginning 20 minutes after infusion of VRX496 modified CD 4+
cells. PBMC were collected at the indicated time points, and DNA analysis was
performed for detection of VRX496 vector sequences using real-time PCR. The limit
of quantification is 200 vector copies per 106 PBMC. At the 1-year time point, Subject
#4 has a frequency of engraftment of 0.04 % (400 copies) after being undetectable at
the 9-month time point.

Vector mobilization
Another potential safety concern associated with the use of lentiviral vectors is vectormobilization. Mobilization is possible for vectors that retain their full LTRs when packaging
proteins are provided in trans such as during HIV infection. While vector mobilization in
vivo to non-target tissues may have adverse safety consequences, mobilization of the vector
payload into uninfected CD 4+ cells could amplify the antiviral effects [25, 37]. Increased
levels of GTAG RNA was observed in three subjects (2, 4, and 5) around 3 to 21 days
following infusion (Fig. 8). Subject 4 had the highest increase. Coincidently, he had the
highest average vector copy per cell (4.0) in his infused product. Because of high RNAse
activity in plasma, RNA does not exist in the free state, unless it is protected within protein
or lipid vesicles or associated with apoptotic bodies. Because GTAG RNA was not observed at baseline and was only evident after infusion of VRX496, a logical assumption is
that GTAG RNA is associated with wt-HIV-1. A possible scenario is co-packaging with the
wild type virus. From theoretical considerations the co-packaged unit is not expected to be
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replication competent. On the contrary, the replication deficient co-packaged unit is probably a prelude to mobilization of the vector. Mobilization to other CD 4 is the expected
outcome with consequent propagation of anti-HIV effect by VRX496 vector.

Figure 8. Vector Mobilization. VRX496 genomic RNA in the plasma was examined
by assaying for the specific primer of green fluorescent protein (GTAG), which is a
component of the vector. The G-Tag copies/ml plasma is graphed for each subject.

ELISPOT

Figure 9. ELISPOT analysis of cellular memory responses in subjects treated with VRX496. Shown are responses to HIV envelope antigens
(A), HIV gag antigens (B), and
diphtheria toxin antigens (C). The bottom axis represents the patient number.
Time-points evaluated are pre- dose
(black), 3 months post-dose (white)
and 6 months post-dose (red).
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To further elucidate the mechanism of action of VRX496 we evaluated the immune function of the patients by ELISPOT, which measures their immune response to HIV specific
antigens (Fig. 9). The ELISPOT analysis shows a significant improvement in patient
immune response in subjects 4, and 5 when exposed to HIV envelope antigens (9A),
HIV gag antigens (9B), and diphtheria toxin (9C). These patients have a higher percentage
of cells that secrete interferon gamma at three and six months post-infusion, then at baseline indicating a greater number of functioning T Cells are present.
Integration studies
Integration site analysis was conducted on transduced T Cells harvested before infusion
into the subject due to concerns raised during previous trials about insertional mutagenesis
[12]. VRX496 was shown to integrate into similar types of genes at a similar frequency to
wild type HIV (Fig. 10). Since the integration pattern of VRX496 was shown to be similar
to wt-HIV it is believed this indicates a reduced risk of insertional oncogenesis compared to
previously used retroviral vectors since leukaemia is not a side effect of HIV even though T
cells may contain integrated virus for years [19].

Figure 10. Integration profile of VRX496. The integration profile of VRX496 is
compared to the integration profile of wt-HIV and a profile for random integration
events.
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Phase I trial conclusions
The Phase I safety and tolerability trial in five HIV positive subjects failing at least two
HAART regimens provides data indicating that VRX496 based lentiviral vectors are safe.
An independent Data Safety Monitoring Board has monitored this trial on a patient-bypatient basis, and all safety objectives have been met and no stopping rules encountered.
There were no unexpected toxicities and no serious adverse events related to the product.
Furthermore, there are indications of antiviral effects, even though the dose of VRX496
transduced T Cells was relatively low. Based on the safety profile demonstrated in Phase I,
we have initiated a Phase II trial to evaluate the safety and tolerability of multiple infusions
of VRX496.

Summary
VIRxSYS has constructed a novel HIV-based lentiviral vector, VRX496, with built in
safety features. The first clinical application of VRX496 was to treat HIV/AIDS. No RCLs
have been generated and no insertional mutagenesis has developed, which are the major
concerns with any gene therapy treatment. VRX496 has persisted for almost two years in
the patients and the patients are experiencing significant decreases in viral load, stable or
increased CD 4 counts, and improved immune responses as measured by ELISPOT. The
preclinical studies and Phase I clinical trial conducted to date to evaluate VRX496 has
demonstrated the safety and feasibility of VRX496 as an HIV/AIDS treatment. Continued
evaluation of VRX496 will not only determine the efficacy of the treatment, but will help
identify the utility of gene therapy as an alternative treatment for HIV and other serious
diseases. VRX496 is currently being evaluated in a multiple dose Phase II clinical trial in
patients failing antiretroviral therapy. Trials are being planned to evaluate VRX496 in wellcontrolled patients and treatment na ve patients.
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Abstract
We analyse the evolution of haemagglutinin from human influenza H3
using a model that allows for variations in selective pressure, both at
different locations in the protein as well as during the course of
evolution. It has been observed that, in contrast to the steady rate of
sequence change, the antigenic properties of the haemagglutinin
changes in a punctuated manner between well-defined clusters [1].
We find that the changes in antigenic properties correspond to increased rate of change in selective pressure, as if these antigenic
clusters correspond to different interactions between the virus and
the immune system. Conversely, despite a large increase in glycosylation during the past 40 years, these changes in glycosylation do not
generally seem to be correlated either with changes in antigenic properties or with significantly more rapid changes in selective pressure.

Introduction
Influenza, as a single-strand RNA virus, evolves rapidly. This rapid evolution provides a
challenge both to the immune system as well as to the developers of new vaccines. The
time-lag between the choice of a new vaccine and its production and availability means that
the prediction of the next dominant strain must be made quite early. This choice is assisted
by the presence of a world-wide monitoring system that is on constant watch for new and
expanding strains, but it is still difficult to evaluate and predict the nature of the emerging
and changing threat. This difficulty is exacerbated by the lack of good evolutionary models
for understanding how these viruses evolve.

http://www.beilstein-institut.de/bozen2006/proceedings/Blackburne/Blackburne.pdf
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Most of the insights and models underlying protein evolution are based on a number of
assumptions the applicability of which to viruses can be questioned. Among these common
assumptions are that the changes in the virus are conservative, that they are reversible, that
the amino acids are in equilibrium, that the selective pressure does not depend upon the
location in the protein, nor upon the time at which the changes occur. While there has been
some work relaxing some of these assumptions in some ways, the relaxation of many of
these assumptions is still at an early stage. For instance, it is increasingly common to allow
differences in the magnitude of the selective pressure at different locations [2 – 4], but rarer
to allow differences in the nature of the selective pressure. Measuring changes in the
selective pressure over time is rarer still. Many evolutionary analyses are done with conventional substitution models that encode the conservative, reversible nature of the evolutionary process as it generally occurs in prokaryotic and eukaryotic proteins. Whether these
models are appropriate for viruses is again an open question.
Evolutionary analyses rest on the validity of the assumptions used. Conversely, the breakdown of these assumptions can give us insight into the nature of viral evolution. Observing
how and when there are variations in the selective pressure can give hints to the changing
interactions between the virus and the immune system.
We have developed a mixture-, hidden states-, or 'site-class'- model [5 – 8]. This model tries
to include variations in both the magnitude and nature of the selective pressure at different
locations. The underlying premise is that, a priori, we cannot know the different types of
selective pressure acting on the protein, nor which locations are under which type. Instead,
we let the available sequence data, through a maximum-likelihood analysis, develop the
optimal set of models for the different types of selective pressure. We can then calculate a
posteriori which locations evolve under which models. This approach allows us to calculate
the different types of selective pressure, to group different locations which are under
similar forms of selective pressure, and analyse changes in the magnitude and nature of
the selective pressure, without making potentially-limiting assumptions about what is
behind these differences and changes.
In this paper, we describe preliminary results on the modelling of haemagglutinin (HA), a
membrane-bound glycoprotein present on the surface of the influenza A virus which is
responsible for receptor-binding and membrane-fusion [9]. Sixteen different subtypes of
HA have been identified in influenza A (H1 to H16) of which two forms (H1 and H3)
currently circulate widely in humans [10]. Before membrane fusion can occur, the HA
precursor (HA0) must be cleaved into two polypeptides (HA1 and HA2) that are linked by a
disulphide bond. Five antigenic regions have been identified on the HA1 polypeptide of H3
[11, 12]. Because HA1 is under particular selective pressure from the immune system, it has
a higher replacement rate for amino acids than HA2 [13]. While a significant amount of
attention has been focused on H5 (so-called 'Bird Flu'), the greatest current health problems
are the result of H3. In this paper, we focus on the molecular evolution of H3 in humans.
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One interesting observation that has been made is that the antigenic properties of H3 move
in a discontinuous, step-wise manner between well-defined clusters [1], in contrast to the
smoother changes in the sequence. There are two possible interpretations of these punctuated changes. The first is that some changes in some locations simply have more of an
effect than others. These changes in these locations correspond to the transitions between
clusters, while other changes in other locations correspond to movements within clusters.
As an example, it is observed that two different cluster changes are caused by the same
single amino acid substitution. A second interpretation is that the clusters represent a
particular type of interaction between the virus and the immune system, while a transition
between clusters would represent changes in the nature of this interaction. If so, it is likely
that these cluster transitions would also involve changes in the selective pressure.
It has also been noted that there has been a rapid increase in the glycosylation of H3. Again,
we might expect that changes in glycosylation would both affect the antigenic properties as
well as the selective pressures.
In this paper, we describe an extension of our site-class model to include time-variation, the
idea that the selective pressure can be different at different evolutionary times. We then
address the question about the relationship between changes in antigenic properties,
changes in glycosylation, and changes in selective pressure. We find that the changes in
antigenic properties correspond to faster rate of change in selective pressure, indicating that
transitions between antigenic clusters involve a changing relationship between the virus and
the immune system. Surprisingly, we find that there is little correlation between changes in
glycosylation and either changes in selective pressure or changes in antigenic properties.

