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Abstract

The explosion of protein sequence information from genome sequen-

cing efforts requires that current experimental strategies for function

assignment must evolve into computationally-based function predic-

tion. This necessitates the development of new strategies based, in part,

on the identification of sequence markers, including residues that sup-

port structure and specificity as well as a more informed definition of

orthologues. We have undertaken the function assignment of unknown

members of the haloalkanoate dehalogenase superfamily using an in-

tegrated bioinformatics/structure/mechanism approach. Notably, a

number of members show ‘‘substrate blurring’’, with activity toward

a number of substrates and significant substrate overlap between para-

logues. Other family members have been honed to a specific substrate

with high catalytic efficiency and proficiency. Our findings highlight

the use of the cap domain structure and enzyme conformational dy-

namics in delineating specificity.
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The Haloalkanoate Dehalogenase Superfamily (HADSF)

The ‘‘central dogma’’ of protein structure/function studies is that protein sequence dictates

protein structure which, in turn defines protein function. Thus, evolution of any new func-

tion must be accompanied by the use of new sequence. In this way, as long as the ‘‘neutral

drift’’ of sequences, allowing adoption of the same stable fold, can be distinguished from

functionally transformative mutations, the prediction of function from sequence should be

possible. In order to identify and assess sequence markers that support structure and speci-

ficity, we have undertaken the study of a large superfamily, comprised mostly of phosphor-

yltransferases, the haloalkanoate dehalogenase superfamily (HADSF) [1 – 3]. Because of the

occurrence of the family in all domains of life and the number of homologues within each

organism (27 in E. coli and 183 in Homo sapiens [4]) the members provide numerous

examples of both orthologues to study determinants of specificity and paralogues to study

function diversification.

The HADSF has successfully evolved several forms of chemical transformation and has

experienced expansion through substrate space. Physiological substrates are varied in size

and shape, ranging from phosphoproteins, nucleic acids, and phospholipids to phosphory-

lated disaccharides, sialic acids and terpenes to the smallest of the organophosphate meta-

bolites, phosphoglycolate [5]. The diversity of substrates reflects the wide array of cellular

roles of HADSF members including catalysis in biosynthetic pathways, reduction of anti-

metabolite levels, balancing nucleotide pools, elimination of toxins, and repair of damaged

nucleic acids. The promiscuity and catalytic efficiency of the family matches the cellular

function, with Km values of 5 – 5000 mM and with efficiency reflected by kcat/Km values

ranging from 16 103 – 16 107 M-1s-1 (e. g. [6 – 9]).

Based on the work of Wolfenden [10], it is known that transfer of a phosphoryl group from a

phosphate ester is demanding, such that the catalytic proficiency of the average HADSF

member is 1017. From this perspective, the catalytic machinery of the HADSF is well tuned

to perform phosphoryl transfer. It is through the acquisition of structural appendages to the

catalytic domain that the HADSF has succeeded in acting upon a vast array of substrates.

The majority of the HADSF phosphatases consist of a conserved Rossmann domain (the

catalytic domain) and a tethered ‘‘cap’’ domain that is variable in fold [3]. The catalytic

scaffold is formed by four backbone segments located at the C-terminal end of the Ross-

mann-fold central sheet. The cap domain is inserted into either one of two loops of the

catalytic scaffold (Figure 1).
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Figure 1. Cap assemblages of the HADSF can be broken down by insertion into the

Rossman fold (shown as ribbon color ramped from blue to red) at site 1 of loops (type

C0) or alpha helical domains (type C1), or at site 2 of mixed a/b domains (type C2a

and C2b).

The catalytic scaffold binds the transferring phosphoryl group, whereas the cap domain

binds the leaving group. Thus, HADSF phosphatase catalytic residues positioned by the

catalytic scaffold are physically separated from the substrate recognition residues positioned

on the cap domain. This trait is hypothesized to play a key factor in the evolution of the

HADSF because the replacement of the substrate recognition residues that would switch the

specificity from one physiological substrate to another would not perturb the environment of

the catalytic residues, and hence their ability to stabilize the high energy transition states of

the reaction pathway [4]. When the HADSF evolves new biochemical function by a switch

of substrate there is no need for retooling the machinery responsible for catalysis. The

beauty of this design is that one transition state fits all. Ultra-high resolution X-ray structures

of a hexose phosphate phosphatase, BT4131 bound to transition-state analogues show that

the catalytic domain residues in the HADSF form a ‘‘mold’’ in which the trigonal-bipyr-

amidal transition states created during phosphoryl transfer are stabilized by electrostatic

forces [11]. A conserved catalytic scaffold is used by which all members of the HADSF

stabilize this transition-state geometry (Figure 2).
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Figure 2. Composite scheme of the residues involved in forming the pentavalent

trigonal–bipyramidal mold in the HADSF. Hydrogen bonds are depicted as dashed

lines labeled with average bond lengths in Å (range of bond lengths in parenthesis).

