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ABSTRACT: The structure of-ribulose-5-phosphate 4-epimerase fr&mcoli has been solved to 2.4 A
resolution using X-ray diffraction data. The structure is homo-tetrameric and displasygnmetry. Each

subunit has a single domain comprised of a cerftrsheet flanked on either side by layersoehelices.

The active site is identified by the position of the catalytic zinc residue and is located at the interface
between two adjacent subunits. A remarkable feature of the structure is that it shows a very close
resemblance to that effuculose-1-phosphate aldolase. This is consistent with the notion that both enzymes
belong to a superfamily of epimerases/aldolases that catalyze eazhdson bond cleavage reactions via

a metal-stabilized enolate intermediate. Detailed inspection of the epimerase structure, however, indicates
that despite the close overall structural similarity to class Il aldolases, the enzyme has evolved distinct
active site features that promote its particular chemistry.

L-Ribulose-5-phosphate 4-epimerase (AraD, EC 5.1.3.4) OH OH
catalyzes the interconversion ofribulose 5-phosphate { L-RUSP S s ol M
Ru5P} andp-xylulose 5-phosphateo{Xu5P) (Figure 1). It - T i Hs e | zg----His

RN, H

is one of three enzymes in the AraBAD operon that allow ~oo O s =ospo/??r g His
bacteria to utilize arabinose as an energy source by convert- /9) : BH ¢ HB
ing it into an intermediate in the pentose phosphate pathway | "~ "2 :
(p-Xu5P) (). Ru5P 4-epimerase is a homotetramer com-

ENZ

ENZ

posed of four identical 25.5 kDa subunits and requires a rotation
divalent cation for activity 2—6). PH PH

Most racemases and epimerases act at stereocenters °*“°F N\ __o. s o His
bearing a relatively acidic €H bond and ultimately operate ~ _ A = s | At
via a nonstereospecific deprotonation/reprotonation event 0O O s =03P0/Y0 o s
directly at the site of inversior7j. The mechanism employed i MO B BH i . HB
by RU5P 4-epimerase is of interest since the substrate C-4 ENZ—— ENZ——

hydrogen is not adjacent to any carbonyl functionality and . . .
. - . g Ficure 1: Mechanism of the reaction catalyzed byibulose-
therefore is very nonacidic. For this reason, it is safe to 5-phosphate 4-epimerase.

assume that a simple proton-transfer mechanism is not at

play vv_i;h this enzyme. In addition, Ru_5P 4-epimerase does UDP-galactose 4-epimerasg(12). Instead it appears that
not utilize NAD" as a cofactor3), ruling out a nonste-  this enzyme employs a retroaldol/aldol mechanism in which
reospecific oxidation/reduction mechanism analogous t0 carhon-carbon bond cleavage and re-formation ultimately
lead to epimerization (Figure 1).
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Ficure 2: Mechanism of the reaction catalyzed byuculose-
1-phosphate aldolase.

acetone phosphate (DHAP). Structural information is avail-
able both on the free aldolase frdgscherichia coliand on

the complex with the enolate analogue phosphoglycolohy-

droxamate (PGH) 16, 20, 2}, and recent mutagenesis

Luo et al.

different than with the aldolase in which no waters were
ligated to the metal in the free enzyme. In addition, they

found that mutagenesis of the C-terminal Tyr229 to Phe

resulted in a 1000-fold drop itea, implicating it as an
important residue for catalysis. Mutagenesis studies with the
aldolase, however, do not indicate that an analogous C-
terminal residue is crucial for catalysig2).

In this and the following paper2f), we explore the
relationships between the two enzymes in greater detail. It
is clear that the enzymes share a common mechanistic
strategy in addition to certain structural features. Neverthe-
less, the differences in substrate structure, particularly the
position of the phosphate, demand that key differences exist
between the two. In this paper we present the structure of
L-ribulose 5-phosphate 4-epimerase and provide a detailed
comparison with the class Il aldolases. In the accompanying
paper, we employ site-directed mutagenesis to further probe
the differences in their respective catalytic strategis). (

MATERIALS AND METHODS

studies have led to a mechanistic proposal for this enzyme Purification and CrystallizationTheL-Ru5P 4-epimerase
(Figure 2) @2). The zinc in the free aldolase is ligated by a from E. coli was overexpressed i. coli and purified as

glutamate and three histidines (Glu73, His92, His94, and
His155) arrayed in a roughly tetrahedral fashioffuclP

described previously 1¢7). The purified epimerase was
crystallized using the hanging-drop vapor diffusion method.