Methods
Substitution models
We call locations under the same type of selective pressure as belonging to the same 'site
class'. Each site class is associated with a substitution matrix, representing the rate at which
the 380 possible amino acid substitutions occur, thus encoding the degree and nature of the
selective pressure. We do not assign different locations in the protein to different site
classes. Rather, each site class k is associated with an a priori probability P(k) of representing any location in the protein.
In this preliminary study, we assume that the substitution matrices are reversible, that is, the
probability of observing a substitution of amino acid x for y is equal to the probability of
observing its inverse. In this case, we can represent the substitution matrix by an overall
rate u, a symmetric matrix S (Sij=Sji), and the equilibrium frequencies of the twenty amino
acids {pi}. In order to reduce the number of adjustable parameters, we assume that S is the
same for all site classes, so that the differences in selective pressure can be represented by
differences in the overall rate of substitution and in differences in the amino acid equilibrium frequencies. The adjustable parameters of the site-class model then include, for each
site class, the a priori probabilities P(k), the site-class dependent overall substitution rate
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uk, and the equilibrium amino acid frequencies. As all sites must belong to some site class,

∑ P(k ) = 1. Similarly, the equilibrium frequencies of the amino acids for each site class
k

must sum to one. In addition, the averaged substitution rates (weighted by the a priori
probabilities) are normalized to a constant number of substitutions per evolutionary distance.
Following Holmes and Rubin [14], we consider that there can be changes in site class,
corresponding to changes in selective pressure. We do this by constructing a 20Ns x 20Ns
substitution matrix, where Ns is the number of site classes. The Ns 20 x 20 blocks on the
main diagonal represent the different amino acid substitution matrices corresponding to
each of the site classes, while other entries represent changes between site classes. For
simplicity, we assume that there are no simultaneous changes of both site classes and amino
acid. We also assume that the rate of change of site class is reversible. Qiikl , the rate of
change from site class k to l for a location currently occupied by amino acid Ai is given by
Qiikl = P(l ) π il Z kl where Z is a Ns x Ns symmetric matrix, with (Ns2 - Ns)/ 2 adjustable
parameters.
We used the dataset of Smith et al. [1] which contains 254 Human H3 HA1 sequences
sampled from 1968 to 2003. An avian H3 sequence (A/Duck/Hokkaido/ 33 / 80, M16739)
was used as an outgroup to root the tree. Sequences were extracted from the Influenza
Database [15]. Various sets of sequences were assigned to different antigenic clusters
following Smith et al. [1]. In contrast to the assignments of Smith et al., better results
were obtained with the assignment of A/Shanghai/ 24 / 90 to the BE92 cluster rather than the
SI87 cluster. In terms of antigenic properties, A/Shanghai/ 24/ 90 is intermediate between
these two antigenic clusters (A. Lapedes, personal communication.) Following the maximum likelihood formalism, we first constructed a phylogenetic tree of the various sequences using standard substitution models and the program PHYML [16]. We then used
PAML [17] with the WAG substitution model [18] and a Gamma-distributed rate [4] to
construct an optimal symmetric substitution matrix S. We then encoded the site-class
model and adjusted the parameters (including branch-lengths) in order to maximize the
calculated log-likelihood.
We are interested in considering the possibility that there are certain branches where siteclasses change more quickly than others. We do this by multiplying Z by an unknown
factor g for these particular branches. The appropriateness of this factor can be evaluated by
calculating how it changes the log-likelihood values.
Ancestral glycosylation states were determined by searching for locations containing the
sequence Asn-Xaa-Ser/Thr with probability > 0.95. Homology models of a representative
set of ML ancestral sequences were made with SwissModel [19] based on the 1MQN
structure [20]. When glycosylation states were predicted by the GlyProt server [21], all
potential locations were predicted to be glycosylated.
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Model choice
In general, more complicated models will yield better fits to the data, as represented by loglikelihood scores. The question often is, does the resulting increase in log-likelihood justify
the increasing complexity of the model? We can distinguish between two different cases. In
the first case, the simple model is 'nested' within the more complex model, that is, fixing
some of the adjustable parameters of the more complex model results in the simple model.
In this case, we can use the likelihood-ratio test to distinguish whether the additional
complexity is justified. This is the situation when we are seeking to justify the presence
of changes between site classes, or whether some branches have a faster rate of site-class
change than others.
When the models are not nested, the likelihood-ratio test is no longer appropriate. In this
case we consider the Akaike Information Criterion (AIC) [22], which is defined as:
AIC = 2Np – 2L

(1)

where Np is the number of adjustable parameters and L is the log-likelihood. The preferred
model is that which minimizes the resulting AIC.

Results
Model development and optimization
The phylogenetic tree is drawn schematically in Fig. 1. In contrast to the tree derived by
Smith et al. [1], we have transitions from antigenic clusters EN72 to VI75 and TX77, with
VI75 representing an evolutionary dead-end, as well as transitions from SI87 to both BE89
and BE92, with BE89 representing a dead-end.
The standard optimized single substitution-model (Gamma-distributed rate class) yielded a
log-likelihood of -4674.1, for AIC = 10492.2 (with Np= 572). The four site-class model,
prohibiting changes between site-classes, achieved a log-likelihood value of -4339.4 for an
AIC = 9946.8 (with Np= 634), significantly lower. This indicates that the distribution of
substitution rates cannot be adequately represented by a Gamma distribution of absolute
rates but is better modelled by a set of substitution matrices that includes qualitative
differences in the selective pressure at different locations, such as the site-class model.
Site-class models with greater or fewer site classes resulted in higher values of AIC,
indicating that the four site-class model was optimal for these data.
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Figure 1. Phylogenetic tree of influenza H3 HA1 sequences. Regions of the tree are
colour-coded and labelled according to their antigenic cluster, as defined in (Smith,
Lapedes et al.[1]); labels represent the location (Hong Kong (HK), England (EN),
Victoria (VI), Texas (TX), Bangkok (BK), Sichuan (SI), Beijing (BE), Wuhan (WU),
Sydney (SY), Fujian (FU)) and year of the first identification. * indicates A/Shanghai/
24 /90, which we assigned to the BE92 cluster rather than the SI87 cluster.

Glycosylation changes
We used this model to predict glycosylation states of the various ancestral nodes. We
observed a substantial loss in glycosylation sites in the terminal branches of the tree,
suggesting possible sequencing error, selective pressure differences in the culturing of
viruses previous to sequencing, or a reduced fitness of these viruses consistent with their
lack of progeny. For this reason, we restricted our analysis of glycosylation sites to internal
nodes. We observe a sharp increase in the amount of glycosylation from six sites (HK68) to
11 (FU02), as shown in Fig. 2.
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Figure 2. Changes in the number of glycosylation sites with time. Clusters are
indicated as in Fig. 1. Red line represents the main branch of the tree. Dates for the
internal nodes were estimated based on a least-squares fit to the acquisition time of the
available sequences.

Incorporating changes in selective pressure
Allowing changes of site class increased the log-likelihood to -4325.1. In this case, the
previous model (no changes in site class) is nested in this more general model, so we can
use the likelihood ratio test to evaluate if the increase in log-likelihood justifies the additional six parameters, which it can (P < 10-4). This indicated that the selective pressure
acting on different locations was changing during the time period represented by the data.
An additional question is whether the changes in selective pressure occurred randomly
throughout the phylogenetic tree, or whether it was concentrated on certain branches. We
investigated this issue with a series of more elaborate models: we considered that there
were two different categories of branches, with the second category more likely to experience changes in selective pressure. This was performed by multiplying the rates of change
of site class for the second category by an adjustable parameter g. We first investigated
whether there was a statistical tendency for changes in selective pressure to occur during
changes in antigenic cluster. Considering such branches as a separate category with a
different rate of site class change increased the log-likelihood by 2.28 (g= 6.6 € 2.2), corresponding to P= 0.03 with the likelihood-ratio test. This indicates that we could reject the
hypothesis that intra-cluster branches and inter-cluster branches could be represented by the
same matrix. We also examined a model where branches involving changes in glycosylation state were proposed to involve faster changes of site class. The resulting model had a
negligible increase in likelihood (0.04, P= 0.78), indicating lack of evidence that changes in
glycosylation were associated with changes in selective pressure.
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Discussion
Interestingly, there seems to be no correlation between changes in glycosylation and
changes in antigenic properties, with no transition between antigenic clusters corresponding
to a difference in glycosylation. Conversely, some antigenic clusters contain a multiplicity
of different glycosylation sites; WU95 viruses, for instance, contain between 7 and 10
glycosylation sites. This suggests that the rapid change of glycosylation patterns are disjoint
from the changes in antigenic properties.
Haemagglutinin evolves under different sources of selective pressure. Some locations are
under purifying (negative) selection based on its need to recognize and bind to the target
cell and initiate membrane fusion, while there is also positive selective pressure to change
to avoid detection by the immune system. The conflicting nature of these pressures can be
seen by the large overlap between antigenic sites and the binding regions. Only some
locations in the antigenic regions are able to undergo rapid sequence evolution, with many
of the antigenic sites changing slowly.
The immune system and the influenza virus co-evolve, each responding to measures and
counter-measures developed by the other. There is an 'historical record' of their interactions
encoded in the immunological memory as well as in the sequence of the viral proteins. This
historical record provides the foundation for future sequence changes, and the changing
nature of the accumulating historical record suggests that the selective pressure acting on
HA might also change. If the dominant antibodies shift their binding to a new antigenic
region, we would expect a corresponding shift in the region of HA under positive selective
pressure. Glycosylation changes might hide part of the protein surface from immune
recognition, reducing the selective pressure at this location. These different mechanisms
are related, with the virus adapting its strategy to the changes in the nature of the immune
response. Substitutions that assist the HA in avoiding immune recognition might have
structural and functional consequences. This might induce selective pressure on other
regions of the protein to undergo compensatory substitutions. Similarly, changes that have
structural and functional consequences can either allow or restrict the ability of certain
parts of the virus to evolve to avoid the immune response.
In fact, there is significant evidence of such changes in selection pressure. For instance,
while changes in the 18 locations identified by Bush et al. as under positive selection from
1983 to 1997 [23] seemed to be correlated with the subsequent phylogenetic trajectories
[24] and changes in antigenic properties [1] during this same time, changes in these 18
locations over a longer time-range, however, were only weakly correlated with changes in
antigenic properties [25, 1]. An analysis of sequence change and sequence variability
suggested that antigenic drift involved changing of a single epitope, but that the identity
of the epitope varied from transition to transition [26]. All of this suggests that positive
selection is a feature of influenza evolution, but that the locations undergoing positive
selection may change and new 'antigenic sites' may emerge.
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We also observe direct evidence for these changes in selective pressure. Interestingly, we
find that these shifts in selective pressure occur preferentially along certain branches of the
phylogenetic three. This suggests that, rather than a gradually shifting relationship between
immune system and influenza virus, there are certain 'rules of engagement' that last for a
period of time, and then are replaced by a new set.
These types of 'punctuated' changes have been observed at the phenotypic level previously,
as Smith and co-workers observed that the antigenic properties of haemagglutinin do not
change smoothly, but rather jump between well-described clusters [1]. This latter observation does not necessarily indicate that the relationship between immune system and virus is
changing. An alternative explanation is that a small fraction of sequence changes have
significant impact on the antigenic properties while most do not. In this alternative, the
selective pressure might still be relatively constant, or change in a way not correlated with
the changes in antigenic properties.
We find that our observed changes in selective pressure correspond closely to the changes
in antigenic properties observed by Smith et al. [1] suggesting that these phenotypic
changes correspond to adjustments in the relationship between virus and immune system
– either changes in the mechanism of immune-avoidance for the influenza, or changes in
the nature of the antibodies that must be avoided.
Changes in site class occur preferentially in antigenic regions, as well as in locations
identified as under selective pressure. Interestingly, the site-class changes that occur in
antigenic sites are preferentially found in coil and beta-sheet structures, and are less
frequent in alpha-helices and loops. We also observe rapid substitutions, as well as rapid
changes of site class, in the central 'pore' of the protein. These locations are not identified
either as being under positive selection, or as changing during shifts in antigenic property.
Smith et al. [1] identified amino acids that were different in the different antigenic clusters.
It is important to note that these are not necessarily cluster-defining changes, in that some
of these changes might have occurred independently of any changes in antigenic properties.
Still, there is a strong correlation between sites undergoing such amino acid changes
between antigenic clusters and locations where there are corresponding changes in selective
pressure. Often, however, cluster-difference mutations take place at locations that remain in
the slowest two site classes, with nearby locations undergoing changes in site class. Cluster
changes might involve a change of amino acid at an antigenic site that is structurally or
functionally conserved. The change in antigenic properties caused by this rare event may
then result in a change in the antibodies that can bind successfully (hence the jump to a new
cluster) leading to in a change in selective pressure on the surrounding locations.
Interestingly, while changes in selective pressure occur preferentially at locations where
there are changes in glycosylation states, we do not detect a significant increase in the rate
of site class change during changes in glycosylation. This might represent a lack of
sufficient data to identify such a rate increase, or it may indicate that changes in glycosylation cause local changes in selective pressure, in contrast to more wide-spread and sig-
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nificant changes. It is interesting to note that there is no observed tendency for changes in
antigenic cluster to be associated with changes in glycosylation. No antigenic cluster
change involves a glycosylation change, while each antigenic cluster contains a wide range
of different glycosylation states. As indicated in Fig. 2, there has been an appreciable
increase in HA glycosylation during the past decades. Given the lack of connection between these changes and changing selective pressure or changing antigenic properties, the
role of these glycosylation changes remains puzzling.
We find strong support for a model where the selective pressure changes at different
locations. We find that a model that allows for different rates of site class changes during
transitions between clusters is significantly better than a uniform model. From this we can
infer that evolution of human H3 consists of periods of amino acid variation according to a
relatively constant set of rules, interspersed with periods where the rules governing variation change. As the selective pressure changes during the evolutionary process, this indicates that, in addition to modelling how amino acids change during time, we also may need
to develop models for how the selective pressure changes if we wish to be able to identify
or predict future significant variations.
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Abstract
Chemical glycomics uses synthetic chemistry to procure defined carbohydrate molecules to study the glycans involved in many functions
in the living cell. Based on an automated synthesis platform, a host of
synthetic tools including carbohydrate microarrays has been developed. These tools have been employed to dissect carbohydrate-copolymer interactions. Basic research in the glycomics arena is beginning
to impact on drug discovery, especially the development of carbohydrate-based vaccines. The development of vaccine candidates to protect from malaria and leishmaniasis infections is discussed.

