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Erik M. Vogan,*8/ Cornelia Bellamacin&! Xuemei He# Hung-wen Liu#* Dagmar Ringe,® and
Gregory A. Petsko#®

Departments of Biochemistry and Chemistry and Rosenstiel Basic Medical Sciences Research Center, Bramasity,Uni
Waltham, Massachusetts 02454, andiBibn of Medicinal Chemistry, College of Pharmacy, and
Department of Chemistry and Biochemistry, bsity of Texas, Austin, Texas 78712

Receied August 28, 2003; Rised Manuscript Receéd January 15, 2004

ABSTRACT. CDP-D-glucose 4,6-dehydratase catalyzes the conversion of ©€BlBeose to CDP-4-keto-
6-deoxyglucose in an NADdependent manner. The product of this conversion is a building block for a
variety of primary antigenic determinants in bacteria, possibly implicated directly in reactive arthritis.
Here, we describe the solution of the high-resolution crystal structure of &2§iBeose 4,6-dehydratase

from Yersinia pseudotuberculosis the resting stateThis structure represents the first CDP nucleotide
utilizing dehydratase of the short-chain dehydrogenase/reductase (SDR) family to be determined, as well
as the first tetrameric structure of the subfamily of SDR enzymes in whichN&Mlergoes a full reaction

cycle. On the basis of a comparison of this structure with structures of homologous enzymes, a chemical
mechanism is proposed in which Tyrl57 acts as the catalytic base, initiating hydride transfer by abstraction
of the proton from the sugar-ydroxyl. Concomitant with the removal of the proton from thdidroxyl

oxygen, the sugar’ydride is transferred to the B face of the NARofactor, forming the reduced
cofactor and a CDP-4-keto-glucose intermediate. A conserved Lys161 most likely acts to position the
NAD™ cofactor so that hydride transfer is favorable and/or to reducekhefplyrl57. Following substrate
oxidation, we propose that Lys134, acting as a base, would abstracthiyellgen of CDP-4-keto-
glucose, priming the intermediate for the spontaneous loss of water. Finally, the redtfigducoseen
intermediate would be reduced suprafacially by the cofactor, and reprotonation & {kély mediated

by Lys134.

CDPD-glucose 4,6-dehydratase,fFcatalyzes the NAD- source of serological specificity8( 12, 13). Further, these
dependent conversion of CDRRglucose to CDP-4-keto-6-  immunologically active sugars have been implicated as the
deoxyglucose by means of an irreversible intramolecular cause of certain persistent postinfection disease sta#gs (

oxidation/reduction1—3). This enzyme, and its homologues, The 4,6-dehydratases have been studied well, both bio-
catalyze the first committed step in the synthesis of 6-deoxy- chemically (L5, 16) and, in some cases, structurally7( 18).
hexoses, thus providing a common entry into the pathway The chemical mechanism for the biosynthesis of 4-keto-6-
for the generation of secondary metabolites found in antibiot- deoxyhexoses is believed to proceed through three steps, as
ics, glycoproteins, and the bacterial lipopolysaccharide layer gejineated in Scheme 1 (adapted from 1&). First, the
(4-7). _ _ o _ enzyme-bound NAD abstracts the 'sydride from the

_ The 3,6-dideoxyhexoses, which are primarily found in the gpstrate, generating a 4-ketohexose intermediate. This
lipopolysaccharide layer of Gram-negative bacteria, can bentermediate then undergoes dehydration across the- C-5
synthesized directly from the 6-deoxyhexoses11). These  C_g bond, giving rise to the 4-keta®e-glucoseen, which is
sugars are important antigenic determinants and a primaryihen reduced at the C-6 position to yield the 4-keto-6-

deoxyhexose product.
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[from E. coli (18)], and TDP-glucose 4,6-dehydratase [from
both E. coli and Salmonella entericgl7)]. Aside from the
obvious differences in substrate specificity and activity, E
distinguishes itself as the only enzyme of the subfamily that
requires exogenous NADfor full activity (1, 15, 26).
Further, it is the only bacterial member of the subfamily
known to occur in a tetrameric form, although another
tetrameric member of this subfamily has been repor2sd (
28).

