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ABSTRACT

It is widely believed that most drug molecules are transported across
the phospholipid bilayer portion of biological membranes via passive
diffusion at a rate related to their lipophilicity (expressed as log P, a
calculated c log P or as log D, the octanol:water partition coefficient).
However, studies of this using purely phospholipid bilayer membranes
have been very misleading since transfer across these typically occurs
via the solvent reservoirs or via aqueous pore defects, neither of which
are prevalent in biological cells. Since the types of biophysical forces
involved in the interaction of drugs with lipid membranes are no
different from those involved in their interaction with proteins, argu-
ments based on lipophilicity also apply to drug uptake by membrane
transporters or carriers. A similar story attaches to the history of me-
chanistic explanations of the mode of action of general anaesthetics
(narcotics). Carrier-mediated and active uptake of drugs is far more
common than is usually assumed. This has considerable implications
for the design of libraries for drug discovery and development, as well
as for chemical genetics/genomics and systems chemistry.

http://www.beilstein-institut.de/Bozen2008/Proceedings/Kell/Kell.pdf
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INTRODUCTION

As is well known (e. g. [1 —4]), attrition rates of drugs in pharmaceutical companies remain
extremely high, and nowadays this is mainly due either to lack of efficacy or for reasons of
toxicity. Arguably these issues are mainly due to the fact that drug candidates are typically
isolated on the basis of their potency in a screen against a molecular target, and only
subsequently are they tested in organisms in vivo. Since most modern targets have enjoyed
some degree of validation using e.g. genetic knockouts, it is likely that the problem of
ostensible potency in vitro but lack of efficacy in vivo is not so much with the target but with
the ability of the drug to find the target. In a similar vein, if drugs are accumulated to high
levels in particular tissues via the action of active solute transporters [5—7], it is the cellular
and tissue distributions of the relevant carriers, rather than any general biophysical properties
of the drugs of interest, that largely determine differential tissue distributions. An overview
of this article is given in Figure 1. We begin by rehearsing some of the relevant arguments.

Rule-of-5
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Figure 1. An overview of this article in the form of a ‘mind map’ [8].

How DRruGs Cross CELL MEMBRANES

The prevailing view of cell membranes, popularised in Singer and Nicolson’s celebrated
paper of 1972 [9], is that of polytopic proteins floating (and diffusing) in a ‘sea’ of
phospholipid bilayer, as illustrated in the cartoon of Figure 2.
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Figure 2. A simple cartoon of two means by which a molecule such as a drug (D) may
cross a cellular membrane, either by diffusing through the phospholipid bilayer por-
tion (a, b) or being taken up via a carrier (¢) (or both).

While the main elements of this are broadly accepted, two features are of note. First, the
protein:lipid ratio in membranes (by mass) is typically 1:1 and may be 3:1 [10], and
secondly that most lipids are partially or significantly influenced by the presence of the
protein component (and vice versa [11, 12]). However, the cartoon serves to cover the nexus
of this article, viz. the question of whether drugs mainly cross cellular membranes via
passage through the phospholipid bilayer portion or using carrier-mediated transport. Be-
cause it may be active, i.e. coupled to sources of free energy, the latter in particular, modulo
the existence of any membrane potential differences between compartments, is capable of
effecting considerable concentrative uptake. The question then arises as to whether there are
molecular or biophysical properties of drugs that can serve to explain their rate of transfer
across biological membranes.

‘LIPOPHILICITY’ AS A CANDIDATE DESCRIPTOR FOR RATES OF
DRUG TRANSPORT ACROSS BIOMEMBRANES

From the time of Overton [13] it has been recognised that the transmembrane permeability
of non-electrolytes correlates well with their olive oil (nowadays octanol): water partition
coefficients, typically referred to as log D or log P (A more recent example with data can be
found in [14]). Thus there has been a tendency to assume that this gives a mechanistic
explanation by which such solutes must ‘dissolve’ or partition into the bilayer portion of
such biological membranes in order to cross them. Actually it means no such thing, as the
biophysical forces and mechanistic acts (e. g. making and breaking of H-bonds) required for
‘partitioning’ into appropriately hydrophobic protein pockets are the same, and so such
correlations may also mean that solute transfer is protein-mediated (and see below).