Introduction
Glycomics is defined in analogy to genomics as the entire set of glycans produced in a
single organism. The realization that carbohydrates carry out important functions beyond
energy storage and providing structural stability of the cell wall is not new, but the tools
required to advance glycobiology at a more rapid pace were largely missing. Better, faster,
more reliable and more sensitive sequencing techniques for most glycoconjugates have
been developed in recent years [1]. Better sequencing allows for the comparison of carbohydrate structures between different cell populations and the identification of relevant
carbohydrates even when those are present in very small amounts in a particular system.
An improved molecular understanding of specific structures resulted in a dramatically
increased need for defined molecules in quantities that are sufficient for biological, bio-
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chemical and biophysical studies. Speedy access to defined carbohydrates in sufficient
quantities is needed to gain access to oligosaccharides for the creation of tools that are
commonplace in genomics and proteomics.

Figure 1. Interactions of the three main biopolymers. (Reprinted from [2] with
permission of the RSC.)

Synthetic carbohydrates are needed to study carbohydrate-carbohydrate, carbohydrate-protein, and carbohydrate-nucleic acid interactions (see Fig. 1). Rapid advances in the field of
glycomics have been hindered by the complexity of the biomolecules involved. Oligosaccharides are structurally more complex than nucleic acids and proteins due to their frequent
branching and linkage diversity. The difficulty in isolating, characterizing and synthesizing
complex oligosaccharides has been a significant challenge to progress in the field.

Automated Synthesis of Oligosaccharides
Unlike the other major classes of biopolymers carbohydrates are often characterized by
highly branched motifs. Each monosaccharide unit has multiple sites of attachment to the
next sugar moiety. Additionally, each glycosidic linkage connecting two sugar units can
take on one of two possible isomeric forms. There are over one thousand different trisaccharides possible when the ten mammalian monosaccharides are combined. The synthesis
of oligosaccharides has been pursued for over 100 years and the key coupling, the glycosylation reaction is one of the most thoroughly studied transformations in organic chemistry
[3]. The anomeric substituent acts as a leaving group thereby generating an electrophilic
intermediate. Reaction of this species with a nucleophile, typically a hydroxyl group, leads
to the formation of a glycosidic linkage. A host of anomeric leaving groups has been
utilized in the construction of oligosaccharides. In addition to the formation of the glyco-
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sidic linkage, the multitude of functional groups (amino and hydroxyl) of similar reactivity
on each monomer emphasize the need for effective differentiation to allow for access to
branched structures. A plethora of protective groups for the masking of amino and hydroxyl
groups has been introduced. While much progress has been made, some linkages still
remain difficult to install. Particularly the synthesis of large, branched oligosaccharides
presents difficulties.
Enzymatic techniques rely on the high specificity of glycosyl transferase mediated glycosylations and are an alternative to traditional chemical synthesis [4]. Utilizing nucleotide
diphosphosugars (NDPs) as building blocks, glycosyl transferases assemble complex carbohydrates in aqueous media. A major advantage of this method is the ability to prepare
sophisticated structures without the need for protecting group manipulations on either the
building blocks or the desired product. While certain carbohydrates can be prepared using a
particular transferase, the narrow scope of transferase-mediated glycosylations necessitates
the isolation and purification of multiple enzymes to synthesize diverse structures.
The desire to streamline the synthesis of carbohydrates and allow non-experts to prepare
carbohydrates on demand has led to the design and evaluation of efficient one-pot methods.
A solution-phase orthogonal method that relies on thioglycosides as glycosyl donors is the
OptiMer strategy of Wong [5]. Analysis of the reactivity profiles for over a hundred
different thioglycosides using a computer program allows for prediction of the optimal set
of donors required to generate a given polysaccharide. The reactions are performed manually in solution with the oligosaccharide chain grown from the non-reducing to the reducing
end.
Solution-phase oligosaccharide synthesis remains a slow process due to the need for
iterative coupling and deprotection steps with purification at each step along the way. Solid
phase synthesis has proven extremely efficient for the assembly of peptides and oligonucleotides as it does not require purification after each reaction step, utilizes excess reagent
to drive reactions to completion and lends itself to automation. To alleviate the need for
repetitive purification events required during solid-phase oligosaccharide assembly, solidphase techniques have been developed [6]. Different approaches to solid-phase oligosaccharide synthesis had explored many critical aspects including the choice of synthetic
strategy, differentially protected glycosylating agents, solid support materials, and linkers
to attach the first monosaccharide to the support matrix.
We reported on the first automated solid phase oligosaccharide synthesizer in 2001 [7].
Attachment of the anomeric position of the reducing end sugar to the solid support allows
for the step-wise incorporation of one mono- or disaccharide building block at a time. The
use of UV active protective groups facilitates real time monitoring of the success of
automated synthesis as is common for the synthesis of peptides and oligonucleotides.
Glycosyl phosphates [8] and glycosyl trichloroacetimidates [9] proved to be useful building
blocks for the automated assembly that also incorporated novel linkers [10] to connect the
first sugar to the solid support. Based on innovative solutions to the protecting group, the
building block, the linker and the analysis challenge, the first automated synthesizer was
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based on a re- engineered peptide synthesizer [7]. Utilizing this automated synthesizer, a
host of biologically important oligosaccharides was prepared to demonstrate the power of
the approach. The synthesis of a complex carbohydrate like the Lex-Ley nonasaccharide
antigen that is found on tumour cells was accomplished in less than one day when compared to well over one year using the most sophisticated solution phase synthesis methods
[11].

Scheme 1. Automated solid-phase synthesis of a Ley -Lex nonasaccharide.

The currently available automated synthesizer has accelerated access to many carbohydrates several hundred-fold, still some sequences remain difficult to make and not all
oligosaccharides can be assembled on solid support yet. The most time consuming step
for the procurement of pure carbohydrates, is the synthesis of sufficient quantities of
building blocks. Those building blocks will become commercially available in the near
future and will greatly facilitate synthetic efforts. Improvements will include new building
blocks and methodologies to access all possible linkages, accelerated protocols for the
deprotection of synthetic oligosaccharides and better robotic systems that will facilitate
access to multiple carbohydrates in parallel.

Screening Interactions Involving Carbohydrates
Glycoconjugates naturally decorate the surface of mammalian cells and are involved in
cell-cell communication. Carbohydrate-protein interactions are common and carbohydratecarbohydrate interactions have been implicated. Carbohydrates also have been found to
specifically interact with bacterial RNA as is the basis for the mode of action for aminoglycoside antibiotics.
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Carbohydrate-protein interactions
Recently, high-throughput screening methods to determine carbohydrate-protein interactions have been introduced rapidly [12]. Now, access to pure oligosaccharides is the limiting factor. Automated procurement of synthetic sugars has enabled the development of
carbohydrate arrays. Many applications exist as the arrays can be used to discover novel
carbohydrate protein interactions, define the epitopes recognized by disease-related or
vaccine induced antibodies. Carbohydrate antigens for vaccine development can be identified using carbohydrate arrays. Initial carbohydrate microarrays in our laboratory focused
on a panel of mannose containing oligosaccharides (Fig. 2a) [13]. The molecules were
selected based on the glycans that decorate the viral surface envelope glycoproteins of
HIV. The arrays were composed of a series of closely related structural determinants of
(Man)9(GlcNAc)2. Using these arrays, precise profiles of the carbohydrate binding capacity
of a series of gp120 binding proteins (DC-SIGN, 2G12, Cyanovirin-N and Scytovirin) were
determined (Fig. 2b).

Figure 2a. Synthetic substructures of the triantennary N-linked mannoside including a
thiol-linker for immobilization. (Adopted from Chem. Biol. (2004) 11: 875 – 881)
[13].
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Figure 2b. Carbohydrate microarrays containing synthetic mannans 1 through 7 and
galactose, printed at 2 mM. False colour image of incubations with fluorescently
labelled ConA, 2G12, CVN, DC-SIGN and Scytovirin [13].

Figure 2c. Comparison of the binding profiles of fluorescently labelled Cyanovirin-N
and Scytovirin, with mannans 1 through 7 [13].

The binding profiles of multiple proteins can be established by presenting various structural
determinants of an important glycan on a single array, multiple proteins can be screened to
determine their binding profiles. Figure 2b illustrates the carbohydrate of two potent HIVinactivating proteins isolated from cyanobacterium, Cyanovirin-N (CVN) and Scytovirin
[13]. The results illustrate that these two proteins recognize different structural motifs
within the high-mannose series of structures arrayed. A single experiment yields significant
data and saves much time compared with conventional methods.
Carbohydrate-RNA interactions
Aminoglycosides are carbohydrate antibiotics that contain amino sugars and are composed
of two to five monomers. Clinically, these compounds are used as broad-spectrum antibiotics against a variety of important bacteria. The antibacterial effect is based on binding
of the aminoglycosides to the bacterial ribosomes, thereby inhibiting protein synthesis.
Therapeutic efficacy of aminoglycosides, however, has decreased recently due to increased
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antibiotic resistance. In recent years, the incidence of resistant bacteria has increased. In
order to combat the growing threat that bacteria pose to human safety, new antibiotics must
be identified [14].

Figure 3. Fluorescence intensity of slides incubated with 10 mM of human (18S) and
bacterial (16S) hairpin mimics of the A-site in rRNA.

Aminoglycoside microarrays were constructed by non-specific immobilization of the antibiotics onto amine reactive glass slides using a DNA arraying robot [15]. This versatile
platform was used to probe the interactions of aminoglycosides with a variety of targets.
Arrays were probed with an RNA mimic of the bacterial and human A-sites (Fig. 3).
Different RNA sequences were used to establish the microarray method to screen for
RNA binding and binding specificity.
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Carbohydrate arrays to detect bacteria [16]
Carbohydrate arrays can help to determine the carbohydrate binding specificity of intact
bacterial cells. The carbohydrate-coated array surface presents carbohydrate ligands in a
manner that facilitates multivalent binding. Cell adhesion on the arrays can be readily
visualized using cell-permeable fluorescent dyes to stain the cells' nucleic acids. The
array-based method enables assay miniaturization and requires only minimal amounts of
ligand and cells when compared to solution measurements or experiments in 96-well plates.
Carbohydrate-cell interactions can be detected in homogeneous and heterogeneous solutions that contain bacteria. Reliable detection even in complex mixtures that mimic body
fluids illustrates the potential this method may hold in the future as a pathogen-specific
diagnostic test.