We report here the determination of the crystal structure
of CDPD-glucose 4,6-dehydratase froviersinia pseudotu-
berculosisat 1.8 A resolution. This structure represents the
first CDP nucleotide utilizing dehydratase of the SDR family
to be determined, as well as the first tetrameric structure for
the subfamily of SDR enzymes which utilize NADas a
catalytic prosthetic group. This structure allows us both to
interpret more fully previous mutagenesis studies and to
propose a detailed chemical mechanism for this enzyme.

EXPERIMENTAL PROCEDURES

Materials CDP-glucose, NAD, and EDTA were pur-

chased from Sigma. PEG 4000 was purchased from Fluka,
and HEPES free acid was purchased from Research Organicsa

DEAE DE-52 resin was from Whatman, while an S200
HiPrep 16/60 gel filtration column was purchased from
Pharmacia.

Expression and Purification of the Dehydratagxpres-
sion and purification of recombinait. pseudotuberculosis
dehydratase fronk. coli have been described in deta@l7(

29). Briefly, the Y. pseudotuberculosiascB gene was
overexpressed irE. coli and then partially purified by
ammonium sulfate precipitation at 65% saturation. This crude
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Crystallization and Data CollectiarCrystals were grown
by the hanging drop vapor diffusion method at’@, as
described previously2(). A frozen aliquot of purified
enzyme at a concentration of 40 mg/mL was thawed, then
mixed 1:1 with 5 mM NAD", and allowed to incubate for
15 min at 4°C. Equal volumes of this enzyme/coenzyme
solution were then mixed with precipitant solution [1.0 M
ammonium sulfate, 2% (w:v) PEG 4000, and 100 mM K
HEPES (pH 7.5)]. The enzyme concentration was 0.25 mM
under these conditions. After 2 days, these drops were
microseeded with a &k 10* dilution of a crushed crystal
from the previous generation. Crystals achieved maximum
dimensions of 0.6 mnx 0.6 mmx 0.4 mm in~2 weeks.
These crystals had the symmetry of space grBag;2;,
with the following unit cell dimensionsa = 99.9 A b =
115.9 A, andc = 128.8 A. The asymmetric unit contained
four monomers related by 222 noncrystallographic symmetry
(27). For data collection, crystals were slowly transferred to
an artificial mother liquor consisting of 1.4 M ammonium
sulfate, 2% (w:v) PEG 4000, 25% (w:v) xylitol, and 100
mM K-HEPES (pH 7.5), and then the mixture was mounted
on a cryoloop and plunged into liquid nitrogen.

A native X-ray data set was collected to 1.8 A resolution
t beamline X12B at the National Synchrotron Light Source
(NSLS) [Brookhaven National Laboratory (BNL), Upton,
NY]. The wavelength for this experiment was 1.0704 A. Data
were reduced with DENZO and scaled with SCALEPACK,
both from the HKL package3(). Relevant X-ray data
collection statistics are given in Table 1.

The first isomorphous heavy atom derivative was produced
by incubating the enzyme/coenzyme solution, prepared as
described above, with 1 molar equiv (0.25 mM) of ethyl-
mercuric phosphate (EMP) for 15 min at°C, prior to
crystallization. The enzyme that reacted with higher con-

enzyme preparation was resuspended in purification buffer centrations of EMP failed to crystallize. Preparation of

[100 mM KR and 1 mM EDTA (pH 7.5)], applied to a
DEAE column, and then eluted with a linear gradient from
140 to 365 mM KR(pH 7.5). Samples containing significant

additional isomorphous heavy atom derivatives required the
transfer of crystals to an artificial mother liquor consisting
of 1.4 M lithium sulfate, 2% (w:v) PEG 4000, and 100 mM

enzyme activity were pooled and injected onto a HiPrep S200K-HEPES (pH 7.5) to avoid competing reactions with

gel filtration column equilibrated in purification buffe2).
The enzyme eluted from the gel filtration column at 160 kDa,

ammonia derived from the ammonium sulfate. Two ad-
ditional isomorphous heavy atom derivatives could then be

the size expected for a tetramer. The pure enzyme wasprepared by soaking with 0.1 mM potassium mercury iodide

concentrated to 40 mg/mL (by Bradford) and flash-frozen
in small aliquots using liquid nitrogerB8Q).

