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ABSTRACT. The 3-ketoe-gulonate 6-phosphate decarboxylase (KGPDC) encoded hyabegene in the
Escherichia coligenome [Yew, W. S., and Gerlt, J. A. (200R)Bacteriol. 184 302—306] and orotidine
5'-monophosphate decarboxylase (OMPDC) are homologous (derived from a common ancestor) but catalyze
different reactions. The metal-independent decarboxylation reaction catalyzed by OMPDC avoids the
formation of a vinyl anion intermediate; the Mgdependent decarboxylation reaction catalyzed by KGPDC
involves the formation of an enediolate anion intermediate. Based on the available structures of OMPDC,
a sequence alignment allows the predictions that (1) KGPDC is a dimgfok{barrels, with the active

sites located at the dimer interface; (2) KGPDC and OMPDC share an aspartate residue at the end of the
first p-strand and an Asp-x-Lys-x-x-Asp motif at the end of the thirdtrand with OMPDC; but (3)
KGPDC has a Glu instead of a Lys at the end of the se¢battand. The structure of KGPDC has been
determined in the presence of Rtgand the substrate analogueyulonate 6-phosphate and confirms
these predictions. The carboxylate functional groups at the ends of the first, second, adstininalds

in KGPDC are ligands of the Mg; in OMPDC, the homologues of these residues patrticipate in a hydrogen-
bonded network that facilitates the decarboxylation reaction. The 3-OH group of the substrate analogue
is coordinated to the M, supporting the hypothesis that the mechanism of the decarboxylation catalyzed
by KGPDC involves stabilization of an enediolate anion intermediate. These structural studies establish
the existence of the OMPDC “suprafamily,” in which members catalyze reactions that occur in different
metabolic pathways and share no mechanistic relationship. The existence of this suprafamily demonstrates
that divergent evolution can be opportunistic, conscripting active site features of a progenitor to catalyze
unrelated functions. Accordingly, sequence or structure homology alone cannot be used to infer the functions
of new proteins discovered in genome projects.

Understanding the relationships among protein sequencejs surprising, if, as estimated, the number of protein folds is
structure, and function has long been a major focus of modest £5000) (L—3). This suggests that some folds are
biochemistry. This problem now is even more acute with reused and that extreme sequence divergence prevents
the results of numerous genome projects in which ap- recognition of proteins derived from a common ancestor and,
proximately 40% of the encoded proteins have unknown or therefore, possibly sharing functional features.
uncertain functions. The constant value of this percentage One such versatile fold is thg/o)s-barrel which occurs
in more enzymes than any other fold, although it is uncertain
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Two strategies for natural divergent evolution of enzyme Substrate "Intermediate” Product
function are widely accepted: retention of either chemical

mechanism or ligand specificity. Each follows duplication o
of the gene encoding the progenitor so that the original

o
function in metabolism needs to be retained. They differ in HN 1-3\1\)1] /,H HN)j\
the essential feature of the progenitor that is conserved to 2~ o 'il “.

provide the new function, although in both strategies the | ‘COy |
evolution of new activity is expected to occur within the OMPDC
context of a stable, folded proteid,(5).
In the first strategy, the progenitor provides the structural
framework to catalyze a difficult partial reaction. This gives 0 0o
rise to mechanistically diverse superfamilies which are JL JL
defined as homologous enzymes sharing generally less than H~ H H™ H g
. ) . . H O. 2
50% sequence identity and catalyzing different overall CH,0H \I/O Mg+ HoO——H
reactions but with a common mechanistic attribu€. ( =0 Lo O
Examples of mechanistically diverse superfamilies that utilize ~H——0OH H——OH H——OH
the (/o)s-barrel fold include the following: the enolase H——OH H——OH H—-OH
superfamily, whose members utilize divalent metal ion- CH,0POz* CHo0PO4> CH,OPOz*
mediated generation of an enolate anion derived from a HPS
carboxylate substrat@); and the amidohydrolase/phospho-
triesterase superfamily, whose members utilize a hydroxide
ion coordinated to one or more divalent metal ions to mediate
the hydrolyses of various amides and est&)s ( O=C=
Functional diversity that retains a common mechanistic H_ O-..
feature is also su H Y Mg CH20H
pported by other folds. In the crotonase | -
superfamily [four turns of ada) superhelix], a conserved 0 O =0
. " . H—1~OH H—1—OH H——OH
oxyanion hole stabilizes enolate anions usualy but not HO——H HO——H HO——11
always (0), derived from coenzyme A esters; in the haloacid CH,0POZ2 CH,0PO2 CH,0POL