LirinskI's “RULE OF FIVE” FOR DESCRIBING DRUG
BIOAVAILABILITY

As indicated above, drugs will only work when they can reach and thereby interact with
their ‘targets’, and a first step in understanding this relates to their so-called ‘bioavailability’
[15—17], a term that covers (among others things) solubility, absorption and permeability.
Indeed, it was the need to understand bioavailability that led Lipinski to devise his famous
‘rule of five’ (Ro5) [18]. The Ro5 predicts that poor absorption or permeation is more likely
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when there are more than 5 H-bond donors, 10 H-bond acceptors, the molecular weight
(MW) is greater than 500 and the calculated Log P (CLogP) is greater than 5. While
empirical, the Ro5 has been massively important in influencing thinking about the kinds
of molecules companies might which to consider in designing drug screening libraries and
the subsequent drugs [4, 19—21]. Clearly it recognises the need to balance the forces that
enable a molecule to be at once both sufficiently hydrophilic to dissolve adequately in
aqueous media with a requirement to be sufficiently lipophilic to penetrate to or via more
hydrophobic environments. It was also explicitly recognised [18] that the Ro5 did not apply
to carrier-mediated uptake, and that many/most natural products ‘disobey’ the Ro5 (In the
more recently developed fragment-based screening — see e.g. [22, 23] — there is an even
more stringent ‘rule of three’ [24]). Log P in its various incarnations is thus seen as a very
important property of a candidate drug molecule, although as a macroscopic property it is
not entirely obvious how this would be terribly predictive of drug distributions.

BILAYER OR BLACK LiriD MEMBRANES

Notwithstanding this, the long history of the relation between permeability and log P,
coupled to the implication that it simply involves dissolving in a hydrophobic environment
while crossing from one aqueous phase to another in vivo, has meant that many have sought
to simplify the understanding of transmembrane molecule transport by studying it in bilayer
or ‘black’ lipid membranes (BLMs) [25 —28] lacking protein (Fig. 3).

Black (Bilayer) Lipid Membranes (BLMs)

/ Pore over which is
painted a solution of

BLM phospholipids and
IN (maybe) ‘oxidised
ourt cholesterol’ in an
\ solvent organic solvent

Transmembrane transport can be assessed by adding a substance ‘outside’
and observing the kinetics of its appearance ‘inside’ (or vice versa)

Figure 3. The principle of formation of conventional BLMs
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The problems with this kind of system are (i) that most BLMs are formed using organic
solvents, and the residual solvent reservoirs (forming an annulus as the edge of the BLM, see
Fig. 3) provide a vehicle for transport that does not involve the phospholipid bilayer, and (ii)
that many BLMs exhibit aqueous pore defects that biomembranes do not (see also [29, 30]),
some potentially induced by solutes themselves, and that these permit transport that does not
therefore involve dissolution in any phospholipid (e.g. [31—38]). Indeed, the enormous
Born charging energy for transferring electrostatic charge across any low dielectric medium
is prohibitive to the trans-lipid transport of ionic charges [39, 40]. Consequently, it is rather
doubtful whether such model systems possess the properties necessary for them to act as a
useful guide for the mechanisms of transport via natural membranes. The rate of transport of
drugs across more recently devised lipid-only membrane systems is also only weakly
correlated with the transport of the same molecules across biological membranes (see e. g.
[7, 41 —44)]).