The notation +1 denotes the next amino acid in sequence. Loops/sequence motifs

forming the active site from the Rossman fold are each colored differently (loop 1,

red; loop 2, green; loop 3, blue; loop 4, red).

In concert with the residues contributed by the cap domain, dynamics between the catalytic

domain and cap domain confer substrate specificity. Cap closure affords formation of the

active site, which lays at the interface of the cap and the core domains. Ligand binding

favours the cap closed form of the enzyme [12]. A classic example is that of b-phosphoglu-
comutase from Lactoccocus lactis (b-PGM), in which structural and kinetic analysis together

have provided a model for the synchronization of cap closure with acid/base catalysis

allowing the enzyme to discriminate between b-glucose 1-phosphate and water as the

phosphoryl group acceptor [13]. Indeed mutation of one of the residues linking cap and

core in b-PGM (Thr16) uncouples substrate binding from the positioning of the general acid/

base, and changes the enzyme from a phosphomutase to a phosphohydrolase (the preference

for hexose sugar over water as a phosphoryl acceptor changes from 6000:1 to 1:8 [14]).

Recognizing this intimate relationship between cap structure and enzyme function we have

undertaken the function assignment of unknown members of the HADSF using an integrated

approach through substrate profiling, structure analysis, computational substrate docking,
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and bioinformatic analysis [15]. This work highlights the promise and challenges ahead in

function assignment by uncovering cases where: 1) structure and kinetics go hand in hand to

assign activity and ultimately function, 2) structure and kinetics gives few clues to function

and 3) subtleties of isoforms and allosteric effectors make assignment challenging.

Structure and Function: Hand-in-Hand

The HADSF member from Bacteroides thetaiotaomicron, BT2127, could easily be mistaken

for an orthologue of b-PGM (sequence identity 22%, similarity 42%) because of the

similarity in overall fold but also from the conserved His-Lys diad and linker hinge residue

Ser/Thr that is characteristic of b-PGM (Figure 3). Surprisingly, in vitro substrate activity

screening shows that BT2127 is not a mutase nor an organophosphate hydrolase but rather it

is an inorganic pyrophosphatase with a kcat/Km value for pyrophosphate of ~16 105 M-1 s-1

[16]. The in vitro kinetic data, together with the gene context, support the assignment of in

vivo function as an inorganic pyrophosphatase. Orthologues of b-PGM occur in species with

maltose phosphorylase or trehalose phosphorylase (which collaborate in the utilization of

maltose or trehalose as a carbon and energy source) and BT2127 occurs in species with

bifunctional l-fucose kinase/l-fucose-1-phosphate guanyltransferase which produces inor-

ganic pyrophosphate and b-l-fucose-GDP (used in biosynthesis of surface capsular poly-

saccharides and glycoproteins). The X-ray structural analysis of wild-type BT2127 shows

that BT2127 differs from b-PGM in that the cap does not take on the open conformation in

the absence of substrate. Specifically, Glu47 from the cap domain makes a coordinate bond

to the Mg2+ ion in the core domain, promoting the closed conformer [16]. Thus, substrate

discrimination is based, in part, on active-site size restrictions imposed by the cap domain. In

BT2127 the substrate range and structure/function relationship are clear, but this is not

always the case in the HADSF.
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Figure 3. Superposition of BT2127 (PDB entry 3QX7) (gray) and L. lactis b-PGM
(PDB entry 1O08) (cyan) showing the overall fold (left panel) and the conserved

active-site residues (right panel).

Get a Clue: Structure and Kinetics

may not Yield Clues to Function

A hexose phosphate phosphatase in the HADSF from Bacteroides thetaiotaomicron,

BT4131, possesses broad substrate specificities and low catalytic efficiency [8]. Within

Bacteroides a homologue, BT1666, shares 38.4% sequence identity with BT4131. We

queried whether these enzymes represent duplicated versus paralogous activities. The X-

ray crystal structure of BT1666 compared to that of BT4131 reveals a conserved fold and

identical active sites, suggestive of a common physiological substrate [17]. However, this

apparent structural similarity is not mirrored in the substrate specificity profiles of the two

enzymes using a panel of common phosphorylated metabolites (Table 1). BT1666, like

BT4131, is an enzyme which shows ‘‘substrate blurring’’ or similar activities for a number

of structurally similar substrates; however, the substrate specificity profiles for the two

enzymes are distinct. Moreover, BT1666 shows overall lower activity (by approximately

one order of magnitude) toward most substrates. This finding is unexpected as the active

sites are identical and patterns of sequence conservation extremely similar. We posit that

sequence variation outside the active site causes differences in conformational dynamics or

subtle positioning effects that alter catalysis and thus drive the divergence in efficiency and

selectivity. In vivo the overlapping substrate profiles may be explained by differential

regulation of expression of the two enzymes or may confer an advantage in housekeeping

functions by having a larger range of possible metabolites as substrates. There exists, of
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course, the possibility that the correct, specific substrate has not been uncovered for either

enzyme. As seen in another example from the HADSF, subtleties of specificity can be

introduced by effectors in the cellular milieu.