dehalogenase superfamif§-§heet containing eight strands),
a conserved Asp residue acts as the nucleophile in displace- KGPDC
ment reactions at either carbon or phosphofis-(L3); and
in both the vicinal oxygen chelate superfamily (pairs of FIGURE 1: Substrates, intermediates, and products for the reactions

Bappp motifs) (14—16) and the cupin superfamilytbarrel) catalyzed by OMPDC, HPS, and KGPDC. The sites of the chemical
(17), a divalent metal ion acts as an electrophile. Although transformation in the substrates for OMPDC and KGPDC, and
the substrates, mechanisms, and overall reactions for mem®Product in HPS are enclosed by a box.

bers of these superfamilies often are more diverse than those o ) . )

for members of the enolase superfamily, the active sites Metal ion-independent and avoids the formation of a discrete

contain conserved functional features that are used in theVinyl anion intermediate that cannot be stabilized by any
same way in each reaction. obvious structural feature(s) of the active site and is much
In the second strategy, the progenitor provides the templatef00 unstable to be kinetically competent (Figure 29
for binding a ligand or substrate, which can be modified to 23)- For this reason, one proposal for the mechanism is a
evolve the catalyst for the next reaction in the pathway. co_ncerted 1Y reaction involving simultaneous decarboxyl-
Examples included/a)s-barrel enzymes in the histidine and  ation and protonation of C&0, 22.
tryptophan biosynthetic pathways that are constructed from The structures reveal that the enzyme is dimeric where
half-barrels 18). each subunit consists of &/()s-barrel, and the barrels are
Although these two strategies may appear sufficient for arranged in an antiparallel manner. The sequences of
evolution of new functions, a third possibility is that OMPDC's are divergent, with only eight active site residues
evolution is opportunistic. In this case, the progenitor strictly conserved in thef{a)s-barrel fold. These include
provides a structural framework and functional groups that several residues thought to be functionally important: an Asp
can be used in different mechanistic and metabolic contextsat the end of the firsf-strand, a Lys at the end of the second
in the evolutionary product. In this paper, we establish the B-strand, and an Asp-x-Lys-x-x-Asp motif at the end of the
first example of this strategy. third g-strand. The active sites are located at the dimer
Orotidine 3-monophosphate decarboxylase (OMPDIE) interface: the first four conserved residues are contributed
the most proficient enzyme knowr ). Recent reports of by one polypeptide, and the second Asp of the conserved
crystal structures of OMPDC’s from four sources renewed Asp-x-Lys-x-x-Asp motif is provided by the second polypep-
attention on the mechanism of this reaction because it istide. In the concerted 2 mechanism, the first conserved
Asp of the Asp-x-Lys-x-x-Asp motif destabilizes the sub-

L Abbreviations: SeMet, selenomethionine; MAD, multiwavelength  Strate carboxylate group, and the Lys of the same motif
anomalous dispersion; APS, Advanced Photon Source at Argonnedelivers a proton to C620, 22.

National Laboratory, Argonne, IL; KGPDC, 3-ketegulonate 6-phos- ; ; ; iverge2s
phate decarboxylase; OMPDC, orotidirienfonophosphate decarboxyl- Searches of the protein databases identify diver v

ase; HPSp-arabinohex-3-ulose 6-phosphate synthase; rms, root-mean- S€quence identity) homologues of OMPDC with alternative
square; MePEG, methyl ether poly(ethylene glycol). or uncertain functions. Several are KMedependenb-ara-
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Ficure 2: Alignment of the sequences of the OMPDC's fr&m coli
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(OMPDC_EC) andB. subtilis(OMPDC_BS), two homologous