displaces the glutamate upon binding and coordinates to theThe crystals used for data collection were obtained using a

zinc in a bidentate fashion via the carbonyl and the C-3

precipitant similar to that previously reportezb). The drops

hydroxyl. The displaced Glu73 then serves to deprotonatewere set up with an equal volume 6f10 mg/mL protein

the hydroxyl at C-4 and promotes carberarbon bond

sample in the purification buffer and a precipitant composed

cleavage. This generates the metal-bound enolate of DHAPof 4.0 M sodium formate and 0.1%boctyl-5-p-glucoside.

andL-lactaldehyde. The acidic form of Glu73 is then thought
to protonate the enolate and yield the product DHAP.

The proposal that-FuclP aldolase (and other class Il

The square-shaped crystals grew to a typical size of 0.5 mm
x 0.5 mmx 0.2 mm in a week.

Data Collection and Processinghe diffraction data were

aldolases such asrhamnulose 1-phosphate aldolase) and collected at the Brookhaven National Laboratory beamline
L-Ru5P 4-epimerase belong to a superfamily of aldolases/X12C using a Brandeis-4 CCD detector system. The crystal
epimerases that utilize a similar retroaldaldol mechanism  was transferred to a cryoprotectant containing 4.0 M sodium
is further supported by recent mutagenesis studies involvingformate and 25% glycerol, and was flash-cooled into a
conserved residues. Asp76, His95, His97, and His171 of thecryogenic stream operating at 100 K. The crystal diffracted
epimerase align with the corresponding metal-binding resi- to at least 2.2 A. The data were processed to a resolution of
dues of the aldolase and presumably play a similar role. 2.4 A using HKL-1.96. 1 27). The crystal belongs to the
Indeed, the mutants D76N, H95N, and H97N showed a space grou422 as previously reporte®6). It has slightly
reduction in the value df.;;and a reduced affinity for Zn different unit cell dimensionsa = b = 105.9 A andc =
(17). In addition, it was shown that both the wild-type 274.8 A. The composition of the cryoprotectant appeared to
enzyme and D76N catalyzed the slow aldol condensation ofinfluence the cell parameters, particularly thexis. The
glycolaldehyde phosphate and dihydroxyacetone to give astatistics of the data collection are listed in Table 1.
mixture of L-RuUSP andp-Xu5P (17). This was the first Structure Determination Using the Molecular Replacement
experimental evidence showing that the epimerase wasMmethod Processed data were imported to the CCP4 program
capable of promoting carbercarbon bond cleavage/forma-  package 28). Self-rotation function analysis revealed no
tion and strongly suggests that the two chemical mechanismsconvincing noncrystallographic symmetry (NC$)Ru5P
are evolutionarily related. A recent report from Lee, Vu, and 4-epimerase shows moderate sequence |dent|ty witlEthe
Cleland has provided definitive evidence in support of the coli L-FuclP aldolase (26%), and both enzymes are tet-
aldolase-like mechanisn2g). They observed primar}*C rameric. A crystal packing density calculation showed that
isotope effects at both C-3 and C-4 during the epimerization there are~6 monomers per asymmetric unit. In addition,
of L-RU5P. In addition, no primary deuterium isotope effects the fact that the cell dimensianis unusually large makes it
were detected at the same positions. These results are onlyeasonable to assume the epimerase tetramers pack along
consistent with a carbercarbon bond cleavage mechanism the crystallographic 4-fold axis. Starting from a trimmed
and rule out other mechanisms involving deprotonation or aldolase tetramer model with its 4-fold axis aligned with the
dehydration events. crystallographicc-axis, an AmoRe 29) translation search
Additional work from the Cleland group pointed out some against 15-5 A data was performed using an artificial one-
of the differences between the two enzynid§ (EPR studies  dimensional rotation list with a°5grid on the Eulerian angle
with the Mr?t-substituted enzyme inffO showed thatthree  a. The orientation of the aldolase monomer in the top
waters were coordinated to the metal ion. This is notably solution was fitted to obtain a better tetramer search model.
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Table 1: Data Collection and Refinement Statistics

Data Collection Statistics

space group P42,2

cell dimensions a=b=1059Ac=2748A,
a=p=y=90°

res (A) 2.40 (2.49-2.40%

reflections 58293 (4187)

redundancy 3.64

complete 93.8 (68.8)

1ol 19.4 (4.1)

R-merge 0.056 (0.201)

Refinement Statistics
6« 223= 1338 residues
+ 433 water molecules

model composition

resolution range 15:02.40 A
reflections in working set 54929
reflections in test set 3283
R-factor 0.208
free R-factor for 10% data 0.241
rms deviation from ideality

bond 0.0067 A

angle 1.262
Ramachandran plot

non-glycine and non-proline  88.2%

residues in most favorable
region
outliers none

aThe numbers in parentheses are statistics for the highest-reso-
lution bin.