(PMTI) for 24 h or 0.5 mM potassium platinum nitrate (PN)
for 36 h. The PMTI derivative data set, to 3.0 A resolution,
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Table 1: Crystallographic Data Collection Statistics

native EMP EMP MAD PMTI PN MAD

soak
compound - CoHsHgPQ, CoHsHgPQ, KHgls KoPt(NOy)4
concentration - 1 molar equiv 1 molar equiv 0.1 mMm 0.5 mM
time - 15 min 15 min 24 h 36h
beamline NSLS X12B NSLS X12B NSLS X12C NSLS X12B APS BM14D
cell constants (A) 99.9(}, 99.73 @), 99.88 @), 99.88 @), 99.81 @),

115.87 b), 115.74 p), 115.84 p), 116.09 b), 116.40 b),

126.83 €) 127.24 €) 127.38 €) 127.38 €) 126.86 €)
mosaicity (deg) 0.5 0.5 0.3 1.1 0.6
wavelength (A) 1.07040 1.00880 1.01024, 1.00493, 0.98600 1.00880 1.07258, 1.07189, 1.04629
resolution limit (A) 36-1.8 40-3.0 50-2.4 40-3.0 85-2.5
completeness (%) 97.7 (93.4) 92.3 (93.8) 86.9 (44.9) 87.8 (69.7) 91.0 (62.7)
redundancy 5.8 (3.2) 6.4 (5.8) 3.1(1.5) 6.2 (3.5) 7.8 (1.8)
Rmerge(%0) 6.6 (35.0) 4.6 (6.8) 5.6 (16.7) 5.7 (9.9) 7.9 (27.7)
| (error) 18.4 (2.6) 22.2 (16.0) 21.7 (6.3) 14.5 (7.4) 19.2 (3.8)
Riso (%) - 18.0 (20.9) 4.6 (11.3) 22.4 (27.1) 8.1(33.5)
Kemp - 9.0 (7.7) 1.4 (1.5) 10.7 (7.1) 2.5(2.0)

a2 The EMP derivative was generated by reacting the enzyme with 1 molar equiv of EMP for 15 min prior to crystallization. Numbers in parentheses
are statistics for the highest-resolution shell. For isomorphous derivatives, comparisons are between the native and derivative sets. For MAD data
sets, comparisons are for inflection point data set vs remote dat8.sgtis defined asy (|l — OO)/Y (1). Rso is defined asy (|Fpn — Fpl)/> (Fp),
whereFpy is the derivative amplitude arfeb the native amplitudeKempis defined as$ (|Fer — Fp|)/(0.5% (|Dprl), WwhereDpy is the delta anomalous
amplitude.