KGPDC's fromE. coli [ULAD _EC is the KGPDC characterized in this paper, and SGBIE is a homologue that catalyzes the same
reaction 80)], and the HPS’s fronMethylomonas aminofacieifslPS_MA) and Mycobacterium gastfHPS_MG). The strictly conserved
Asp!! and residues in the Asp-x-Lys-x-x-Asp motif are highlighted in red 3&uKGPDC (Lys® in OMPDC) is highlighted in blue. The
position of Hig38 is highlighted in green, and the position of GRiis highlighted in magenta. The alignment was produced by the Pileup
algorithm of the GCG software package. The pairwise sequence identity between_ LE@GRNnd OMPDC BS is 18%, and that between

HPS_METAM and OMPDC_BS is 29%.

bino-hex-3-ulose 6-phosphate synthases (HPS’s) that catalyzeare located at the polypeptide interface in a dimer of

the condensation af-ribulose 5-phosphate with formalde-
hyde in microorganisms that “fix” formaldehyd@4—29).
Others annotated as “probable” HPS’s are?fdependent
3-keto+-gulonate 6-phosphate decarboxylases (KGPDC's)
involved in L-ascorbate utilization by microorganisms,
including Escherichia col(30). The mechanisms of the HPS-
and KGPDC-catalyzed reactions likely involve an enediolate
anion intermediate stabilized by coordination to¥Figure

1). While HPS and KGPDC form a mechanistically diverse

superfamily, the mechanisms of their reactions share no.

features with the reaction catalyzed by OMPD8J. (

The sequences of KGPDC'’s and HPS'’s are similar in
length to those of OMPDC's, consistent with a shargfl (
o)g-barrel fold. Despite low levels of identity, a sequence
alignment (Figure 2) suggests that KGPDC, HPS, and
OMPDC share the Asp at the end of the fifsstrand and
the Asp-x-Lys-x-x-Asp motif at the end of the thifdstrand
(highlighted with red in Figure 2). However, the Lys at the
end of the secon@-strand in OMPDC is replaced with a
Glu in the KGPDC and HPS (highlighted with blue in Figure

antiparallel f/o)g-barrels.

Herein we report structural studies of the KGPDC encoded
by the ulaD gene fromE. coli. KGPDC is a dimer of
antiparallel g/a)s-barrels in which the active sites are located
at the polypeptide interface. Carboxylate groups located at
the ends of the first, second, and thi#étrands function as
ligands for the essential M. A substrate analogue is
coordinated to the Mg via its 3-OH group, consistent with
a mechanism that involves stabilization of an enediolate anion
intermediate. The details of the dimer interface are conserved
with those in OMPDC, providing unequivocal evidence that
KGPDC and OMPDC are derived from a common ancestor.

The group of homologous enzymes that includes KGPDC,
HPS, and OMPDC is designated the OMPDC “suprafamily”
to emphasize the absence of any discernible common strategy
for forming and/or stabilizing chemically distinct unstable
intermediates and/or transition states on the reaction coor-
dinates 6). This is the first group of functionally distinct
enzymes to be described that retains both sufficient sequence

2). The expected presence of carboxylate ligands at the end@ind structural homology to confirm that the members are

of the first threes-strands in thef/a)s-barrels of KGPDC

related by divergent evolution. This study demonstrates that

and HPS suggests that these form the binding site for thesequence or structural homology alone cannot be used

essential Mg". The conserved Asp-x-Lys-x-x-Asp motif in

reliably to infer functions of new proteins discovered in

KGPDC and HPS further suggests that their active sites alsogenome projects.
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Table 1: Data Collection and Refinement Statistics

Data Collection Statistics

Se-Met native native

KGPDC phosphate KGPDC phosphate KGPDCL-gulonate 6-P
wavelength (A) 0.97945 (peak) 0.97931 (edge) 1.0247 (remote) 0.97625 1.514
source APS 19-ID APS 19-ID APS 19-ID APS 19-BM CuK_
resolution (A) 2.3 2.3 2.3 1.62 2.2
unique reflections 20955 20925 20965 58810 22847
total reflections 195027 194286 185534 480987 56895
completenesg%) 99.7 (99.7) 99.6 (99.7) 98.0 (84.3) 97.2 (90.5) 91.2 (77.9)
averagd/o? 33.7 (23.4) 33.1(23.4) 33.7 (23.7) 39.8 (5.8) 5.7 (3.4)
R-mergé® 0.058 (0.098) 0.066 (0.104) 0.046 (0.079) 0.043 (0.181) 0.030 (0.099)