Five more plausible solutions were found using the refined
model. The final molecular replacement model gave a
correlation coefficient of 0.498 and &factor of 0.46. The

six tetramers pack along the crystallographic 4-fold with an
alternate orientation and approximately equal spacing. In
parallel with the molecular replacement trials, selenometh-
ionine-incorporated protein was generated and crystallized
isomorphously with the native protein. Multiwavelength
anomalous diffraction data were collected at BNL, beamline
X12C. A total of 46 sites corresponding to labeled meth-
ionines in the protein were identified by the software SOLVE
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Ficure 3: 2F,—F. electron density for the zinc-binding site of
L-Ru5P 4-epimerase contoured at d..5The three conserved
histidine residues ligate the zinc ion, while the adjacent Asp76 side
chain carboxylate does not. The map was generated by X3AT (
and rendered by Raster3@2).

residues were found in disallowed regions of the Raman-

chandran plot as defined by PROCHEQC34). The zinc ions

were refined with an occupancy of 1.0. The figafactors

of the zinc ions in each of the six monomers of the

asymmetric unit are 31.3, 32.7, 29.0, 28.3, 41.1, and 69.2
2, respectively.

RESULTS

Tertiary and Quaternary Structurdn the structure of
L-Ru5P 4-epimerase, the first 223 residues of each monomer
are crystallographically ordered; however, the remaining 8
residues (224231) are disordered and could not be located.
The enzyme crystallizes as a homotetramer @itsymmetry
reflecting the quaternary structure observed in solution
studies (Figure 4). The solvent-accessible surface buried at

(30), and subsequent maps were in complete agreement withthe tetrameric interface is 25402/er monomer, a value

our molecular replacement solution.

Phase Extension to 2.4 Anitial molecular replacement
model phases and a 6-fold NCS were incorporated into the
program DM @1). Phases were improved and gradually
extended from 6 to 2.4 A by 100 cycles of NCS-averaging,
histogram-matching, and solvent-flattening. The DM-gener-

comparable to that usually observed with multimeric proteins.
This accounts for 24% of the solvent-accessible surface of
a subunit in the monomeric state.

Each monomer has a single domain of typiagf fold
(Figure 5A). A centrap-sheet is formed from ning-strands
(b1—b9) and is predominantly antiparallel except between

ated phases produced an easily traceable 2.4 A electrorb7 and b8. The eight-helices (at-a8) of the structure form
density map. Despite the fact that the molecular replacementtwo layers on either side of the centfaisheet. The larger

model did not include Z#t, the geometry around the Zn
is clearly recognizable in the map (Figure 3).

Model Building and Refinemerithe electron density map
was traced using the program XFIB2). The model was
refined with the program CNS version 0.83f using
15—-2.4 A data. The NCS-restraints were initially applied to
both main chain and side chain atoms, and were gradually
released. With two additional cycles of remodeling peptide
flips and side chain rotamers, the model was refined to an
R-factor of 0.234 and a fre®-factor of 0.261 using 6%
flagged data. Water molecules were subsequently built into
the model at peaks over 4.th the F,—F. map. The tentative
solvent molecules with refineB-factors lower than 60 A
were retained. The final atomic model consisted of 228
= 1338 residues and 433 water molecules. It haB-factor
monitor of 0.208 and a freB-factor monitor of 0.241. No

layer consists of fiven-helices (al, a3, a4, a7, a8), while
the smaller layer consists of the remaining three helices (a2,
a5, ab).