was collected using a wavelength of 1.0088 A, at beamline  Model Building and Structural Refinemeiithe density-
X12B, BNL, NSLS. A three-wavelength (1.01024, 1.00493, modified, NCS-averaged electron density map was readily
and 0.98600 A) multiwavelength anomalous diffraction interpretable, and an initial model, consisting of 324 of the
(MAD) data set was collected for the EMP cocrystal 357 amino acids for &, was built into this density using O
derivative at beamline X12C, BNL, NSLS. A three- (40). Density for the NAD cofactor was unambiguous, and
wavelength (1.07258, 1.07189, and 1.05629 A) MAD data the cofactor was modeled into the initial averaged density.
set for the PN derivative was collected at beamline BM14D Both N- and C-termini were missing from this model, as
of BioCARS [Advanced Photon Source (APS), Chicago, IL]. were two stretches of residues (residues-2827 and an
Each heavy atom derivative was scaled to the native dataentire loop from residue 290 to 300). CNS_SOLVE was used
set using FHSCAL and SCALEIT, from the CCP4 program to refine this structure from a startifyfactor of 47.2% Ree
suite 32—34). TheR-factor between the native enzyme and = 49.4%) @1, 42). Several rounds of alternating refinement
the PMTI derivative was 22.4%, to 3.0 A resolutipR = and manual rebuilding intoR2 — F. SIGMAA-weighted
[>(IFpn — Fel)/>(Fp)] x 100, whereFp is the native structure  electron density maps brought the model toRafactor of
factor andFpy is the derivative structure facfarR-factors 22.9% Riee = 26.6%) B4, 43, 44). Ice rings in the
between the rising edge anomalous data set and the remotexperimental diffraction data cause both Bitactor andRee
data set for the EMP and PN derivatives were 4.6 and 8.1%,to be elevated in the resolution shells from 2.32 to 2.23 A
respectively. and from 1.93 to 1.87 A. It was not possible to obtain frozen
Positions of the EMP and PN heavy atom binding sites crystals without such ice rings, and it was also not possible
were determined manually by inspection of anomalous to process the diffraction data to eliminate the ice rings
difference Patterson maps calculated with peak anomalouswithout also eliminating the data in these shells. Refinement
X-ray data from 85 to 4.5 A resolution. Four heavy atom against the data to 1.80 A, eliminating those two resolution
binding sites were identified for the EMP derivative, while shells, yields a more conventiong@ifactor of 21.4% Reee
six heavy atom binding sites could be identified for the PN = 24.1%). While the inclusion of the data to 1.8 A does
derivative. These derivatives were placed on a commonincrease both the overdR-factor andRyee, it also signifi-
origin by means of difference Fourier maps, which allowed cantly improves the appearance of the maps, so the structure
the identification of four additional heavy atom binding sites is reported as refined against the full 1.8 A resolution data
in the EMP derivative data. Eight heavy atom binding sites set. The final model includes all residues except the
in the PMTI derivative were determined from difference N-terminal methionine and varying portions of the loop from
Fourier maps using combined phases from the EMP and PNresidue 290 to 300, depending on the monomer. In addition,
derivatives. For each derivative, heavy atom binding posi- this model contains one NADmoiety per monomer and
tions and occupancies were refined using MLPHARE from 862 waters. This final model was evaluated with PROCHECK
the CCP4 package4, 35). This same program was used to and is average or better in all statistical indicators of model
generate HendricksetLattman coefficients for each deriva- quality when compared to a representative selection of well-
tive, which were combined to yield the final experimental refined structures at the same resolutid# é5). All residues
phase set36). The overall figure of merit of that phase set fall within the allowed regions of a Ramachandran plot.
was 0.52 from 85 to 2.5 A resolution. This phase set was Modeling of the Substratdhe structures of botE. coli
subjected to histogram matching, solvent flattening, and and human UDP-galactose 4-epimerase contain bound UDP-
4-fold noncrystallographic symmetry averaging using DM glucose (PDB entries 1XEL and 1EKS5, respectivel®4,(
from the CCP4 suite, which yielded a phase set with a figure 25). These two homologues of,iEwvere aligned to the final
of merit of 0.71 34, 37—39). E.q model using the least-squares superposition tools within
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Ficure 1: Ribbon diagram of the polypeptide chain fold of CDP-
D-glucose 4,6-dehydratase froM pseudotuberculosisThe N-
terminal cofactor binding domain is shown in blue, with the bound
cofactor shown as a ball-and-stick model. The C-terminal substrate

binding domain is colored green. The break in the connectivity for t

Vogan et al.

seventh strand to the central parajesheet. This domain
would, by analogy to other structures of this fold, position
the substrate with the glucose in the proximity of the
chemically active C-4 of the nicotinamide ring of the cofactor
(17, 23). The remainder of the substrate binding domain is
composed of three long loops, three shbatrands, and five
o-helices. One of those helices nestles parallel against the
backside of the central-sheet, with the other four helices
running perpendicular to the central sheet (Figure 1). The
substrate binding domain also contains a short, extended,

p-like disordered region, of 510 residues, depending on

the monomer, which presumably forms the distal side of the
substrate binding pocket. The lack of order in part of this
domain is most likely due to the absence of substrate (or
substrate analogue) under crystallization conditions.

The complete enzyme tetramer is shown in Figure 2, with
the individual monomers labeled-AD. After refinement,
the tetramer exhibited near-exact 222 symmetry, with the
largest deviation from 180(an exact 2-fold rotation) being
0.4°. A four-helix bundle, formed from the two long helices
of each monomer, provides the primary stabilizing force for
the AB dimer. These helices are inserted into a loop of the
dinucleotide binding domain. The AB and CD dimer local
2-fold rotation axes are parallel to the crystallographixis
and thus are responsible for the pseudo-origin peak seen on
the native self-Patterson map7j. The AD dimer interface
is formed from two partially structured loops and a two-
urna-helix, as well as a half-dozen waters conserved among

the substrate binding domain is shown as a dashed green line. Theall monomers. One of these loops is contributed by the

C-terminus is labeled just below its actual position, which would
be obscured by a foreground helix. This figure was prepared with
Molscript and Raster3D6(, 65).