THE MECHANISM OF ACTION OF GENERAL ANAESTHETICS
(NARCOTICS)

Correlation is of course a poor guide to mechanism or causality, and another example where
there are excellent correlations between bioactivity and lipophilicity, but where these have
proved mechanistically highly misleading, is represented by the mode of action of narcotic
agents ("general anaesthetics’). Starting with the studies of Meyer [45] and of Overton [46]
(see also [47]), a close relationship between lipophilicity (lop D) and narcotic potency was
established. The almost complete lack of a structure-activity relationship over 5 orders of
magnitude (but cf. [48, 49]) led many to assume that a simple biophysically based partition-
ing of anaesthetic molecules into cell membranes (followed, presumably, by some kind of
inhibitory pressure-induced effect on membrane ion channels) could account for narcosis
[50] (and also tended to imply a unitary mechanism). However, a number of molecules
deviate considerably from this picture, and some isomers with similar biophysical properties
have very different anaesthetic potencies [51 —53]. Now, the biophysical forces underpin-
ning the interaction of such molecules with lipids are no different from those describing
interactions with proteins [54], and indeed equivalent interactions of these molecules with
fully soluble (non-membranous) proteins (e.g. [55— 58], including direct structural evidence
for binding [57, 59], and the correlation between specific receptor binding (e.g. [60]) and
potency in specific mutant mice [61] (and see [62]), mean that this view is no longer
considered tenable (e.g. [54, 63 —70]), and it is now recognised that general anaesthetics
of different functional classes have a variety of proteinaceous targets [54, 71], in particular
GABA 4 receptor subtypes [72, 73]. Indeed, even such a small molecule as ethanol is now
recognised as having relatively specific receptors [74]! Lipophilicity, and a gross analysis of
chemical structure per se, then, are poor guides to mechanism.
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EVIDENCE THAT DRUGS DO HITCHHIKE ON ‘NATURAL’ CARRIERS

Space does not permit an exhaustive review, and printed papers as such are a poor means to
summarise knowledge of this type [75]. However, following early indications that even
lipophilic cations require carriers for transmembrane transport [76], a huge number of
‘exceptions’ (or at least instances) have been found. Some are listed in the supplementary
information to our recent review [7] while others can be found in other summaries [5, 6]. To
this end, we shall shortly be making available a database of human drug transporters (see
also [77]), based in part on our data model for metabolite databases [78, 79].

SYSTEMS BIOLOGY, DATABASES AND WEB 2.0 FOR
UNDERSTANDING DRUG UPTAKE

There is now a convergence [80— 82] between (i) our understanding of those human meta-
bolites that can be determined from genomic reconstructions and the literature [83 —85] and
(i1) the metabolic network models that alone will allow to effect true systems biology
modelling [86 —89]. Our main strategy for assisting this involves the use of workflows of
loosely coupled elements [80—82, 90], with the models encoded in SBML [91]
(www.sbml.org) according to principled markup standards [92, 93]. Bottom-up approaches
(Fig. 4) have the merit of starting with molecular mechanism, but do rely on knowledge of
the relevant participants.

HT protein | g ) Qualitative binding I _ | Quantitative binding and
purification assays = structural " | kinetic assays > equations >
model parametrlsed model

/ parameters
Top-down
Database and analyses | Model refinement
bioinformatics

varmbles

Omics measurements
ofsystem variables

Figure 4. A ‘bottom-up’ systems biology approach (including top-down strategies,
and thereby ‘middle-out’ [94]) with which to develop metabolic network models that
include drug transporters

WHERE NEXT?

The human genome encodes some 900+ drug transporters [95, 96], and while the main ones
involved in cellular drug uptake are a comparatively small subset of these [7], it is clear that
we need to understand the specificity and distribution of these, just as is the case with the
cytochromes P450 that are so important in drug metabolism. Studies of specificity and
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QSAR measurements will require comparison of drug transport into cells containing or
lacking cloned carriers. The tissue and even subcellular distributions of carriers (e.g. in
mitochondria [97]) are emerging from studies such as the Human Proteome Atlas
(http://proteinatlas.org/) (e.g. [98, 99]. An example, showing the extreme differences in
carrier expression between tissues that can be observed, is given in figure 5. Such quantita-
tive proteomic data will be extremely valuable in assisting us in the development of systems
biology models, since although it is possible to make substantial progress by ‘guessing’
kinetic parameters from the topology and stoicheiometry of metabolic networks alone [100],
or better inferring them from measured fluxes and concentrations (e.g. [101 — 107]), experi-
mental measurements of K, kc,, and protein concentrations is altogether more satisfactory
for building and constraining kinetic models.