Comparison with the-FuclP Aldolase Structur®espite
the moderate sequence identity (26%) between the epimerase
and the aldolase, the two enzymes display strikingly similar
tertiary and quaternary structures. As mentioned previously,
each epimerase monomer has only 223 ordered residues, and
the remaining 8 C-terminal residues are missing in its
electron density map. Similarly, the aldolase (with or without
a bound inhibitor) has 206 ordered residues and 9 disordered
C-terminal residues1@, 20, 2). Both enzymes are tet-
rameric, and their individual monomers share a fold consist-
ing of a central antiparallgl-sheet sandwiched by two layers
of helices (Figure 5A,B). When the 2 monomeric structures
were compared using the program ALIGN, 192 out of a
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FiGure 4: Quaternary structure of theRuSP 4-epimerase ho-
motetramer. The enzyme hd%, symmetry. Each of the four
monomers in the ribbon model are colored differentially. The four
zinc cations are shown as gold spheres and are located at the
interface of two adjacent monomers. The histidine ligands in each
monomer are shown in ball-and-stick. The figure was generated
with MOLSCRIPT @3) and rendered by Raster3@32).

maximum of 206 (93%) @ pairs aligned with a root-mean-
square deviation of 1.52 A. Among the aligned residues, 49
are identical in sequence, and 35 of these are found in the
N-terminal half of the structures. Perhaps more importantly,
when the tetrameric structures were compared, 192 =
768 (93%) @ pairs aligned with a root-mean-square
deviation of 1.89 A. The comparable results between
monomer and tetramer alignments indicate the two tetramers
have strikingly similar quaternary architecture. This is readily
apparent in a sequence alignment with the accompanying
secondary structure displayed (Figure 6). All secondary
structural elements in the smaller aldolase are conserved in
the larger epimerase. The main difference between the two
structures is that an additional short surfacéelix (a5,
Aspl34-GIn138) is observed in the small layer of helices
(a2, ab, ab) in the epimerase. Other differences include the
extension of the epimerase helix a6 (Tyrt4@158) by one
turn as compared to the aldolase counterpart, and in the
epimeraseq-helix a4 (Thr116-Asp120) replaces the topo-
logically equivalent Z-helix of the aldolase (Tyrl13
Alal18). This latter difference, although subtle, is important
to note as helix a4 participates in formation of the active
site an_d small .Cha.nges in the d!SpOSItIOh of this helix likely 4-epimerase and (R}FuclP aldolase. Both enzymes have a central
affect its contribution to _cataly_5|s in each of these enzymes nine-strandecB-sheet flanked by one layer af-helices at each
(see below for further discussion). side. The secondary structures of the epimerase are sequentially
Cation-Binding SiteThe four active sites of the tetrameric labeled and correspond to those shown in Figure 6./Fs&ands,

epimerase are identified by the position of the catalytic zinc @-helices, and the ghelix are colored in magenta, gray, and
orange, respectively. The structures were superimposed and are

ions. As previous sequence analyses and mutagenesis studigze\ved from the same direction. The zinc cation (gold sphere) is
have implied, the three conserved histidine residues (His95,liganded by three conserved histidines in both structures, and

His97, and His171) serve as ligands to the bound zinc ion additionally liganded by Glu73 in-FuclP aldolase.

(Figure 3) (L7, 29. His95 and His97 lie in a loop between

b5 and a3, while His171 lies between b8 and b9. The distances are 2.1, 2.1, and 2.0 A for His92, His94, and
observed distance between the?Zand the three His NE2  His155, respectively. When comparing the two structures,
atoms is 2.1, 2.1, and 2.0 A for His95, His97, and His171, all atoms of the three conserved His residues and tié& Zn

respectively. In the aldolase, the three histidines lie at superimpose with a rms deviation of 0.45 A. However, in
topologically equivalent positions, and the corresponding the case of the epimerase, the three NE&?*"—NE2 angles

Ficure 5: Ribbon diagrams of the monomer fold of (A)RuSP
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Ficure 6: Multiple sequence alignment ofRu5P 4-epimerase andFuclP aldolase and their analogues. The alignment was obtained

using Clustal W 44)

and shown using Alscripég). TheE. coli epimerase sequence and its secondary structural elements are color-coded

it Zinding or phosphate binding, or which are possible

general acid/base residues are marked with triangles. The six universally conserved residues are shown in red. The first eight sequences

in green, theE. coli aldolase counterparts in blue. The residues involved
clearly clustered as epimerase homologues

while the last eight clustered as aldolase homologues.