O (40). E. coli epimerase superimposed with an rmsd for
Ca atoms of 1.7 A over 274 atoms, while the human
epimerase superimposed with an rmsd for &oms of 1.8

A over 275 atoms. More importantly, the NADzofactors
(NAI inhibitor in the case of the human epimerase) were
well aligned, with a distance of 0.41 A to C-4 ofHor the

E. coli enzyme and 0.60 A to C-4 of Efor the human
enzyme. UDP-glucose substrate molecules from these aligne
epimerase structures were truncated at the oxygen joining
the two phosphorus atoms of the substrate molecule, and
the position of the glucose moiety was modeled injgaad
used to examine the active site residues.

RESULTS AND DISCUSSION

Tertiary and Quaternary StructuréThe CDPp-glucose

dinucleotide binding domain and occurs in the same insert
as one of the helices that forms the four-helix bundle. The
other loop and the two-turn helix are contributed by the
substrate binding domain. Although the two sets of dimer
interactions occur through very different sets of secondary
structure elements, the amount of surface area buried by these
interactions is not significantly different. The four-helix
bundle, comprising a helix from residue 108 to 122 and
another helix from residue 155 to 173, buries approximately
2280 A, or ~16% of the surface area of the enzyme

Jnonomer. The loops that form the AD dimer interface,

defined as residues 14049, 262-273, and 299-311, bury
approximately 1750 A or ~12% of the surface area of the
enzyme monomer. The surface area buried by the latter
region is most likely underestimated, as that buried area is
likely to include at least a portion of the disordered loop
region. A lack of order in that region of the crystal structure
might, however, argue against any significant additional
stabilization. It should be noted that the buried surface

4,6-dehydratase monomer is roughly spherical and composedtalculations are quite crude, and as a result, these numbers

of two mixedo/f domains, as seen in Figure 1. The larger
amino-terminal domain, composed of amino aciesl®3,
binds the cofactor and consists of a central six-stranded
parallel-sheet, flanked by three-helices to the outside of
the molecule and one-helix to the inside of the molecule.
The longer of the twoa-helices to the outside of this

modified Rossman fold dinucleotide binding domain provides w
the largest of the structural elements involved in oligomer t

formation @6). The NAD" is positioned along the C-terminal

end of the dinucleotide binding domain, facing the smaller
carboxy-terminal domain, which is composed of amino acids
194—357. This substrate binding domain continues the final
p-strand of the cofactor binding domain, and contributes a

should be viewed as gross approximations. All buried surface
calculations were performed with AS@7, 48).

When SDR subfamily enzyme structures are aligned
(sequence alignment shown in Figure 6), the most striking
feature is the absolute conservation of the two long helices
on the backside of the central paraffetheet. Those helices,
hen mated after a local 2-fold symmetry operation, form
he four-helix bundle dimerization domain which stabilizes
the AB dimer in Eq This result agrees with evidence that
all members of this subfamily of enzymes form obligate
homodimers, primarily through interactions in these con-
served helices2Q). It is also likely that any monomer
crosstalk or asymmetry in the dimer, specifically anticoop-
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FiGUrRE 2: Quaternary association of enzyme monomers ff & observed in the crystal. Individual monomers are shown in different
colors and are also referenced by letter-@). The bound NAD cofactor is shown in ball-and-stick form. This figure was prepared with
Molscript and Raster3D6@, 65).

erativity in binding cofactor, would be brought about by Val196 Lys161
changes in the interactions between these helit®s This NH QHZ Asp65
conclusion is supported by reports in the literature that if it a0t Mets7 OH;

. . . . NHz e 1 Q
dissociated to monomers, enzymes of this subfamily onIy ' ,Q: o/ oH, %