Heart muscle [SLC22A17]

Cell Type Intensity Quantity Localization
wieak <25% ic and/or

Male, age 45 Female, age 54 Female, age 19
Heart (T-32000) Heart (T-32000) Heart (T-32000)
Normal tissue, NOS (M-00100) Normal tissue, NOS (M-00100) Normal tissue, NOS (M-00100)
Patient id: 2521 Patient id: 2523 Patient id: 2524
Rrown rolor indicatas nrasanca of nrofain bl color shows rall nunlel Tmana Lleanes Polie
Cerebral cortex [SLC22A17]
Cell Type Intensity Quantity Localization
Glial cells negative i none
Neuronal cells | >75% [ nuclear, cytoplasmic/membranous

Female, age 45 Male, age 45 Female, age 54

Cerebral cortex (T-X2020) Cerebral cortex (T-X2020) Cerebral cortex (T-X2020)
Normal tissue, NOS (M-00100) Normal tissue, NOS (M-00100) Normal tissue, NOS (M-00100)
Patient id: 1539 Patient id: 2521 Patient id: 2523

Comments:  Neuropil stained

blue color shows cell nuclei. Image Usage Policy

Figure 5. An example from the Human Protein Atlas, taken with permission on its
website, of representative tissue distributions of the protein SLC22A17, a so-called
brain-specific organic cation transporter. Links are via http:/proteinatlas.org/tissue
profile.php? antibody id=2728.
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We need to understand much better than we do now the biophysical, chemical and molecular
descriptors that are important in determining drug dispositions, and this requires the produc-
tion of suitable models [96]. Evolutionary computing methods (e.g. [108 — 110]) are extre-
mely powerful but surprisingly underutilised for these purposes. Log D measurements are
still of value as a ‘baseline’, but tend to be poor predictors even of gross biological effects
when the chemical involved are not in homologous series [111].

FRAGMENT-BASED DRUG DISCOVERY AND DRUG TRANSPORTERS

One interesting approach to drug discovery, rather akin to an evolutionary computing type of
approach, involves the evolution of drug structures from smaller fragments (e.g. [23, 24,
112—-130]), and the obvious question arises as to which kinds of fragments might best be
included in the libraries used. Clearly it will be of interest to compare the similarity of such
fragments to natural metabolites [131], since those that are most similar to ‘natural’ meta-
bolites that are known to enter cells are most likely to serve as transporter substrates (the
principle of molecular similarity [132 — 135]).

CoNCLUDING REMARKS

“When one admits that nothing is certain one must, I think, also admit that some things are
much more nearly certain than others.” [136]

One cannot fail to remark on the huge volume and continuing growth of the scientific
literature. Two and a half million peer-reviewed papers are published per year [137], with
over 1 million per year in Medline alone (http://www.nlm.nih.gov/bsd/medline cit counts
yr_pub.html). The former equates to nearly 5 refereed scientific papers being published per
minute — and in a somewhat similar vein presently 10 hours of (albeit largely non-science-
related) video material are added at www.youtube.com in the same time! A consequence of
this is a kind of ‘balkanisation’ [138] of the literature in which scientists focus solely on
more detailed analyses of ever smaller parts of biology. This is clearly going to change [89],
and will have to do so, as a result of computerization, the internet and the emergence of
systems biology, since only a global overview can lead to general truths (inductive reasoning
[139]). Only by looking at many hundreds of papers did we recognize that carrier-mediated
uptake is the rule and not the exception [7]. Automation is therefore required.

Given suitably digitised literature and attendant metadata [75], we need to exploit methods
such as text mining [140—143], conceptual associations [144 —146] and literature-based
discovery (e.g. [146—152] to create new knowledge.

Consequently, we hope we can look forward to the development of many computational
tools that will assist chemical biologists in putting together systems biology models that
describe accurately the internal biochemical mechanisms of the ‘digital human’ [88].
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