aldolase in which the corresponding angles are 101.6
106.5, and 105.8, respectively, and a tetrahedral arrange-

are 100.7 (H95-Zn—H97), 96.8 (H95—-Zn—H171), and

92.6° (H97—Zn—H171) as might be expected for a metal

with octahedral geometry. This differs somewhat from the ment of the ligands is adopted. Coordination numbers of 4
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(tetrahedral), 5 (distorted trigonal bipyramidal), and 6 positions that are topologically equivalent to those of the
(distorted octahedral) have been previously observed in theknown phosphate-binding residues of the aldolase (Asn29,
structures of a wide number of protein/zinc complex3s).( Thrd3, Gly44, Ser71, and Ser72; Figures 6 and 7). When
A striking difference between the epimerase and the comparing the two structures, all atoms of these five residues
aldolase is in regard to the nature of the remaining zinc superimpose to an rms deviation of 0.53 A. It is therefore
ligand(s). In the aldolase, the fourth ligand is supplied by reasonable to suspect that the seryl/thregrlyydroxyls, the
Glu73 which ligates the zinc in a bidentate fashion with asparaginyy-amide, and the glycyk-amide form hydrogen
distances of 1.9 and 2.4 A to OE2 and OE1, respectively. In bonds with the phosphate of the substrate in the case of the
the epimerase, however, the topological equivalent, Asp76,epimerase as well. The universally conserved Asn28 lies at
lies 4.15 A distant from the cation. The shortened side chainthe bottom of the pocket, and the remaining residues
therefore prevents the carboxylate from acting as a ligand, comprise the periphery. In addition, the epimerase positions
and the remaining ligand(s) must be supplied by bound the side chain of Lys42 at the bottom of the putative
waters. In each of the epimerase monomers, an ordered watephosphate-binding pocket. This lysine is present in all of
molecule is located midway between the zinc and G27 N the epimerase sequences, but is absent in all of the aldolase
(opposite to H171 NE2 by 172 Figure 3). However, sequences (including the. coli aldolase) (Figure 6). It is
distances of this water to the zinc ion vary in each of the six largely buried in the active site, and the Lys42 NZ has a
monomers of the asymmetric unit (ranging from 2.5 to 3.8 solvent-accessible surface of oniy4 A2 as compared to a
A), and though it is tempting to speculate that this representstypical value of 46-50 A2 for an exposed lysine. The binding
a potential metal ligand, the coordinating distance is larger of a phosphate in this pocket would completely bury this
than typically observed for a zinc ion [2.0 28%)]. No other residue, suggesting that a favorable salt bridge between the
liganding water molecules are directly observed in any of two could greatly assist substrate binding.
the six molecules of the asymmetric unit. It may be that the  An important aspect of the aldolase catalysis is that
medium resolution of our structure is insufficient to provide substrate binding results in a substrate-induced fit that
clear electron density for additional liganding waters, and/ rearranges and immobilizes the loop containing residues 23
or these waters are relatively disordered. Analysis of the 27 (Figure 7). This is clearly observed in a comparison of
structure indicates that considering steric and geometric the structure of the free aldolase to that complexed with the
constraints around the zinc ion there would be room for two inhibitor phosphoglycolohydroxamate (PGH). The equivalent
additional water ligands, one coordinated between the loop in the epimerase, however, contains bulkier, hydropho-
conserved Asp76 side chain and the zinc, and one coordi-bic residues (Leu24 and Trp26 as compared to Gly25 and
nated to the solvent-exposed face of the zinc, opposite toAla27 in the aldolase) which form a small hydrophobic core
His95 NE2. The distance between Asp76 OD2 and the zinc with hydrophobic side chains in the adjacent monomer
is 4.7 A, and the orientation of the carboxylate side chain is (Ile188, Val189, and Tyr121). It would be difficult to
such that a water hydrogen-bonded to OD2 would be imagine that these residues could easily undergo an analagous
optimally positioned to act as a zinc ligand. reorganization as to that observed in aldolase without a major
Substrate-Binding Site and Potential Catalytic ABidse disruption of the active site. Indeed, a comparison of the
ResiduesThe active site, as determined by the position of epimerase structure and the inhibitor-bound aldolase structure
the essential zinc ion, is located at the interface of two shows that the main chain atoms of Thr23 to Asn28
adjacent monomers in the homotetramer. Amino acid side superimpose on the corresponding aldolase atoms (GIn24 to
chains from both monomers protrude into the active site and Asn29) with an rms deviation of 0.52 A. A similar
could potentially play a role in catalysis. One monomer forms comparison with the free aldolase structure, however, gives
one side of the active site, which extends along the base ofpoorer agreement (rms deviation of 1.30 A), indicating that
the centrajs-sheet, with contributions from the loop preced- the conformation of the free epimerase more closely re-
ing helix a4 (specifically the conserved residues Pro73 sembles that of the bound aldolase, and no analagous struc-
Thr77), the loop following b2 (Pro43Asp47), and the linker  tural rearrangement upon substrate binding would thus be
region between helix a5 and a6 (Glytx3Glul42). The required in the former enzyme. In addition, this segment of
adjacent monomer provides 2 helices'(add a8) to form the native epimerase is relatively well-ordered since it has
the other side of the active site cavity (residues or secondaryan average main chaB+factor of 31.0 &, ~4c lower than
structural elements from the second monomer are denotedhe overall average (34.12Arms 0.7 &). The comparable
with a prime symbol). Notably, ther-helix a4 and the segment in the native aldolase structure has an average main
C-terminala-helix a8 (and presumably several of the eight chain B-factor of 38.6 &, ~21o higher than the overall
disordered C-terminal residues) extend into the active site average (17.4 A rms 1.0 R).
of the adjacent monomer, providing several candidate amino  Unlike the aldolase mechanism, the retroaldol/aldol mech-
acid side chains for catalysis (Figure 7). Collectively, a deep anism for the epimerase presumably requires the presence
active site cleft is formed, which is relatively shielded from of two residues that function as acid/base catalysts. One base
bulk solvent. Several conserved intermolecular interactions deprotonates the C-4 hydroxyl of the substrate in 5P
serve to stabilize the active site interface including a salt to b-Xu5P direction, and the other deprotonates the C-4
bridge from Glu142 to Arg221a hydrogen bond from the  hydroxyl in thep-Xu5P toL-Ru5P direction. It is conceivable
side chain hydroxyl of Tyr141 to His218 hydrogen bond  that a single residue could accomplish both tasks; however,
from His97 ND1 and Thrl1170G, and a number of given the geometrical requirements necessary to reach both
intermolecular van der Waals and hydrophobic interactions. faces of the epimers, and the lack of precedence for “one-
Five residues in the epimerase (Asn28, Ser44, Gly45, base” mechanisms in the racemase/epimerase literature (
Ser74, and Ser75) are highly conserved and are found at36), this seems unlikely. A survey of all the conserved side
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Ficure 7: Stereo ribbon views of the substrate-binding sites of (ZAuclP aldolase with bound inhibitor PGH, based on the crystal
structure, and (B).-Ru5P 4-epimerase with bound substretRu5P, based on a molecular model of the compkR).(The secondary