Figure 4. An image of a carbohydrate array after incubation with ORN178 cells that
were stained with SYTO 83 cell-permeable nucleic acid staining dye. Each concentration was spotted with three rows of five spots. Each spot is the result of delivery of
1 nL of a 20 mM, 5 mM, 1.25 mM, 310 mM, 63 mM, or 15 mM carbohydrate-containing solution. The spot diameter is ~ 200 mm.

Synthetic Carbohydrate-Based Vaccines
Vaccines are the most powerful and cost-efficient medical intervention in the control,
prevention, and elimination of human infectious diseases [17]. Remarkable progress in
the development of vaccines against many different human pathogens including polio,
influenza, measles, diphtheria, tetanus, pertussis, varicella, mumps, rubella, hepatitis B,
Pneumococci, and Haemophilus influenza type B, has been made [18]. Vaccination has
enabled the eradication of smallpox and has decreased the incidence of once common
childhood diseases.
Despite these successes, bacterial and viral infections in humans still represent major health
problems, killing at least 15 million people annually. The search for new prophylactic and
therapeutic vaccines to combat these infections has attracted considerable attention [19],
albeit with only limited success. No effective vaccines against human parasites such as
malaria, leishmaniasis, and schistosomiasis exist [20]. Vaccines such as the Bacillus Calmette Guerin (BCG) vaccine against tuberculosis, are often of limited efficacy. Thus, it is
crucial to improve our understanding of the relevant glycan and protein antigens.
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Vaccination is a way of inducing resistance to a foreign micro-organism by specially
training the immune system. The body is exposed to innocuous biological material that
mimics the infectious agent, but does not lead to infection or serious disease. The immune
system is stimulated to generate antigen-specific antibodies and to neutralize the antigens.
Subunit vaccines contain only parts of the micro-organism. Antigenic protein or carbohydrate fragments are either purified from natural sources or produced synthetically. Subunit
vaccines against Haemophilus influenza type B, Hepatitis A and B, diphtheria, and tetanus
are currently on the market. The preparation of these types of vaccine has become possible
due to improved synthetic methodology, improved purification protocols, advances in
analytical methods, and an improved molecular and biochemical understanding of the
pathogens. Advantages of fully or semi-synthetic vaccines include homogeneous and defined composition, easy modification to produce more potent analogues, less or no toxic
side effects, and extended shelf-lives. Conjugate vaccines are an important class of subunit
vaccines that consist of carbohydrate antigens covalently linked to an immunogenic carrier
protein. Preliminary immunological studies with conjugate vaccines have already shown
promising results in the treatment of various diseases including cancer, HIV, leishmaniasis,
and malaria.
The first synthetic conjugate polysaccharide vaccine against Haemophilus influenza type B
has recently been approved and is now part of Cuba's vaccination program [21]. Many
other carbohydrate-based vaccine constructs are currently being developed and tested or are
in preclinical or clinical development [22]. Progress has been made in the development of
synthetic carbohydrate-based conjugate vaccines against cancer [23] and HIV [24] as well
as in the area of parasitic infections [25]. Synthetic carbohydrates will soon be a versatile
basis for novel vaccines.

A Carbohydrate-Based Vaccine Candidate Against
Malaria
Malaria is the most devastating tropical parasitic disease in the world with the global
number of cases continuing to rise. Together with tuberculosis and AIDS, malaria represents one of the major public health problems in more than 90 countries, mainly in tropical
and subtropical regions of the world. Approximately 40 % of the world's population lives
with the risk of contracting malaria. Each year, malaria infects 5 – 10% of humanity and
causes more than 300 million clinical cases. Mortality due to malaria is estimated to be
between one and two million deaths per year. More than 90 % of malarial infections and
deaths occur in sub-Saharan Africa, mostly affecting young children under the age of five.
Malaria represents one major cause of death in children worldwide and kills one African
child every 20 seconds.
Already in 1886, Golgi proposed the existence of a malarial toxin as the causative agent of
malarial pathogenesis [26]. The structural assignment [27] of the toxin (8, Fig. 5) was
finally possible by chemical oligosaccharide synthesis [28]. The malarial parasite P. falciparum expresses a large amount of glycosylphosphatidylinositols (GPIs) anchored to proteins on its cell surface.
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Figure 5. The GPI malaria toxin.

Malarial GPIs play a major role in the initiation and maintenance of the malarial inflammatory cascade. Initial studies, revealing that the malarial GPI can elicit an immune
response in both rodents and humans, suggest that this compound has excellent properties
for the development of an anti-toxin vaccine. Intense efforts are now underway to determine the minimal immunogenic structure and the structure-activity relationship by testing
defined GPI structures in animals [29].
Due to the structural complexity of the GPI anchors, GPIs have been the target of intense
studies. Various synthetic strategies have been developed [30]. The first chemical synthesis
of the non-toxic malarial GPI glycan without lipid residues was accomplished using a linear
solution-phase approach with six different building blocks. By combining automated solidphase synthesis and solution-phase fragment coupling assembly was accelerated [31].
To prepare an immunogen, the synthetic pseudohexasaccharide was reacted with 2-iminothiolane to introduce a sulfhydryl linker at the ethanolamine unit. The resulting glycan
was then conjugated to maleimide-activated keyhole limpet haemocyanin (KLH) as a
carrier protein and this conjugate was used to immunize mice. Initial studies [28] showed
that the synthetic malarial GPI conjugate was immunogenic in rodents, producing exactly
the same immune response as the natural product. Immunized mice generated high titre
immunoglobulin-g (IgG) to the synthetic GPI conjugate, whereas no reactivity was found in
pre-immune sera or in animals receiving sham-conjugated KLH. The anti-glycan IgG
antibodies cross-reacted with P. falciparum trophozoites and schizonts, as detected by
immunofluorescence assay, but failed to bind to uninfected erythrocytes. In contrast to
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malarial GPI, the core glycan of mammalian GPI is significantly modified [32], thus
explaining the lack of reactivity. Antibodies from mice immunized with KLH-glycan were
also able to neutralize the TNF-a level from macrophages induced by crude Plasmodium
extracts.
The murine Plasmodium berghei ANKA malaria model is the best available model for
certain aspects of lethal pathogenesis and corresponds well to several aspects of human
severe and cerebral malarial syndromes. C 57BL 6/J mice treated either with KLH-glycan
or with KLH-cysteine in Freund's adjuvant were challenged with P. berghei ANKA. All
infected sham-immunized and na ve control mice died within five to eight days with
cerebral syndromes and exhibited severe neurological dysfunctions. In contrast, mice immunized with the synthetic KLH-glycan were significantly protected against severe malaria
showing a reduced death rate. While between 58 and 75% of the vaccinated mice survived
until day 12, the survival rate for sham-immunized mice was only 0 to 9 %. The level of
parasites, however, does not differ significantly in immunized and control mice, indicating
that prevention of fatality occurs without causing death of the parasites. Synthetic, nontoxic GPIs conjugated to a protein serve as anti-toxin vaccine candidates against malaria
providing significant protection against malarial fatalities and pathogenesis.

Figure 6. GPI oligosaccharides for microarray and affinity column experiments.

The preparation of a variety of different GPI oligosaccharides (Fig. 6) that differ in the
number of mannose units has been accomplished recently [33]. These compounds currently
serve as molecular tools for the examination of the biosynthesis, antigenicity, and serology
of GPIs. The direct incorporation of a thiol group into the inositol moiety allows for the
rapid conjugation of the glycans to carrier proteins and for convenient screening on carbohydrate chips [34]. The synthetic molecules are useful candidates to investigate the substrate specificity of GPI biosynthetic enzymes. They will be used as anti-toxin vaccine
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candidates and will serve to reveal the minimal structural requirements necessary to elicit a
protective immune response. Furthermore, they will find use as molecular probes to map
epitopes of human anti-malarial antibodies and for other biological studies and will provide
the basis for first detailed structure/activity relationship studies between GPI toxins and
anti-malarial antibodies.
In summary, a variety of efficient synthetic methods for the preparation of malarial GPI
glycans have been developed recently. Using these strategies, sufficient quantities of pure
oligosaccharides can now be produced to support biochemical, biological, immunological
and medicinal investigations. A better understanding of malarial pathogenesis will eventually help to discover an effective anti-toxin vaccine.

Carbohydrate-Based Vaccine Candidate Against
Leishmaniasis
Leishmaniasis, another widespread tropical disease, is currently endemic in 88 countries on
four continents. About 350 million people live at risk of leishmaniasis with a worldwide
prevalence of 12 million clinical cases annually. The impact of leishmaniasis on public
health has been greatly underestimated so far. It is estimated that about 1.5 to 2 million new
infections and about 60,000 deaths occur each year [35].
Leishmaniasis is caused by several different species of protozoan parasites including
Leishmania donovani, L. tropica, L. infantum, L. major, and L. mexicana and is transmitted
by the bite of an infected female phlebotomine sand fly. Various forms of human leishmaniasis with a wide range of clinical symptoms and devastating consequences exist: Visceral
leishmaniasis (kala azar) is the most lethal and severe form of leishmaniasis. The disease is
characterized by regular bouts of fever, substantial loss of weight, anaemia, swelling of the
spleen and the liver, and results in death, if untreated. Mucocutaneous leishmaniasis
(espundia) produces lesions in the face that lead to partial or total destruction of mucous
membranes of nose, mouth and throat cavities as well as of surrounding tissues. Cutaneous
leishmaniasis is the most common form of the disease with 50 – 75 % of the new cases, and
is characterized by a large number of skin ulcers on the exposed part of the body. It causes
serious disability leaving the patient permanently scarred. Leishmaniasis patients are usually treated with expensive antimony drugs, which require a lengthy therapy and show toxic
side effects. Moreover, recently some Leishmania parasites have become resistant to some
of the drugs. Several vaccine candidates are currently being explored including whole
killed antigens as well as surface antigens; however, no effective vaccine has been developed to date.
The Leishmania parasites express large amounts of a complex oligosaccharide – a lipophosphoglycan (LPG) – on their cell surface. The LPG is composed of three parts, a GPI
anchor, a repeating phosphorylated disaccharide fragment, and different cap oligosaccharides. Preliminary structure-activity relationship studies have been performed and suggest
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that the cap glycan is used to attach the parasite to the digestive tract of the sand fly.
Additionally, the cap is thought to contain the epitope responsible for recognition by the
mammalian host macrophage.

Figure 7. General structure of the leishmania lipophosphoglycan (LPG).

The branched tetrasaccharide cap that is found exclusively on the cell surface of Leishmania parasites, has been selected as the target for the development of an anti-leishmaniasis
vaccine candidate. The automated solid-phase synthesis of the tetrasaccharide utilized the
stepwise incorporation of three building blocks [36].

Figure 8. Cap tetrasaccharide glycolipid for virosome formation.