Refinement Statistics

KGPDCphosphate KGPD-gulonate 6-P KGPD@hosphate = KGPDC-gulonate 6-P

resolution limits (A) 506-1.62 30-2.10 no. of protein atoms 3273 3273
R-factor (%} 18.2 18.0 no. of solvent atoms 417 231
R-free (%) 19.9 21.2 averagB factor (A2 16.8 15.9
no. of reflections 54215 20446 rms bond lengths (A) 0.004 0.006

(working set)
no. of reflections 2870 1053 rms bond angles (deg) 1.303 1.200

(test set)

aNumbers in parentheses represent completeness in highest resolution shell (KBB$pBate, 1.681.62 A; KGPDGL-gulonate 6-P, 2.28
2.2 A). P R-merge= (Z|lu — I|/(Slnk) where the average intensitys taken over all symmetry equivalent measurementd @ads the measured
intensity for a given reflectiort R = X||F,| — k|F¢||/Z|F,|. ¢ Rfree; R-factor for 5% of the data excluded from the refinement.

MATERIALS AND METHODS gene fromE. coli (30)] were grown similarly except that 20
mM inhibitor replaced the sodium/potassium phosphate.

Data Collection and Structure Determination of KGPDC
with Bound PhosphateCrystals grown in the presence of
sodium/potassium phosphate were transferred to a cryo-
protecting solution containing 20% MePEG 5000, 100 mM
sodium/potassium phosphate, 100 mM PIPES, pH 7.0, 20%
glycerol, and 200 mM NacCl. Crystals remained in this cryo-

cells were grown at 37C in minimal media [75 mM K- protecting solution for approximately 1 min and then were

HPQ,, 11 mM KH,PQ,, 7.5 mM (NH;),SO,, 8 mM MgSQ, flash-frqzen in liquid nitrogen. .

70 uM CaCb, 0.2 uM FeSQ, 0.15 mM thiamin], supple- A native data set was recorded at beamline 19BM of the
mented with 50 mM glucose and 1@@/mL ampicillin, to ~ Structural Biology Center-CAT of APS with a single T80
an ODyo = 0.6. Methionine-suppression solution (0.5 mM  Scan with 2 oscillations e_hS s per frame. The data were
L-lysine, 0.7 mML-threonine, 0.6 mM.-phenylalanine, 0.4  integrated and scaled with HKL200@1) (Table 1). The
mM L-leucine, 0.4 mM.-isoleucine, 0.4 mM.-valine) was data f_rom the Sta_l\{let-labgled crystal were collected on
then added to the culture, and the cells were incubated forPeamline 191D utilizing a single 18Gcan composed of"1

an additional 30 min at 37C. Selenomethionine (0.25 mM)  Oscillations for each of three wavelengths (Table 1).

and 0.5 mM IPTG were then added to the culture, and the The structure was solved by multiple anomalous dispersion
cells were incubated for 16 h at 3€. Selenomethionine- (MAD) with the program SOLVE §2) where 9 out of 10
labeled KGPDC was similarly purified as described before selenium atoms were identified. These heavy atom sites were
(30). used to calculate initial phases which were refined by solvent

Crystallization. KGPDC was dialyzed against 50 mM ~ flattening with the program DM in the CCP4 packa@a,(
HEPES, pH 7.5, 5 mM MgG) 100 mM NaCl, concentrated ~ 34). Further solvent flattening with the program RESOLVE
to 15 mg/mL, frozen as small pellets in liquid nitrogen, and generated an interpretable magb).
stored at-80 °C. Crystals were grown at room temperature  An initial model for residues LéuTrp?® of one monomer
by micro-batch experiments by combining 40 of protein of KGPDC was built into the experimental density map from
solution and 1QuL of a solution containing 18% MePEG the SeMet data set with the program TURBO FROL36) (
5000, 50 MM NaHPQ,, 50 mM K;HPQ;, and 50 mM Bis- The second subunit in the asymmetric unit was generated
Tris propane, pH 7.0. Crystals appeared in a few days afterby applying the noncrystallographic symmetry transforma-