structural elements from two adjacent monomers that form the active site are shown in gray and magenta, respectively. Active site residues
are shown in a ball-and-stick representation with green carbon, red oxygen, and blue nitrogen atoms. Residues that protrude from the
second monomer are labeled with a prime symbol. The inhibitor and substrate are colored with cyan carbon, red oxygen, blue nitrogen, and
magenta phosphate atoms. The inhibitor and substrate both provide two hydroxyls for coordination to the zinc ion. The 8 terminal residues
that protrude from the C-terminal helix are disordered in the crystal structures of each enzyme but could obviously be positioned to extend
across the active site.

chains in the vicinity of the epimerase active site reveals understood by considering the similarities in the mechanisms
that Asp76 (analogous to the acid/base Glu73 of the aldo-employed and the intermediates/transition states that must
lases) and Glul42 are reasonable candidates as well ade stabilized. The close structural similarity betwedRu5P
Asp120 and His218which are directed into the active site  4-epimerase andFuclP aldolase clearly indicates that these
from o-helix a4 and a8 in the adjacent monomer of the enzymes have evolved from a common ancestor and belong
homotetramer (Figure 7). It should also be pointed out that to a superfamily of metal-dependent epimerases/aldolases.
the last eight C-terminal residues (22231) could not be Both enzymes must catalyze the formation/cleavage of
located in the structure, yet the position of the preceding carbon-carbon bonds and stabilize an enolate ion through
helix (212-222) and observation of a conserved glycine at the use of a divalent cation.