Novel virosomal formulations of the synthetic oligosaccharide were prepared and evaluated
as vaccine candidates against leishmaniasis [37]. The lipophosphoglycan-related synthetic
tetrasaccharide antigen was conjugated to a phospholipid and to the influenza virus coat
protein haemagglutinin. These glycan conjugates were embedded into the lipid membrane
of reconstituted influenza virus virosomes. The virosomal formulations elicited anti-glycan
antibodies both of the IgM and the IgG class in mice. The antisera cross-reacted in vitro
with the corresponding natural carbohydrate antigens expressed by leishmania cells.
Further studies currently evaluate carbohydrate vaccine candidates for protection of dogs
from leishmaniasis.
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Conclusions and Outlook
The fundamental contributions of complex oligosaccharides and glycoconjugates to important biological processes are now understood in significant molecular detail. Specific
types of carbohydrates are expressed on the cell surface of micro-organisms, and can be
used as the basis for therapeutics, pharmaceuticals, diagnostics and vaccines. Glycans are
often dominant antigens, and carbohydrate-based vaccine constructs have already been
shown successfully to protect humans against various diseases. The isolation, purification,
and identification as well as the preparation of oligosaccharides represented a major challenge to biologists and chemists. Recent advances in carbohydrate synthesis have led to
innovative and efficient strategies facilitating the chemical and enzymatic preparation of
diverse glycoconjugates. The introduction of an automated solid-phase synthesizer has
greatly accelerated carbohydrate assembly. Linear and highly branched molecules are
now accessible on this instrument, and its versatility has been demonstrated by preparing
a series of biologically relevant oligosaccharides. These chemical approaches help to generate sufficient quantities of well-defined, homogeneous carbohydrate antigens for biological and immunological studies.
Parasitic infections, including malaria and leishmaniasis, are major public health problems,
mainly afflicting humans in the developing world. Vaccines are the most effective and
economical tool for the eradication of devastating infectious diseases, thus improving the
quality of life. The role of vaccines will become increasingly important in the future to
target infectious diseases, immunotherapy of tumours, chronic infections, autoimmunity
and allergies. Vaccine candidates against malaria and leishmaniasis are currently being
investigated. Advances in organic chemistry have led to completely synthetic carbohydratebased antigens that have been used for the preparation of vaccine conjugates. Both malaria
vaccine candidates are currently progressing through preclinical studies toward clinical
evaluation.
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Introduction
Molecular interactions, a notion which is familiar to any chemist, many a physicist, and
most biologists, probably since the early days of Emil Fischer, has been discussed enthusiastically ever since [1]. But is it worth having a workshop on this topic still today and
does it really create any new momentum “bringing it to life”? The answer, being far from
simple, I would like to split it into two parts. Firstly, I would like to reflect on the role of
molecular interactions in the contributions to the workshop, and secondly, I would like to
comment on the efforts taken in the context of the workshop, to bring chemistry to life. The
order in which the individual contributions are mentioned is not the order of the workshop
programme, but follows my personal view of the topics.

Workshop Statistics
Under the given heading Bozen 2006 was the meeting place of 36 experts in the field of
molecules. More than 70 % of them had their roots in chemistry, some 15 % in biochemistry, about 10 % in biology, and just 5 % in physics (Fig. 1).

http://www.beilstein-institut.de/bozen2006/proceedings/Wallmeier/Wallmeier.pdf
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Figure 1

From another view point, 47 % are employed by universities, 28 % by public research
institutions, and 25% by industry (Fig. 2). In other words, the majority of participants came
from universities and had a background in chemistry.

Figure 2

For most of the participants the Bozen workshop 2006 was an opportunity to present and
discuss new ideas and concepts. The chance was taken by a number of contributions.

Molecular Interactions
Interaction Partners and Scenarios
On a microscopic scale, it is molecular interaction that forms the basis for the largest part
of chemistry, as well as biology. Molecular interaction comes in diverse scenarios. At first
glance, there are scattering and reaction, or recognition and binding, using a more biolo-
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gical terminology. The interacting partners can be single atoms, small molecules, medium
sized molecules, big molecules, molecular ensembles, living cells, or even organisms. From
all possible combinations of this list (= 21+11= 22, Fig. 3), 17 have been covered by the
talks:

Figure 3

To quantify the strength of molecular interaction, the free binding (or dissociation) energy
can be used. Figure 4 shows a compilation of typical values. Quantitatively, there is no
clear distinction between non-bonding interactions and covalent bonds.

Figure 4

1

All contributions about intramolecular interactions are symbolized by the single spot in the lower
left corner.
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Real biological systems like living cells deserve some comment. By means of atomic force
microscopy it is possible to analyse the interaction of single molecules with individual
cells. In particular, one can determine the force necessary to pull a molecule off the surface
of a cell [2]. The associated work W is a measure of the height of the barrier that has to be
overcome:
W = Fxd
Here, F is the force applied and d the displacement at which rupture occurs. Unfortunately,
the situation for biological systems is rather complicated. In practice, often more than one
barrier is encountered and it is typical that barriers change, if an external force is applied
[3]. As a consequence, it is very difficult to determine free binding energies. Entropic
contributions are complicated and often not fully reproducible. There is some analogy to
(a-)relaxation phenomena in semi-crystalline polymers [4].
In addition, the definition of standard conditions with which most people are familiar, from
thermodynamics and statistical mechanics is not applicable for biological systems, because
these force experiments take place far away from equilibrium.
For the case of cell-cell connection it is known that the interaction is realized by surface
receptors and special connector molecules like the cadherins or fibronectin. As a consequence, the actual values of binding energies depend on the surface concentrations of these
molecular entities.
Structures and Interactions
Nature's capability to compose functional networks based on protein interactions with high
reliability, specificity and efficiency clearly demonstrates the potential given by the repertoire of elementary interactions that are possible for molecular structures which are not
bound covalently:
. Repulsion of closed electron shells (van-der-Waals repulsion),
. Charge-charge interactions (Coulomb interaction),
. Charge-multipole interactions,
. Multipole-multipole interactions,
. Liquid-crystal-like aromatic interaction (p-p interaction),
. Aromatic multipole-multipole coupling,
. Electronic dispersion (van-der-Waals attraction),
. Vibrational dispersion (oscillator coupling) [5],
. Entropy-related interactions (hydrophobic effect),
. Hydrogen bonding [6].
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Needless to say, molecular interactions can never be fully explained in terms of just one or
two of these types of elementary interactions.
Numerous crystal structures of proteins involved in networks have helped to uncover and
understand the variation of protein-protein interaction scenarios well approved in biological
systems throughout the course of evolution. Tom L. Blundell showed in his lecture, how
these scenarios can be used successfully to design ligands for proteins with therapeutic
relevance. In particular targeting of flexible regions of protein surfaces seems to be a
promising approach to establish new pharmacological concepts based on oscillator coupling. Even though one has to cope with relatively low binding enthalpies, entropy contributions are able to provide the specificity necessary for lead identification. A new view
of target and lead is emerging.
Oliver Seitz showed how a carefully designed chemical strategy can be used to trace
mutations in DNA in a very efficient manner. A set of specific probes pairing with the
DNA target to be analysed can be ligated to form a contiguous double strand if no mismatches (mutations) are encountered. The method has been applied successfully to identify
mutations in the RAS gene. Product inhibition after ligation of the probes is prevented by a
subsequent rearrangement reaction. The whole cascade can be seen as an example of
chemistry based on a strategic combination of interactions moving from a chemical reaction to a chemical system. The method can also be used in combination with PCR and has a
potential for predictive diagnostics.
Joelle N. Pelletier reported her efforts, to improve the understanding of enzyme-ligand
interactions which are of interest in the context of drug resistances. The active site regions
of DHFR (involved in tumours resistance against cytostatic drugs) and b-lactamase (key
role in bacterial resistance against b-lactam antibiotics) have been mutated systematically
by a combinatorial scheme. Even though resistances are a permanent threat for therapeutic
concepts and a never-ending challenge for pharmacological research, the situation is not
totally hopeless. The chemical space available to nature (here tumours and microbes) is
limited by the canonical amino acids and sometimes a finite number of carbohydrates [7].
There is a good chance to explore exhaustively the scope of affinity and specificity of those
enzymes, because they are confined to the functions they have been assigned to by evolution. NMR studies and co-crystals with ligands will surely provide deeper insight into the
interaction scenarios. However, in many cases of cancer drug resistance, drug resistance is
not a local, bilateral phenomenon (one ligand – one target), but rather a systemic issue
where transport phenomena are important [8]. In particular for the treatment of cancer,
enzymes (kinases) involved in signalling have been targeted for many years and (multi)
drug resistance occurs during medication sooner or later. There is a need, hence, to generalize and apply this kind of analyses to other classes of drug targets, e. g., the GPCRs (Gprotein coupled receptors) to support also other therapeutical concepts for cancer such as
activation of apoptosis and inhibition of angiogenesis [9].
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A remarkable interface of biology and chemistry was presented by Nediljko Budisa. Nonnatural amino acids can be introduced into the process of protein genesis of unicellular
organisms resulting in the expression of proteins. A critical aspect of sequence specificity
of protein genesis is the substrate specificity of the aminoacyl-tRNA synthetases which link
the correct amino acid covalently to the corresponding tRNA adaptors. It is known that at
least some of the aminoacyl-tRNA synthetases show a certain substrate tolerance which
allows the introduction of non-natural amino acids. Some micro-organisms, so-called auxotrophs, which depend on the uptake of amino acids that they cannot synthesize by
themselves, do incorporate 'acceptable' non-natural amino acids, at least if the original
encoded amino acid is not available to them. Thus, by adding non-natural amino acids to
the nutrition, one can systematically modify expressed proteins. In this way, sites for
specific chemical derivatization can be introduced, thereby creating a platform for combined protein genesis and protein synthesis with entirely new perspectives for protein
chemistry.
Marcey L. Waters took the audience on a tour through the subtle details of molecular
recognition. The question she has raised is, can affinity and specificity between biomolecules and synthetic peptide ligands be enhanced systematically at the same time? The most
simple model system one can think of is a peptide that folds back on itself to form a
hairpin. By NMR and other spectroscopic methods she studied the interaction of a positive
charge (Lys) with p-systems (Trp). A competition exists between the coulomb interaction
of the ammonium group with the electron density of the p-system of Trp on one hand, and
the solvation of the ammonium group together with an interaction of the slightly polarized
H-atoms of Ce with the electron density of the p-system on the other hand. Unless the
ammonium group was totally methylated (R-N¯(CH3)3), the latter conformation was always found. Analogous findings with systems containing no net charges but carbohydrates
instead of Lys show that these combinations of competing interactions based on enthalpy/
entropy balance have a substantial impact on the properties of biomolecules. It will be very
interesting to see, what other competing combinations will be found. Successful molecular
design of drugs has to take care of such constellations.
Structures of possible biological relevance do not necessarily have to consist of biomolecules. Andreas Hirsch showed how micelles with characteristic topologies and size can be
constructed systematically from non-biogenic amphiphilic molecules. Substituted fullerenes constitute the building blocks for a large variety of stable micelles which may be a
signpost for future drug delivery systems.
Sijbren Otto presented his work on the design of artificial receptors, generated by a
combinatorial strategy. To obtain optimally binding receptors for given ligands, a library
of bi-functional building blocks (cyclic peptides) is prepared. In a first step of supramolecular assembly the building blocks aggregate around the ligand molecules. In thermodynamical equilibrium, the most stable products of this recognition step can be found. The next
step is the covalent connection of the building blocks with each other by the formation of
disulphide bonds from terminal SH-groups of the building blocks. Sijbren Otto has in mind
a modular receptor model with an inner shell in direct contact with the ligand and an outer
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shell stabilizing the inner shell. This implies some kind of hierarchy of interactions which
should result in a multi-step process of ligand binding, controlled by an entropy-driven
rearrangement of the receptor. The idea is brilliant, but the realization is very hard to
achieve, especially if one is thinking of a self-optimizing scheme. The big challenge in
this undertaking comes from its two-dimensional nature. One dimension is the building
blocks' affinity to the ligand, a 'conditio sine qua' the subsequent ligation step is useless.
The other dimension is in ligation of the building blocks themselves, which is controlled by
reactivity and proper relative orientation of the building blocks. Thermodynamical equilibrium is not necessarily helpful for this second step. There is no guarantee that both
dimensions can be optimized at the same time, but the situation is not hopeless. The
building blocks have to have a sufficiently large number and suitable choice of (internal)
degrees of freedom. Finding the correct mixture is surely a formidable task, but not
precluded by the laws of thermodynamics and quantum mechanics. Probably a criterion
of selection other than thermodynamical stability has to be applied. Nature's answer to this
problem is well known. However, antibodies are much larger than just cyclic peptides and
the combinatorial aspect comes with somatic mutations. In other words, nature has a very
complex infrastructure available. Nonetheless, this kind of artificial receptors can open up
entirely new routes in pharmacology.
A very particular kind of interaction scenario was discussed by Richard A. Goldstein. He
has studied the evolution of the influenza virus since the 1918 pandemic. The course of this
evolution can be traced by a series of transfer events from birds to humans and subsequent
outbreak events. A high mutation rate is characteristic of influenza viruses, quickly changing their immunogenic characteristics. In the case of co-infections, influenza viruses can
even take up genome fragments from other viruses during replication, resulting in a
tremendous speed of evolution. It is easy to imagine, what kind of a challenge the development of vaccines represents. Understanding the systematics of observed changes in the
virus strains surely can support preventive healthcare strategies and efficient vaccine development.
Glycosylation of cellular surface proteins is a very important aspect in signal transduction
and cellular communication. Interestingly, 75 % of the known cell-surface glycosides can
be made of only 36 different carbohydrates. It is, therefore, not surprising that automation
of glycoside synthesis is a powerful infrastructure for (glyco-)biological research. Peter H.
Seeberger presented his solid-phase synthesis robot for all relevant classes of glycoconjugates. Significant improvements in bio-analytics, diagnostics, and vaccine development
have been achieved already or will come into reach in the near future. High-throughput
strategies, which are well established and successful for nucleotides and peptides, can now
be applied to this class of biomolecules, as well. A deeper understanding of interactions in
biological systems can be expected.