Table 1. Ratio of steady-state kinetic constants for BT4131 and BT1666 Catalyzed

hydrolysis of phosphorylated small-molecule substrates in 50 mM HEPES containing

5 mM MgCl2 (pH 7.0, 37 �C)

BT1666/BT4131

Substrate kcat/kcat Km/Km kcat/Km/kcat/Km

d-glucose 6-phosphate 0.08 1.1 0.072

2-deoxy glucose 6-phosphate 0.02 3.3 0.006

glucosamine 6-phosphate 4.4 0.75 5.3

N-acetyl-glucosamine 6-phosphate 0.036 0.065 0.57

mannose 6-phosphate 0.23 1.3 0.18

fructose 6-phosphate 0.37 2 0.18

fructose 1,6-(bis)phosphate 78 0.62 125

arabinose 5-phosphate 0.027 0.43 0.063

ribose 5-phosphate 0.048 0.43 0.11

sorbitol 6-phosphate 0.078 0.96 0.081

dl-a-glycerol 3-phosphate 0.040 0.61 0.066

sucrose 6’-phosphate 8.5 0.45 19

trehalose 6-phosphate 5 – –

ADP 28 6.3 4.5

pyridoxal 5’-phosphate 0.16 4.7 0.035

p-nitrophenyl-phosphate 0.66 0.66 1

Functional Changes Effected by Ligands

Human a-phosphomannomutase (a-PMM) catalyses the conversion of d-mannose 6-phos-

phate to a-d-mannose 1-phosphate which is required for GDP-mannose and dolichol-phos-

phate-mannose biosynthesis. These are essential constituents of N-glycosylation and glyco-

syl phosphatidylinositol membrane anchoring. Two isoforms PPM1 and PMM2 are found

(65% sequence identity) with differential expression profiles (PMM2 is ubiquitous where

PMM1 is expressed in brain and lungs) [18]. As might be supposed from their high

sequence identity the two isozymes have a conserved fold and active-site structure (Figure

4) with root mean square deviations of 0.65 Å (for the cap) and 1.0 Å (for the core) when the

two domains are overlaid separately [19].

105

Successes and Challenges in Functional Assignment in a Superfamily of Phosphatases



Figure 4. Superposition of PMM1 (PDB entry 2FUC) (gray) and PMM2 (PDB entry

2AMY; deposited in the Protein Data Bank by the Center for Eukaryotic Structural

Genomics) (blue) showing the overall fold (left panel) and the active-site residues

(right panel).

The isozymes are efficient catalysts of both substrates with high specificity as indicated by

the magnitude of kcat/Km. Additionally, mutase activity requires that the bis-phosphorylated

intermediates must dissociate from the active site (either within the enzyme or into bulk

solvent) and then bind in the opposite orientation [20 – 22] so the bis-phosphorylated

hexoses can also be considered substrates. Initially, it seems puzzling that such an essential

enzyme would accept a second hexose, a-d-glucose 1-phosphate, as substrate. However, a

classic observation brings to light a role for the glucose substrate. Two decades ago, a

putative glucose-1,6-(bis)phosphatase brain enzyme was characterized [23 – 24] that is de-

pendent for its activity on the presence of inosine mono-phosphate (IMP), the concentration

of which increases in anoxia. Such an activity acts to restore glucose 6-phosphate levels and

hence working ATP concentrations. More recently, the mystery phosphatase was identified

as PMM1 [25]. Steady-state kinetics shows that IMP acts as an effector which shifts the

activity of PMM1, but not PMM2, from that of a phosphomutases to a phosphohydrolase.

Thus, in ischemic events, while PMM2 carries on the mutase activity to produce the

a-mannose 1-phosphate essential to protein glycosylation, PMM1 switches to phosphohy-

drolase activity to restore glucose 6-phosphate levels for glycolysis. From a mechanistic

perspective, we posit that IMP binds to the enzyme in place of the hexose phosphate, or to a

secondary site to favour the conformation necessary for phosphoryl transfer, allowing water
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to act as the phosphoryl acceptor. This elegant solution to a metabolic problem exemplifies

the challenges of using sequence/structure and even in vitro kinetics to predict in vivo

function.

Conclusions

The explosion of sequences made available by genome sequencing efforts requires that

current experimental strategies for function assignment must evolve into computationally-

based function prediction. However, such a development must first find its basis in the

expansion of the experimental database of sequence markers, notably, residues that support

catalysis and specificity. Examination of the HADSF has allowed the analysis of a wide

variety of orthologues and paralogues to develop the structure/function language. Remark-

ably, the analysis has revealed that while many enzymes are honed to perfection in terms of

substrate selectivity, others show broad ‘‘substrate blurring’’ and even overlap of substrates

between paralogues within a cell. This concept extends to isozymes where differential

metabolic demands seem to play a part in retaining two very similar enzymes. In order to

move from function in the test tube to role in the cell, auxiliary information such as

regulation of transcription, cell environment, and presence and identity of regulating meta-

bolites may be necessary.
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