Protein Purification KGPDC, the product of thellaD
gene in E. coli, was expressed and purified with an
N-terminal His-tag 80). The His-tag was removed with
thrombin, leaving a G-S-H sequence appended to the
N-terminal of the wild-type protein. Selenomethionine-
labeled (SeMet) protein was similarly expressed in BL21-
(DE3) cells with the following modifications: transformed

micro-seeding, grew to dimensions of 10100 x 700um tion. Subsequent refinement used the native data set. The
after approximately 1 week, and diffracted to beyond 2.0 A model was improved by alternating rounds of model building
resolution. They belong to space gro0g (a= 42 A, b = and refinement with the program CNS$7. The final

121 A, c = 92 A, andp = 97°) with a dimer in the R-factor was 18.2% with aR-free of 19.8%. A Ramachan-
asymmetric unit. The SeMet-substituted protein crystallized dran plot indicates that 94.2% of the non-glycine and non-
under identical conditions. Crystals of KGPDC complexed proline residues fall in the most favored regions with the
with the inhibitor L-gulonate 6-phosphate [prepared from remaining 5.8% falling in the additionally allowed regions.
L-gulonate and ATP with the enzyme encoded by ljx Final refinement statistics are given in Table 1.
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Ficure 3: Stereoview of the electron density fioigulonate 6-phosphate. This reveals the extensive hydrogen bonding network between
the polar functional groups of the inhibitor and the enzyme. ThefAsige chain, which is marked with an asterisk attached to a loop
depicted in yellow, is contributed by the second subunit in the dimer. The map was calculated with coefficients of the-legwhere

the inhibitor was omitted from the phase calculation. Figure$ 8vere prepared with the program RibboA)(

Structure Determination of KGPDC Complexed with  The active sites, as indicated by the location of a phosphate
L-Gulonate 6-Phosphat€rystals grown in the presence of ion in each subunit and by analogy to OMPDC, lie at the
L-gulonate 6-phosphate were mounted in a glass capillary,dimer interface. Each is built with residues primarily from
and diffraction data were collected with a Siemens Hi-Star one monomer, with the exception of the strictly conserved
area detector at 4C. Data processing and scaling were done Asp?’ which is contributed by the second subunit. A #¥g
using the programs XDS and Xscalib@8]. The complex with octahedral coordination is liganded by the side chains
was solved by molecular replacement utilizing the structure of Glu** and Asj3? and four ordered water molecules. The
of the KGPDGMg?*-phosphate complex as a search model phosphate ion is coordinated by contacts with the backbone
without the ions or water with the program CNS7). of Gly'™, Gly**%, and Arg®?and with the side chain of AR
Thereafter, the model was built and refined with the programs ~ Structure of KGPD@Jg?*-L-Gulonate 6-Phosphat&he
TURBO-Frodo and CNS. The findR-factor was 17.6%  structure of the KGPD@®/g?"-L-gulonate 6-phosphate com-
with a final R-free of 20.3% (Table 1). A Ramachandran plex is similar to that of the KGPD®g?**-phosphate
plot indicates that 94.2% of the non-glycine and non-proline complex except for small changes in the positions of active
residues fall in the most favored regions with the remaining Site residues. The Mg is coordinated to the hydroxyl groups
5.8% falling in the additionally allowed regions. A repre- on C3 and C4 of the inhibitor, the carboxylate groups of
sentative section of electron density for the inhibitor is shown GIu*® and Asf5% and two ordered water molecules. These

in Figure 3. water molecules are, in turn, coordinated by the side chains
of Asp!t and The®,
RESULTS AND DISCUSSION The location of the phosphate moiety of the inhibitor in

the KGPDCGMg?"-L-gulonate 6-phosphate complex is identi-
Structure of KGPD@Mg*"-PhosphateThe asymmetric  cal to that observed for the inorganic phosphate ion in the
unit contains 2 subunits of KGPDC which both exhibit KGPDC.M92+.phOSphate Comp|ex_ Extensive hydrogen-
continuous electron density from Leto Trp*** where the  bonding contacts are formed between the polar functional
genome-encoded KGPDC is 216 amino acid residues ingroups of the inhibitor and the enzyme (Figure 3). The side
length. The N-terminal extension derived from the His-tag chains of Asp!, Thr?8, and Tht#® make hydrogen bonding
is disordered. As anticipated, the two subunits of KGPDC contacts with the hydroxyl groups on the inhibitor.