280
Wallmeier, H.

Molecules, Signalling and Information
In biology there is a well-known connection between molecular interaction and transfer of
(genetic) information. The two dimensions of propagation of genetic information are
replication [10] and development (Fig. 5).

Figure 5: Propagation of Genetic Information

In development there is still another mode of transfer, DNA?RNAi, which is known as a
means of control of gene expression. Furthermore, both dimensions of information transfer
are important for evolution, since selection always is effective on the level of the individuum and hence affected by replication as well as development. It should be noted that the
transfer of genetic information is strictly unidirectional. Feedback is a matter of selection.
Of course, there is also propagation of non-genetic information in living organisms:
. Chemotaxis
. Defence
. Repair
. Mating
. Consciousness [11]

Wilhelm Boland gave a very detailed insight into the mechanisms and strategies of
Arabidopsis thaliana in defence against herbivores. The emission of volatile substances
to attract enemies of the herbivore is surely an example of plant-insect communication. It
does not take too much imagination, to realize that here a focus for future research
strategies in crop sciences and veterinary pharmacology is given.
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But is interaction of molecules already a form of information transfer and communication?
At this point some clarification of the terminology seems appropriate [12]. At the lowest
level there are signals. The information is carried by structures and correlations in signal
sequences, in other words by semantics, which has to be defined before information can be
'understood'. The lowest level of understanding is the distinction from noise. In the entropyview of Shannon [13], e. g., information results from the difference between expected and
actual signals. Clearly, interaction of individual molecules is a transfer of signals. Information, however, forms at a higher level. Invoking the sender/receiver paradigm, one could
say that information originating from a sender is a set of signals which causes any change
or response in the receiver [14]. The transfer of information from chromosome to ribosome
surely matches this criterion.
The transfer of genetic information is not restricted to the replication or developmental
route. Horizontal gene transfer has played an important role ever since life appeared on
earth. Microbes and viruses are specialists in transgressing species boundaries and horizontal gene transfer was probably an important mechanism in the beginning of evolution
[15]. Today, horizontal gene transfer is about to be used as a therapeutic concept to correct
genetic disorders or deficiencies. Usually the method of viral infection is used to transfer
the desired genetic information built into a viral genome [16]. The whole process is of
paramount complexity. A huge number of possible side reactions has to be taken care of.
Since the target is always a living cell, it is hard to imagine that only a handful of
interactions are responsible for success or failure. A good example was given by Laurent
M. Humeau. He presented a gene-therapeutic approach to the treatment of HIV using a
lentiviral vector. The concept is based on generating modified T-cells that inhibit HIV
replication and has reached clinical phase II. The combination, however, of human intervention and biological mechanisms still presents a challenge [17].

Models and Representations
Models have always been important tools in understanding molecules and their interactions. Besides visualization, models can be used in the context of perturbation theory,
especially in combination with simulation techniques. Applying perturbations to model
systems and analysing the model's response is a method used in physics, chemistry, and
systems biology, complimenting the vast collections of data available today.
Having its roots in pharmacokinetics, models for biological systems, composed of differential equations are a basis to study phenomena of coupling and regulation in biology.
Athel Cornish-Bowden showed how to formulate a kinetic system which is capable of
self-repair. He raised the question “What does it mean to be alive?” to convince the
audience that life in the sense of biology still is far from being representable by models.
Even though modelling can offer deeper insights into individual aspects of life, no system
can yet be formulated that accounts for all of life's primary characteristics: self-construction, metabolism, self-repair, replication, and evolution [18].
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With respect to structure/activity relationships of molecules there is a long tradition in
chemistry and physics of model building and simulation [19]. It has been extended on the
one hand to polymers of material science and on the other hand to polymers of molecular
biology, to address the issue of predicting self-organization (e. g., protein folding) and
structure.
A crucial aspect of molecular models is the representation of the system to be studied. The
level of complexity defines the number of parameters necessary to map the situation and
phenomena of interest. This can be done in a qualitative as well as a quantitative way.
Stephen J. Haggarty proposed a graph-theoretical scheme to predict in-vivo interactions of
molecules based on cluster analysis of annotated interaction data from chemical genetics.
Descriptor representations of molecules that interact with synaptic proteins are used to
relate a network of local interactions to clusters in biological protein space. Assigning
new molecules to identified clusters of interactions and activity should offer the possibility
to predict their effect in living organisms.
For the sake of validation, models have been assigned potentials and parameters that are the
basis for rating their usefulness in analogy to the (thermodynamical) stability of real
systems. Energy minimization and relaxation are first steps of making models similar to
their real reference systems in terms of stability. In the traditional hierarchy of methods to
estimate energies of atomic and molecular systems, one starts from a quantum mechanical
model of nuclei and electrons described by the solutions (wave-functions) of a Schrdinger
equation. Looking at increasingly complex systems, one is forced to apply more and more
stringent approximations to eventually arrive at a representation with a manageable number
of parameters. Careful use of approximations helps to create models, capable of mapping
the system under investigation with a level of fidelity that still allows making useful
predictions.
Martin J. Field showed his results from studying an enzyme reaction which is a key step
in replication of Plasmodium falciparum. In the course of the reaction a purin base is
transferred from nucleic acid of the host to the nucleic acid of the pathogen. The study is
aimed at the specificity profile of this reaction to get ideas for new compounds active
against malaria. A combination of quantum chemistry for the aspects of reactivity, and
molecular mechanics for the aspects of complementarity was used. This kind of hybrid
models is surely useful to reduce the model parameterization and complexity to a reasonable size. The critical aspects, however, are related to the influence of nuclear motion. The
majority of force field parameters for the mechanical part of the model are derived from
either crystal structures or high-precision quantum chemical calculations. In any case, they
are adapted to static situations. Elementary steps of chemical reactions, however, are
determined by both, the quantum mechanical character of electrons and the dynamical
properties of the nuclear framework. This latter phenomenon is actually the domain of
scattering theory, which even standard quantum chemistry methods based on the stationary
Schrdinger equation in combination with the Born-Oppenheimer approximation cannot
describe properly. To obtain results which are mainly free of methodological artefacts, one
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has to relax the relevant part of the system along the reaction pathway step by step. At best,
this should be done by quantum chemical methods equipped with a gradient optimizer.
Another strategy, employed by Martin J. Field, to stay on the safe side, is to confine on
trends, comparing similar systems in equivalent states. Coupling the numerical results to
experimental data can then be the key to useful predictions.
The contributions of Jonathan W. Essex and Mark S.P. Sansom have shown that concepts of scaling theory have found their way successfully from pure polymer physics to the
assessment of realistic biological questions like passive diffusion through phospholipid
membranes and the dynamics of membrane proteins, including aspects of self-organization
and folding. It is not easy, however, to stay clear of model-specific concomitants. The
approximations' range of validity has to be cross-checked in every case to retain maximum
predictivity. A possible remedy could be to switch between different levels of graininess
[20]. Atomistic details are needed to find optimal local interactions coupled to high frequency periodic modes, whereas coarse grained representations can account for slower,
diffusion-like motions responsible for wider displacements. A lot of knowledge about
mechanisms of drug resistance, problems of bio-availability, and mechanism of pathogen
attack can be expected from such kinds of simulations, because dynamical phenomena are
very likely to play major roles.
Molecules have a fractal surface which is the platform for numerous phenomena based on
local interactions. In his lecture, Tim Clark took a closer look at the role of molecular
surfaces in biological communication. In particular, he is seeking the relationships between
surface properties of ligands and their functions in biological systems. The starting point is a
classification of the ligands in terms of surface features. As the basis for representation of
molecular surfaces he takes linear combinations of spherical harmonics Yml. The advantage
of such an expansion, either one-centre or multi-centre, is the completeness of the basis.
Furthermore, geometrical interpretation of the leading terms provides a very pictorial representation of the relationships and can easily be translated back into structural features due to
the directionality of spherical harmonics. This is a great improvement with respect to the
classical triangulation-based methods of surface representation, which, with the exception of
mere surface area, are much harder to interpret. It will be interesting to see what kind of
structure-activity relations can be extracted on the basis of such a kind of representation.
Another intramolecular interaction scenario was analysed by Jonathan P. Clayden. He has
synthesized oligomeric aromatic amides that arrange the relative orientation of the amide
moieties by dipole-dipole interaction. Interestingly, the amide orientation can be propagated along the sterically stiffened backbone of the molecules through at least 22 bonds.
There is evidence that the conformational state can even be induced to neighbouring
molecules. Again, this is an example of signal propagation that can be used in principle
for the purpose of information transfer and storage, including switchable dyes. Apart from
nanotechnological applications, one can think of quite a different type of use in synthetic
chemistry. The phenomenon described could be used to create tunable catalysts that can be
modified during the course of a catalysed synthetic process by either external control or
feedback.
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Gisbert Schneider presented his efforts in the search for new active compounds derived
from natural products, a strategy, which has experienced renewed interest [21] only recently. His particular strategy is to change the backbone architecture for given reference
compounds, which results in a redefinition of the lead structure concept. A 2- or 3-point
representation of the pharmacophore serves as a search template against a structure database of active compounds. Similarity is measured based on a virtual ligand scheme, scoring
interactions for optimal orientations, much as it is realized in the LUDI algorithm [22].
Obviously, the algorithm is optimized for high-throughput search, taking into account only
the most striking aspects of the pharmacophore. It remains to be seen, whether such
minimal representation can account sufficiently for the requirements in affinity and specificity needed for new drugs.