; i 2

re-form dimers in the presence of the NARofactor @, 7 u N e
26, 49). The requirement that a cofactor be bound for dimer ‘ AT Y .
formation to occur seems to hint at a general mechanism of <,N I S--- AN
monomer crosstalk, which likely has consequences beyond N N’)
the formation of a higher-order oligomeric state. Lys21 NH 2 o b _%_%_IH'{IL%M

Dinucleotide Binding SiteA schematic representation of __s,-u,.-t;: Reo S
the NAD' cofactor binding site appears in Figure 3. The OHz .0 QO OH_*#\ OH,
majority of the cofactor binding interactions are hydrophobic, OH, ”‘HN 27 "OH
with a large number of those interactions serving to anchor “ Phe20 Thria

the adenine nucleotide portion of the cofactor in a hydro- Ficure 3: Schematic representation of the interactions involved
phobic cleft. This observation is in good agreement with the ;"o binding of NAD". Hydrogen bonds between the bound

general features of the adenine binding pocket originally cofactor and the protein are shown as dashed lines with the lengths
described by Rossman et &6f. This agreement abates upon specified in angstroms.

examination of the number of hydrogen bonds made to the

adenine moiety. In glyceraldehyde-3-phosphate dehydroge-formation (Figure 3). This network of hydrogen bonds likely

nase, representative of the dehydrogenase family, only twoserves not only to orient the cofactor but also to significantly
hydrogen bonds are formed to the adenine moiety, both to stabilize cofactor binding. The modified phosphate binding
atom AO2*, presumably serving to orient the adenine ring consensus sequence GXXGXXG allows the first two glycines
system correctly in the binding cleft. In contrasty Enakes to participate in hydrophobic interactions with the adenine
five hydrogen bonds to the adenine nucleotide, one to eachnucleotide. These glycines also permit a tight turn into
cofactor atom capable of participating in hydrogen bond a-helix oB, the amino terminus of which is positioned such
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that the positive helix dipole neutralizes some portion of the
cofactor phosphate oxygen negative chag#.(n addition,
the backbone nitrogen atoms of the final two X residues in
the GXXGXXG motif, Phe20 and Lys21, are positioned to
make hydrogen bonds with the cofactor phosphate oxygens,
further neutralizing this source of negative charge and
anchoring the cofactor. The number of hydrophobic interac-
tions with the nicotinamide nucleotide are reduced when
compared to the number with the adenine moiety, suggesting
this portion of the cofactor might be more mobile. Solvent
accessibility calculations lend weight to this argument,
indicating that the reactive position of the nicotinamide
moiety is quite open to solvent. Several hydrogen bonds are
made to the ribosyl group and carboxamide oxygen of the
nicotinamide nucleotide, serving to orient the reactive carbon.
Lysine 161 makes hydrogen bonds to both nicotinamide
ribosyl hydroxyl oxygens and is absolutely conserved
throughout the dehydratase family. This observation suggests
a common role for this residue in steering the reactive
position of the cofactor into the proximity of the substrate
and possibly in enhancing the reactivity of the nicotinamide
group 66). In support of this idea is the report that mutation
of the equivalent lysine in the UDP-galactose 4-epimerase
decreases the activity of that enzyme by 3 orders of
magnitude %1).

Comparison with UDP-Galactose 4-Epimera$ée UDP-
galactose 4-epimerase frof coli has been studied exten-

sively, both biochemically and structurally,(23—25, 52— FiIGURE4: Structural alignment of CDB-glucose 4,6-dehydratase
55). The epimerase was chosen for comparison in an attempt(blue) and UDPs-galactose 4-epimerase (green). Conserved sec-
to understand the functioning of the active site gf. E'his ondary structure elements are shown in a ribbon representation,

while nonconserved stretches are shown in a coil representation.

structural comparison must be made in the context of the This figure was prepared with Molscript and Raster3, (65).