exist as a dimer of antiparalleBlo)s-barrels (Figure 4) in Mechanism of the KGPDC-Catalyzed ReactiGhe reac-
which the monomers are related by a 2-fold rotation axis. tjon catalyzed by KGPDC is dependent on the presence of
The monomers are virtually identical in conformation, with Mg?* (30). However, the presence of L§/sn the active site

an rms deviation of 0.9 A between equivaleatarbons in  could suggest a Schiff-base mechanism analogous to that
each monomer. The dimer interface is formed by extensive used by acetoacetate decarboxyla8).(In unpublished
contacts between the C-terminal ends of the third, fourth, experiments, we have determined that the valu&.gffor

and fifth 8-strands; the buried surface area is approximately the K64A mutant is 20% that measured for wild-type
8400 A. A disulfide bond between C$s from each enzyme, eliminating this mechanistic possibility (W. S. Yew
monomer was observed in the Se-Met structure used forand J. A. Gerlt). Furthermore, we also have observed that
MAD phasing but was reduced in the structure of the wild-type KGPDC catalyzes the exchange of thert-S
complex withL-gulonate 6-phosphate (next section). hydrogen of the-xylulose 5-phosphate product with solvent.
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A)

B)

Ficure 4: Ribbon representation of the KGPRBGgulonate 6-phosphate complex (A) and stereo-overlap between the K&RDIOnate
6-phosphate complex and OMPDC frd®acillus subtilis(B). The ribbon representation of the KGPR&yulonate 6-phosphate complex

reveals that the active sites, as indicated by the presence of the inhibitor, lie at the interface between the two subunits. In the overlap
between KGPDC (shown in blue) and OMPDC (shown in red), onlystiserands and loops that form the interface between the two barrels

are shown for clarity. Conserved active site residues from KGPDC and-th#onate 6-phosphate inhibitor are shown to indicate the
position of the active site. The figure was prepared with the coordinates for the OMPD@frsubtilis[RSCB accession number 1DBT

(20)]. The superposition was done with the program ALIGN)(modified at the University of Wisconsin by Dr. Gary Wesenberg to allow
selection of the segments used for the alignment (available on request).

Taken together, the available structural and functional datafor the general acid catalyst that protonates the enediolate
provide compelling evidence for a mechanism involving a anion intermediate and likely catalyzes the observed ex-
Mg?*-stabilized enediolate anion intermediate (Figure 1). change of the pro-Shydrogen of the-xylulose 5-phosphate
The carboxylate group of-gulonate 6-phosphate is product with solvent.
hydrogen bonded to L§$and Asj§” of the second subunit Determination of the stereochemical course of the decar-
of the dimer. Significantly, the observed conformation of boxylation reaction and detailed analyses of the reactions
the substrate analogue is not compatible with a productive catalyzed by active site mutants are in progress.
enzymesubstrate complex, in which the carboxylate group ~ Comparison of KGPDC and OMPDQhe structure of
must be orthogonal to the plane of the forming enediolate KGPDC is remarkably similar to the available structures of
anion. A productive complex could involve coordination of OMPDC despite low pairwise sequence identities (Figure
the substrate to the Mgvia its 3-keto group and 2-hydroxyl  2), confirming that KGPDC and OMPDC are related by
group, not its 4-hydroxyl group. When such coordination is divergent evolution. Both KGPDC and OMPDC are dimers
modeled, the carboxylate group is forced to be orthogonal of (8/a)s-barrels arranged in an antiparallel fashion. The folds
to the plane of the forming enediolate anion and spatially of the KGPDC and OMPDC monomers are essentially
proximal to His36, located at the end of the fiftA-strand, identical, with the flexible loops involved with substrate
and Asj§’, contributed by the second subunit; EY&s also binding being the major differences. The rms deviation
proximal to the substrate, although not positioned to interact betweena-carbons of OMPDC fronBacillus subtilisand
with the carboxylate group. These residues are candidatesKGPDC is 1.5 A for 154 residue pairs.
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Ficure 5: Close-up stereoview of the active sites of KGPRD@ulonate 6-phosphate complex and OMPD®IP. The side chains from
conserved residues from KGPDC (shown in red) overlay almost exactly with those from OMPDC (shown in blue). The inhipitiorsate
6-phosphate (shown in red) and UMP (shown in blue), occupy nearly identical positions in the active sites. The phosphate groups of the
inhibitors are bound analogously. The figure was prepared with the coordinates for the OMPDB. fsaistilis[RSCB accession number