Bringing Chemistry to Life
Looking at the universities of this world, a decreasing number of chemistry departments
can be observed. The primary reason for this is an ever decreasing number of students. Is
chemistry going to be obsolete? Surely not! Whatever the research related to molecules is
about; chemical synthesis will have to be conducted. The question is, however, where will
solutions to problems arising in chemistry come from. Will they be given by chemistry
itself, or will physics and/or biology provide them? An answer can be obtained from
chemistry's history. In its origin, chemistry was a life science. Being busy with increasingly
complicated syntheses, however, many a chemist gradually lost the link to this root. But the
situation in cancer, hereditary diseases, and viral infections still requires better means of
handling and treating molecules. Especially in vivo, molecular interactions need to be
controlled more precisely, as can be seen, e. g. in gene therapy.
Where else could be the future direction of chemistry? If you look at the history of carbonfeedstock used by chemical industry, some trend can be observed. In the early days of
industrialization in the 19th century, the primary material source was coal. Organic syntheses started with the activation of the C-H bond in acetylene. Later, in the 'golden age of
chemistry', which started with Woodward and is to end only now, the primary source was
petroleum, and chemical synthesis was mainly about activating allylic and vinylic C-H
bonds. A huge amount of phenomena and corresponding explanations have been worked
out around these two types of bonds. But the resources of petroleum are limited. Its present
double role as carbon feedstock for chemical synthesis and source of energy, petroleum
will not be able to maintain for ever. Other materials, preferentially renewable ones, will
become more and more important. Already today, methanol is the basic chemical with the
largest world production (32 Mio. tons/year). To start chemical syntheses with methanol,
biogas, or other kinds of biomass, the alkylic C-H bond is the target of activation. In the
past, this type of bond has not been in the focus of interest because it is not so easy to
activate as the two other types mentioned. Therefore, future research in chemistry could
focus on activation and selectivity in the chemistry of alkylic C-H bonds.
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The Bozen 2006 workshop has renewed confidence that chemistry can contribute a lot to
all these kinds of problems. In any case, interdisciplinarity will be of ever-growing importance. Let me conclude, therefore, with a citation from the German physicist Georg
Christoph Lichtenberg (1742 – 1799) [23]:
“Wer nur Chemie versteht, versteht auch die nicht recht.”
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Tom Blundell's research interests are in the definition of the architecture of macromolecules and their assemblies and the relation to biological function and diseases including
cancer. Techniques used in his laboratory include biochemistry, protein crystallography and
bio-computing. He has used X ray crystallography to define the structures of multiprotein
complexes involved in DNA repair, conformations of polypeptide hormones, growth factors and their receptors, the architecture of cellular signalling systems, the structures of
enzymes that are important drug targets and the three dimensional structures of vertebrate
lens proteins, the crystallins.
These interests have led to work on rational approaches to drug design. Tom has pioneered
methods of structure-based design in 1970s, 1980's and early 1990's. In the past decade he
has developed high throughput and fragment-based approaches to drug discovery and cofounded a successful company Astex.
Tom Blundell has published over 400 research papers (over 30 in Nature and Science).
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Nediljko Budisa
studied Chemistry, Biology, Molecular Biology and Biophysics at the University of Zagreb
(Croatia). He made his PhD work in the laboratory of Robert Huber at the Max-PlanckInstitute of Biochemistry in Martinsried and defended his PhD thesis (summa cum laude) in
1997 at the Technical University, Munich. During PhD work he initiated an independent
project on protein design and engineering by an expanded amino acid repertoire. These
works were further elaborated and extended during his Postdoctoral work (1997-2000) in
Martinsried in the laboratories of Robert Huber and Luis Moroder. Later on, during 2000,
he succeeded to establish a departmental research team for protein engineering and in
parallel made habilitation work (finished 2005) at the Technical University in Munich.
He started an independent research Group 'Molecular Biotechnology' at the Max-PlanckInstitute of Biochemistry after receiving the prestigious BioFuture Award of the German
Ministry for Research and Education in 2004.
Nediljko Budisa's research at the interface of chemistry and biology is mainly concerned
with the possibilities to generate novel generic classes of amino acids by using synthetic
chemistry, bio-computing and target-engineered metabolic circuits. Such novel amino acids
should enable an expansion of the genetic code in the context of a reprogrammed protein
translation. The final goal is to create designer molecules and cells carrying out novel
properties optimized for user-defined environments or to engineer a genetic code such that
proteome-wide substitutions/insertions of synthetic amino acids can yield a synthetic life
with new chemical possibilities.
Athel Cornish-Bowden
carried out his undergraduate studies at Oxford, obtaining his doctorate with Jeremy R.
Knowles in 1967. After three post-doctoral years in the laboratory of Daniel E. Koshland,
Jr., at the University of California, Berkeley, he spent 16 years as Lecturer, and later Senior
Lecturer, in the Department of Biochemistry at the University of Birmingham. Since 1987
he has been Directeur de Recherche in three different laboratories of the CNRS at Marseilles. Although he started his career in a department of organic chemistry virtually all of
his research has been in biochemistry, with particular reference to enzymes, including
pepsin, mammalian hexokinases and enzymes involved in electron transfer in bacteria.
He has written several books relating to enzyme kinetics, including Analysis of Enzyme
Kinetic Data (Oxford University Press, 1995) and Fundamentals of Enzyme Kinetics (3rd
edition, Portland Press, 2004). Since moving to Marseilles he has been particularly interested in multi-enzyme systems, including the regulation of metabolic pathways. More
generally, he has long had an interest in biochemical aspects of evolution, and his semipopular book in this field, The Pursuit of Perfection, will be published by Oxford University Press in 2004.
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Tim Clark
was born in southern England and studied chemistry at the University of Kent at Canterbury, where he was awarded a first class honors Bachelor of Science degree in 1969. He
obtained his Ph.D. from the Queen's University Belfast in 1973 after working on the
thermochemistry and solid phase properties of adamantane and diamantane derivatives.
After two years as an Imperial Chemical Industries Postdoctoral Fellow in Belfast, he
moved to Princeton University as a NATO Postdoctoral Fellow working for Paul Schleyer
in 1975. He then followed Schleyer to the Institut fr Organische Chemie of the Universitt
Erlangen-Nrnberg in 1976. He is currently technical Director of the Computer-ChemieCentrum in Erlangen. His research areas include the development and application of
quantum mechanical methods in inorganic, organic and biological chemistry, electrontransfer theory and the simulation of organic and inorganic reaction mechanisms. He is
the author of 250 articles in scientific journals and two books and is the editor of the
Journal of Molecular Modeling and founding director of Cepos InSilico Ltd., a company
jointly owned by the Universities of Erlangen, Southampton, Portsmouth and Aberdeen.
Jonathan Clayden
was born in Uganda in 1968, grew up in eastern England and in 1989 received a degree in
Natural Sciences from the University of Cambridge. He carried out research on asymmetric
chemistry of phosphine oxides under the supervision of Dr Stuart Warren and was awarded
a PhD in 1993. After a period in the laboratories of Prof. Marc Julia at the Ecole Normale
Suprieure in Paris he began his independent academic career as a lecture at the University
of Manchester in 1994. He was appointed to a professorship in Manchester in 2001. He has
published over 100 papers, and his research interests encompass various areas of synthesis
and stereochemistry, particularly where conformational control is important. His current
research projects are addressing the themes of asymmetric synthesis, dearomatising reactions, atropisomerism, organolithium chemistry, and remote stereocontrol.
He is co-author (with Nick Greeves, Stuart Warren and Peter Wothers) of the textbook
Organic Chemistry, (Oxford Univ. Press 2001), and his book Organolithiums: Selectivity
for Synthesis was published by Pergamon in 2002. He has received the Royal Society of
Chemistry's Meldola (1997) and Corday Morgan (2003) medals, along with the GlaxoSmithKline Prize for Innovative Organic Chemistry (1998), the AstraZeneca Prize (2001),
the Pfizer Prize (2001) and the Novartis Young European Investigator Award (2004). He
was Royal Society Leverhulme Trust Senior Research Fellow 2003-4, and has been visiting
professor at the Universities of Rouen, Bordeaux and Strasbourg. He is editor in chief of
Beilstein Journal of Organic Chemistry.
Jonathan W. Essex
is a Reader in the School of Chemistry at the University of Southampton, having been a
Royal Society University Research Fellow from 1994-2002. His research interests lie in the
application of classical computer simulations to problems of organic & biochemical inter-