position 223 (Figures 6 and 7) suggest this tail could be  \ypije the two enzymes share many similarities, the subtle
directed across the active site of an adjacent subunit. ThuS igterences between them must account for the different
the conserved, titratable residues Tyr2a8d Tyr229within —  a¢atic activities. One such difference is seen in the residues
this region should also be considered candidates for Catalys'semployed as metal ligands. In the aldolase, three histidines

and a glutamate serve as the ligands and bind the metal in a
DISCUSSION roughly tetrahedral fashion. The glutamate (Glu73) is dis-
In the past decade, it has become increasingly clear thatplaced from the coordination sphere upon substrate binding
the evolution of new catalysts is often guided by the specific and is then thought to serve as the key acid/base catalyst in
chemical requirements of the reactions involv8d—41). the aldol reaction. In the case of the epimerase, Asp76
Enzymes that catalyze seemingly different reactions and replaces the glutamate, and the shorter side chain precludes
display low sequence homology may be evolutionarily an interaction with the metal. An important consequence of
related, and in many of these cases the relationships can behis replacement is that the shorter residue is now unable to
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serve as an acid catalyst and protonate the bound enolate-terminal tail of the epimerases (Figure 6), the C-terminal
intermediate (an event that would lead to unwanted aldolaseresidues of the aldolase family are highly variable in length
activity). and composition. Indeed, an intriguing aspect of the epime-

Another consequence of the Asp substitution is that the rase active sites relative to those of the aldolases is that
remaining metal ligand(s) in the epimerase must be suppliedalthough the packing of secondary structural units is rela-
by bound water. The exact number and position of the tively similar, the conservation of individual residues is quite
putative water ligand(s) are unclear in this structure; however, different, particularly those which protrude from the adjacent
it is possible that three bound waters are allowed and anmonomer ¢-helices a4and a8and the C-terminus). In the
octahedral environment exists. This is consistent with the epimerases, these regions are highly conserved (Figure 6),
experimental work reported from the Cleland group in which underlining their potential importance in providing accurately
the EPR spectrum of the Mhsubstituted enzyme was positioned catalytic residues (Asp12Ris218, Tyr229, for
examined in H7O (24). The extent of the observed inho- example). On the other hand, the aldolases have no conser-
mogeneous broadening indicated that three water moleculessation in these same secondary structural elements, likely a
were directly bound to the divalent cation. It should be reflection that these regions are not required for catalysis
mentioned that changing the metal from zinc to manganesedirectly, although they may contribute to stabilization of the
could influence the coordination number; however, both individual substrates in various species. In addition, subtle
Mn?t and Zr¥* are able to accommodate 4 (tetrahedral) and changes in geometry of these secondary structural elements
6 (octahedral) ligands in their coordination sphe3g)( are observed (for example, helix 4, which is a touelix

The lack of bound substrate in the epimerase structurein the epimerase and is agdelix in the aldolase) that
makes it difficult to definitively identify residues important  influence the positioning of residues in the active site (for
for binding and catalysis. Nevertheless, the fact that the example, Asp120in the epimerase). Collectively these
residues in the putative phosphate-binding pocket are strictlyobservations provide a striking example of adapting a
conserved between all aldolases and epimerases supports theommon scaffold (in this case one involving an intermo-
notion that their function is similar (Figure 7). An additional lecular interface) to the particular chemistry required.
lysine is present at the bottom of the epimerase phosphate- The extremely close structural homology between the
binding pocket that may increase the affinity toward the epimerase and the aldolase is consistent with the common
substrate. It is interesting to note that with the epimerase mechanistic strategy employed by the enzymes. It is impor-
the value ofKy for L-Ru5P is 0.05 mMZ5), whereas with  tant to note, however, that the structures of the substrates
the aldolase the value d€y for L-FuclP is only 2.2 mM  differ significantly with respect to the position of the
(22). Other structural features which may contribute to the phosphate relative to the active center. Since phosphate
increased apparent substrate affinity include the substitution recognition is likely to be a key factor in orienting the bound
of disordered water molecules for the bidentate zinc ligand, substrate, it is likely that these enzymes will utilize different
Glu73, of the aldolase (it is presumably more favorable for catalytic residues during catalysis. These similarities and
the two liganding oxygen atoms of the substrate to displace differences will be further investigated by mutagenesis
the disordered water molecules than the glutamate carboxy-studies in the accompanying pap@by
late, Figure 7). In addition, the active site of the epimerase
is apparently “pre-organized” for substrate binding, and there ACKNOWLEDGMENT
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