1DBT (20)]. The superposition was done with the program ALIGAB)(

The similarity in the arrangement of the monomers within anion. However, these proton transfer reactions are highly
the dimer is perhaps more striking than the conservation in exergonic, so this possible shared function may not be critical
the structures of the monomers (Figure 4B). Superposition for understanding the structural strategies for divergent
of the a-carbons of the dimers of KGPDC and of OMPDC evolution. Instead, the distinct mechanisms for stabilizing
from B. subtilis (18% sequence identity) yields an rms (KGPDC) or avoiding (OMPDC) highly unstable intermedi-
deviation of 1.7 A for 237 residue pairs. Both the three- ates appear to be the essential criterion for discriminating
dimensional arrangements of the monomers relative to eachbetween the reactions catalyzed by these homologous active
other and the interactions in the dimer interface are almostsites and specifying the underlying nature of the diversity
completely conserved, further supporting the assertion thatof function.

KGPDC and OMPDC are the products of divergent evolu-  Like OMPDC, KGPDC makes extensive contacts with its
tion. substrate through a network of hydrogen bonds in the active

An overlay of the active site of KGPDC with that of site. The side chains of ASp Thr*®, and Th#¢® make
OMPDC shows that conserved residues occupy nearly hydrogen bonding contacts with the hydroxyl groups on the
identical positions (Figure 5). However, the mechanisms of acyclic inhibitor. Homologous, but not strictly conserved,
the reactions catalyzed by KGPDC and OMPDC are distinct residues in OMPDC make similar contacts with the hydroxyl
(Figure 1), so the conserved functional groups are used ingroups of the furanoside ring in OMP.
different ways. The most striking differences in the use of  The position of the inhibitor in the active site of KGPDC

side chains involve the ligands for the ffgin KGPDC. In is very similar to that of substrate analogues or product in
OMPDC, the side chain of A$p likely is positioned the active site of OMPDC (Figure 5). In both enzymes, the
proximal to the carboxylate group of OMR(Q, 22, with phosphate group of the substrate is bound by a conserved

the resulting repulsive interactions destabilizing the ground phosphate binding site. In OMPDC, hydrogen bonds are
state. In KGPDC, the side chain of the homologous®sp formed with the backbone amide hydrogens from?Blgnd
which occupies a nearly identical position to that in OMPDC, Arg?*® and the side chain of AP, in KGPDC, hydrogen

is coordinated to the Mg and does not interact with the  bonds are formed with the backbone amide hydrogens from
carboxyl leaving group of-gulonate 6-phosphate. In OMP-  Gly*®*and Arg®?and the side chain of A2 This binding

DC, the side chain of the conserved BYparticipates ina  site, remote from the position of chemistry, is the single
hydrogen bonding network that facilitates a mechanism that active site functional feature that has been retained in the
must avoid a vinyl anion intermediate that is too unstable to course of divergent evolution. Perhaps these conserved
be kinetically competent. In KGPDC, the structurally ho- interactions are essential for mediating conformational
mologous GI& is coordinated to the Mg. Accordingly, changes that establish productive orientations of the car-
residues that mediate catalysis in OMPDC by direct interac- boxylate groups of the substrates with active site residues.
tions with the substrate have been conscripted to serve as Relationship of KGPDC, HPS, and OMPDRo structural

ligands for the essential Mgin KGPDC. The Mg", in turn, information is yet available for HPS, although the sequence
interacts with the substrate to stabilize an enediolate anionsimilarities between HPS and OMPDC have previously been
intermediate. noted @0). However, based on the sequence alignment