290
Biographies

est. His research may be broadly divided into three main areas. First, protein-ligand
systems have been studied, not only to allow calculation of binding affinities, but also to
predict the structures of these complexes. Most recently, he has developed novel and
efficient methods for calculating binding free energies based on replica exchange methodology, and also approaches for incorporating receptor flexibility in protein-ligand docking.
Second, phospholipid bilayers have been simulated using molecular dynamics computer
simulations. Using atomistic models, he has been able to calculate the permeabilities of
small molecules and drugs in phospholipid membranes, and he is also developing coarsegrained membrane models based on the Gay-Berne model of liquid crystals. Third, digital
signal processing methods have been developed to study conformational change in protein
systems. Using this methodology, large-scale conformational motions not accessible over
the timescales of conventional simulations, have been observed. These include the movement of the M20 loop of DHFR from the closed to the occluded conformation, and the
opening of the flaps in HIV-protease. Dr Essex is the recipient of numerous research grants,
from both the Research Councils and industry.
From 2001-2005, Dr Essex was the European Editor of the Journal of Molecular Graphics
& Modelling, and he currently serves on the Editorial Board of the Journal of Computer
Aided Molecular Design. He is a member of the EPSRC college (2006-2008), a member of
the Hector Project Working Group, and a former Chairman and current committee member
of the international Molecular Graphics & Modelling Society. Over the last few years he
has been invited to speak at a number of national and international conferences, including
two CECAM meetings in Lyon, a CERC3 meeting in Portugal, an N+N meeting in
Washington DC, an EMBO workshop in Shanghai, and a FEBS course in Tromso, Norway.
He was awarded the 2002 Marlow Medal by the Royal Society of Chemistry.
Richard A. Goldstein
obtained his Ph.D. using experimental and computational methods to study electron transfer
in bacterial photosynthesis. After a brief stay teaching Physics in China, he worked with
Peter Wolynes developing methods to predict protein tertiary structures. Since moving to a
faculty position at the University of Michigan, he has worked on understanding the relationship between a protein's structure, function, and other properties and the evolutionary
processes through which these properties emerged. These efforts have included methods of
identifying and aligning distant protein homologs, examining the evolutionary record of
related sets of proteins in order to determine characteristics of specific proteins, developing
better models for phylogenetic reconstruction, and using simplified theoretical and computational models to develop deeper insights into the evolutionary process. Dr. Goldstein is in
the process of leaving the University of Michigan and moving to Siena Biotech, a new
Biotech company in Siena, Italy, where he will be leading the bioinformatics section.
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Stephen J. Haggarty
is an Instructor in Neurology at Harvard Medical/Massachusetts General Hospital and Head
of Chemical Neurogenetics at the Broad Institute of Harvard University and MIT. He
received a Bachelor of Science degree in Genetics from the University of British Columbia,
Vancouver in 1997, and his Ph.D. in Biochemistry in 2003 from Harvard University in the
laboratory of Dr. Stuart Schreiber. Dr. Haggarty's uses chemical genomics and molecular
approaches to identify novel targets for the development of therapeutics for central nervous
system disorders and for the functional characterization of candidate genes linked to
neuropsychiatric disorders.
His group has developed high-throughput screening technology for identifying chemical
that modulate synapse formation, morphological properties of primary neurons and differentiated stem cells, and neurophysiological activity. The Haggarty group has also developed computational tools for understanding and exploring high-dimensional datasets and
networks of chemical-genetic interactions. Collectively these efforts will expand the molecular and cellular 'toolbox' available for understanding a variety of human diseases.
Martin G. Hicks
is a member of the board of management of the Beilstein-Institut. He received an honours
degree in chemistry from Keele University in 1979. There, he also obtained his PhD in
1983 studying synthetic approaches to pyridotropones under the supervision of Gurnos
Jones. He then went to the University of Wuppertal as a postdoctoral fellow, where he
carried out research with Walter Thiel on semi-empirical quantum chemical methods. In
1985, Martin joined the computer department of the Beilstein-Institut where he worked on
the Beilstein Database project. His subsequent activities involved the development of
cheminformatics tools in the areas of substructure searching and reaction databases, and
products such as Current Facts and CrossFire. After brief sojourns as the managing director
of the Beilstein Verlagsgesellschaft in 1997 and subsequently the Beilstein GmbH from
1998 – 2000, he returned home to the Beilstein-Institut as head of the funding department
in 2000. His interests and responsibilities range from organizing the Beilstein Bozen Workshops with the aim of furthering interdisciplinary communication between chemistry and
neighbouring scientific areas to the publication of the Beilstein Journal of Organic Chemistry.
Laurent M. Humeau
Laurent M. Humeau is the Senior Director of Research and Development at VIRxSYS
Corporation. He leads a multi-disciplinary group composed of talented researchers with
extensive expertise in cell biology, immunology and lentiviral vector design. Dr. Humeau
conducted his graduate studies at the Department of Gene Transfer and Cellular Therapy at
the Institute Paoli-Calmettes Cancer Center in Marseille, France, and at the DNAX Research Institute in Palo Alto, California. After receiving his Ph.D. in Blood Cell Biology
(Summa Cum Laude) in 1997 from the University Denis Diderot, Paris, France, Dr.
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Humeau did his post doctoral formation at the University of California at San Francisco,
where he focused on in vitro multi-lineage hematopoietic stem cell development assays,
gene transfer and in utero transplantation. Since he joined VIRxSYS Corporation in 2000,
Dr. Humeau has been in charge of the development of new and highly efficient transduction procedures that are clinically translatable, as well the development of in vitro and/or in
vivo assays that are used for the generation of data for the clinical trials. His group was also
in charge of the design and implementation of the large scale Cell Processing and related
quality control procedures currently used in the company phase II clinical trials.
Carsten Kettner
studied biology at the University of Bonn and obtained his diploma at the University of
Gttingen in the group of Prof. Gradmann which had the pioneering and futuristic name –
“Molecular Electrobiology". This group consisted of people carrying out research in electrophysiology and molecular biology in fruitful cooperation. In this mixed environment, he
studied transport characteristics of the yeast plasma membrane using patch clamp techniques. In 1996 he joined the group of Dr. Adam Bertl at the University of Karlsruhe and
undertook research on another yeast membrane type. During this period, he successfully
narrowed the gap between the biochemical and genetic properties, and the biophysical
comprehension of the vacuolar proton-translocating ATP-hydrolase. He was awarded his
Ph.D for this work in 1999.
As a post-doctoral student he continued both the studies on the biophysical properties of the
pump and investigated the kinetics and regulation of the dominant plasma membrane
potassium channel (TOK1). In 2000 he moved to the Beilstein-Institut to represent the
biological section of the funding department. Here, he is responsible for the organization of
symposia (sic!), research (proposals) and development of new products, such as a medical
plant database, considering the ideas of the Beilstein-Institut. He also co-ordinates the work
of the STRENDA commission which is concerned with the standardization of enzyme data
(see also www.strenda.org).
Sijbren Otto
received his M.Sc. (1994) and Ph.D. (1998) degrees cum laude from the University of
Groningen in the Netherlands. He worked on physical organic chemistry in aqueous solutions in the group of Prof. Jan B. F. N. Engberts. In 1998 he moved to the United States for
a year as a postdoctoral researcher with Prof. Steven L. Regen (Lehigh University, Bethlehem, Pennsylvania) investigating synthetic systems mediating ion transport through lipid
bilayers. In 1999 he received a Marie Curie Fellowship and moved to the University of
Cambridge where he worked for two years with Prof. Jeremy K. M. Sanders on dynamic
combinatorial libraries. In October 2001 he started his independent career as a Royal
Society University Research Fellow at the same university. Apart from dynamic combinatorial chemistry his current research interests include molecular networks, drug targeting
and molecular recognition at the lipid bilayer interface.
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Joelle N. Pelletier
Joelle Pelletier obtained her PhD with honours at McGill University Biochemistry in 1996.
Her doctoral work was recognized by the Bernard-Belleau Research Prize. She undertook
postdoctoral work first as a FQRNT Fellow under the guidance of Stephen Michnick at
Universit de Montral Biochemistry where their pioneering work on high-throughput
detection of protein-protein interactions by PCA gave rise to Odyssey Pharmaceuticals
(USA). She went on to Universit t Z rich Biochemistry as an NSERC Fellow under the
guidance of Andreas Pl ckthun to develop high-throughput enzyme selection using ribosome display. Hired at the Chemistry Department of Universit de Montral in late 1999 as
a FQRNT Research Fellow, her research program in Bio-Organic Chemistry is centred on
enzyme engineering. Her research group is multidisciplinary, where chemistry, structural
biology, molecular biology and bioinformatics meet to explore the area of ligand selectivity. Joelle is a founding member and current Board member of the Canadian Green
Chemistry Network.
Gisbert Schneider
studied biochemistry at the Free University (FU) of Berlin, Germany. From 1991 to 1994
he prepared his doctoral thesis on machine learning systems for peptide de novo design as a
fellow of the Fonds der Chemischen Industrie. From 1994 to 1997 he performed postdoctoral research at the FU Berlin (design of artificial antigens), the University of Stockholm, Sweden (analysis of mitochondrial targeting sequences), the Massachusetts Institute
of Technology, Cambridge, MA, USA (empirical potentials for protein folding simulation),
and the Max-Planck-Institute of Biophysics in Frankfurt, Germany (sequence-based prediction of membrane proteins), which was supported by Boehringer-Ingelheim Fonds fellowships. During this time, a common theme of his work was the development and
application of artificial neural network models and evolutionary algorithms for amino acid
sequence analysis and peptide design. In 1997 he joined the pharmaceuticals division of
F.Hoffmann-La Roche AG in Basel, Switzerland, where he became Head of Cheminformatics. Since 2002 he is a full professor of Chem- and Bioinformatics (Beilstein Endowed
Chair of Cheminformatics) at Johann Wolfgang Goethe-University in Frankfurt, Germany,
where he concentrates on the development and application of software methods for virtual
screening and molecular design. He has published more than 100 scientific papers and
patents, co-edited three multi-author books, and co-authored a textbook on adaptive systems in molecular design. He is editor of the journal “QSAR and Combinatorial Science",
and member of the editorial advisory boards of the journals “Chembiochem" and “Current
Chemical Biology". Milestones of his research include the combination of artificial neural
networks as fitness functions for evolutionary molecular design, and the first automated
ligand-based de novo design of a novel potassium channel blocker.
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Peter H. Seeberger
received his Vordiplom in 1989 from the Universit t Erlangen-N rnberg, where he studied
chemistry as a Bavarian government fellow. In 1990 he moved as a Fulbright scholar to the
University of Colorado where he earned his Ph.D. in biochemistry under the guidance of
Marvin H. Caruthers in 1995. After a postdoctoral fellowship with Samuel J. Danishefsky
at the Sloan-Kettering Institute for Cancer Research in New York City he became Assistant
Professor at the Massachusetts Institute of Technology in January 1998 and was promoted
to Firmenich Associate Professor of Chemistry with tenure in 2002. In June 2003 he
assumed a position as Professor for Organic Chemistry at the Swiss Federal Institute of
Technology (ETH) in Zurich, Switzerland and a position as Affiliate Professor at the
Burnham Institute in La Jolla, CA where he is currently directing research programs with
about 30 coworkers. Professor Seebergers research has been documented in over 115
articles in peer-reviewed journals, thirteen issued patents and patent applications, more
than 70 published abstracts and more than 250 invited lectures. Among other awards he
received the Technology Review Top 100 Young Innovator Award (1999), MITs Edgerton
Award (2002), an Arthur C. Cope Young Scholar Award and the Horace B. Isbell Award
from the American Chemical Society (2003), the Award of the European Society of
Combinatorial Sciences (2005) and the Carbohydrate Research Award (2005). In 2004 he
received the Otto-Klung Weberbank Prize for Chemistry. Peter H. Seeberger is the Editor
of the Journal of Carbohydrate Chemistry and serves on the editorial advisory boards of
seven other journals. He is a founding member of the board of the Tesfa-Ilg Hope for Africa
Foundation that aims at improving health care in Ethiopia in particular by providing access
to malaria vaccines and HIV treatments. He is a consultant and serves on the scientific
advisory board of several companies. The research in professor Seebergers laboratory has
resulted in two spin-off companies: Ancora Pharmaceuticals (founded in 2002, Medford,
USA) is currently developing a promising malaria vaccine candidate in late preclinical
trials as well as several other therapeutics based on carbohydrates. i2chem (founded in
2005, Cambridge, USA) develops integrated microchemical systems based on silicon microreactors.
Oliver Seitz
was born 1966 in Frankfurt a. M. and studied chemistry at Johannes-Gutenberg University
in Mainz. He carried out his doctoral thesis in organic chemistry under the supervision of
Professor Horst Kunz (1992-1995). After postdoctoral studies with Professor Chi-Huey
Wong at the Scripps Research Institute in La Jolla, California (1996-1997) he started
independent work at the Technical University Karlsruhe. In 2000 he moved to the MaxPlanck-Institute of Molecular Physiology in Dortmund where he led a group in the Department of Chemical Biology. He was appointed to the Chair of Bioorganic Synthesis at the
Institute of Chemistry at Humboldt-Universit t zu Berlin in 2003.
Oliver's research interests include the synthesis and modification of nucleic acids, proteins
and peptides and carbohydrates as new tools for biological studies. Current research projects involve among others the development of new probes for genotyping, DNA-directed
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chemistry, DNA-methyltransferases, cellular signal transduction and proteome profiling.
He has been the recipient of Liebig- and Heisenberg Fellowship, of the Bennigsen-Foerder
Award and the Lilly-Lecture Award.
Holger Wallmeier
obtained his PhD 1982 in Theoretical Chemistry from the University of Bochum (D) in the
Group of Prof. Kutzelnigg with a thesis on relativistic quantum chemistry. In 1984 he took
over a position at Hoechst AG in Frankfurt in the Scientific Computing Department of
Corporate Research where he worked in computer-assisted drug design, simulation of
biomolecular systems, and software development. 1997 he founded the bioinformatics
group at Hoechst Research & Technologies GmbH and was appointed head of the Core
Technology Area Biomathematics in 1998. Since than he has initialized and supervised
numerous projects in bioinformatics, proteomics, expression analysis, development of bioanalytical software, and text mining. He has published a number of papers in quantum
chemistry, structure/activity relationships, and protein structure prediction. Since 2003 he
works for Sanofi-Aventis Deutschland GmbH.
Marcey L. Waters
earned her bachelors degree in chemistry from the University of California at San Diego in
1992 where she did undergraduate research in physical organic chemistry with Professor
Charles Perrin as a Howard Hughes fellow. During this time she also spent two summers
doing research in organometallic chemistry with Gerard Parkin at Columbia University as
an NSF REU fellow. She completed her PhD in 1997 in organometallic chemistry with
Professor William Wulff at the University of Chicago, sponsored in part by an ACS
Division of Organic Chemistry fellowship. She then spent two years as an NIH postdoctoral
fellow in Professor Ronald Breslows lab at Columbia University working in the area of
biomimetic chemistry. She started her independent career at UNC Chapel Hill in 1999 and
was promoted to associate professor in 2005. She has continued on in the field of biomimetic chemistry, studying noncovalent interactions in peptide structure and function, and
using structured peptides as mimics of protein domains for biomolecular recognition. She
has earned several awards during her career, including an NSF Career Award and Sloan
Fellowship.
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