The only mechanistic similarity supported by conserved (Figure 2), it is predicted that the both the quaternary
amino acids might be the identity of the general acid catalyst structure and active site of HPS will be remarkably similar
that delivers a solvent-derived proton to the product. In to those determined for KGPDC. In particular, it is expected
OMPDC, Ly$?is proposed to donate a proton to C6 of OMP that HPS will be a dimer offf/a)s-barrels in which the active
after decarboxylation. In KGPDC, the homologous%ysay sites are located at the interface, and that thé&*Mgported
function as the catalytic acid in protonation of the enediolate to be essential for activity in the HPS-catalyzed reaction will
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be coordinated to an Asp residue at the end of the first REFERENCES

f-strand, a Glu residue at the end of the sec@rsatrand,
and the first Asp of the Asp-x-Lys-x-x-Asp motif at the end
of the third g-strand. Furthermore, it is predicted that the
p-ribulose 5-phosphate substrate will coordinate to théMg
via its 2-carbonyl group, thereby allowing stabilization of
an enediolate anion intermediate (Figure 1).

The sequences of the KGPDC’s and HPS’s that can be
identified in the databases contain homologues of¥lia
KGPDC (highlighted with green in Figure 2), suggesting that
this residue will mediate a shared partial reaction in both
reactions. However, all KGPDC'’s contain homologues of
GIu'*? located at the end of the fift§-stand whereas alll
HPS’s are predicted to contain an Asp at this position
(highlighted with magenta in Figure 2); the differing
functional groups likely are involved in the divergent partial
reactions catalyzed by KGPDC and HPS.

The mechanisms of the reactions catalyzed by KGPDC
and HPS do not share any common strategy for forming and/
or stabilizing chemically distinct intermediates and transition
states with the reaction catalyzed by OMPDC (Figure 1).
However, they do share a common partial reaction [formation
and stabilization of enediolate anion intermediate via coor-
dination to M@" that either follows (KGPDC) or precedes
(HPS) carbor-carbon bond breaking/forming reactions] and,
therefore, constitute a mechanistically diverse superfamily
within the OMPDC suprafamily.

Concluding RemarksComparison of the structures of
KGPDC and OMPDC shows that Nature's strategies for
divergent evolution are not restricted to conservation of either
chemical mechanism or substrate specificity, attributes that
might assist relating proteins of unknown or uncertain
function to those of known function. Instead, evidence is
presented here for a strategy in which evolution can be
opportunistic so that any structural feature of an active site
can be conscripted for the development of new enzymatic
functions.

The functional plasticity of the3{a)s-barrel fold suggests
that many, if not all, §/a)s-barrel enzymes may be derived
from a limited number of #/a)s-barrel progenitors4, 47).

In the course of divergent evolution, discernible sequence
similarity may vanish, obscuring the mutational events that
lead to significantly altered function. The present studies

expose remarkable changes in function that can occur via 2

divergent evolution in response to selective pressure. They
suggest that it is inappropriate to conclude function based
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24.

on sequence comparisons alone, since this makes the simplests.

assumption that conservation of active site residues correlates
with conservation of their functional roles. This calls into
question ongoing efforts to assign function to genomic
sequences.

These structural studies of KGPDC expand the member-
ship of the “ribulose phosphate binding” superfamily as
defined by the SCOP databaskttf://scop.mrc-Imb.ca-
m.ac.uk/scop/ and raise the question of whether other
mechanistically distinct reactions might be catalyzed by this
same arrangement of functional groups. Structural and

mechanistic studies of other enzymes whose sequences are
homologous to OMPDC, KGPDC, and HPS are in progress 32 Terwilliger, T. C., and Berendzen, J. (199@}a Crystallogr.

to address this question.
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