mechanistic differences between the two enzymes, to obtain

a clear understanding of the meaning of any conserved (Or - an epimerase structure with a bound NADH cofactor and
nonconserved) residues. In addltlon_, the epimerase and thEUDP—qucose ligand (PDB entry 1XEL) was chosen for this
dehydratase come from two very different species of En- comparison 24, 57). Least-squares superposition of that

terobacteriaceae, meaning that any side chain differences,pimerase structure with thedstructure aligns 271 of 338
must also be examined through the lens of evolutionary ;_.arhon positions, or 80% of the epimerase model, with

divergence $6). an overall root-mean-square deviation of 1.7 A. The aligned
The epimerase catalyzes the interconversion of UDP- structures are shown in Figure 4. The cofactor binding
glucose and UDP-galactose by the removal and then replacedomain shows greater structural conservation, defined as a
ment, in a nonstereospecific manner, of the hydride found stretch of three or more residues with an rmsd farafoms
at C-4 of the hexosef, 19, 23). This transient oxidation/ of <6 A, than does the substrate binding domain, with
reduction reaction utilizes a bound NARofactor and bears  differences between only 33 of 200 amino acids, or 16% of
a striking resemblance to the reaction carried out By E the residues that form this domain. In contrast, the smaller
with some important exceptiong)( The hydride transferred  carboxy-terminal domain shows differences between 34 of
by the epimerase returns to the same carbon from which it138 amino acids, or 25% of the residues that form the
was originally taken, albeit in a different stereochemical substrate binding domain. The cofactor is bound in the same
orientation 6). In contrast, & returns the hydride taken from  extended conformation in both enzymes and superimposes
C-4 of the hexose sugar to the methyl group formed at C-6 clearly, with an rmsd of 0.8 A for all cofactor atoms after
after the elimination of water2g). It is therefore expected  structural alignment based solely on proteitarbon posi-
that the epimerase active site will contain all of the molecular tions. The fact that the stereochemical preference of the
machinery necessary for abstraction of the hydrogen from hydride transfer to and from NADwas determined to be
the hexose '4hydroxyl, leading to transfer of' sydride to pro-Sfor both enzymesH8, 59) is consistent with the highly
the cofactor. But the epimerase would be expected to lackhomologous cofactor binding domain in these enzymes. A
any machinery for abstracting the hydrogen from 'C-5 similar stereochemical outcom@Qd) and structural homology
leading to the elimination of water from C-@n addition, (61) had also been reported formyoinositol-1-phosphate
the NAD' cofactor is not free to dissociate from the synthase, which catalyzes the isomerization of glucose
epimerase between reaction cycles, as is the case wjth E 6-phosphate ta.-myoinositol 1-phosphate. All of these
leading to the expectation that the cofactor would be either enzymes share three common features; they use NAD
more deeply buried or more tightly bound in the epimerase catalytically, act on sugar substrates, and aréite” specific
structure 23). with respect to the transfer of one of the diastereotopic
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NaD+ R
Ficure 5: (A) Stereoview representation of possible interactions between the modeled glucose moiety of thegl0Bd%e substrate of
E.q and the active site residues. (B) Schematic representation of the same interactions, providing distances between key atoms. The substrate
position is based on the known mode of binding of sugar substrates to other members of the family of enzymes tgyWwbaiohds, with
superposition of their structures with that ofsFas shown in Figure 4. Interactions are depicted as in Figure 3. Close contacts are shown
as red solid lines; these would presumably be relieved by small conformational changes in the actuat-enbginate complex. The
cofactor reactive carbon has been marked with a red asterisk. The stereoview was prepared with M&script (

methylene hydrogens at C-4 of the nicotinamide nucleotide to stabilize the ligand in a productive conformatidzd
coenzyme. It is possible that these enzymes have evolvedAsn179 and Tyr299 form hydrogen bonds to the sudar 6
from a common progenitor whose catalytic core has perse-hydroxyl group, while Asn199 forms a hydrogen bond to
vered throughout the enzyme’s subsequent diversification. the sugar 2hydroxyl.

The high degree of similarity found in the cofactor binding A comparison with the g structure finds equivalents for
domain led to the expectation that useful information could most of these residues. Ser124 and Tyr149 in the epimerase
be gained from an examination of the UDP-glucose ligand structure superimpose directly onto Ser132 and Tyrl57,
bound in the epimerase structure. The examination andrespectively, in B;. Epimerase residue Asn179, which forms
comparison to the structure of,Ewill be limited to the a hydrogen bond with both the sugarydroxyl and a
glucose moiety of the ligand, as other interactions in the substrate phosphate oxygen, superimposes directly qgto E
dehydratase structure are either absent or disrupted as a resufesidue Asn195, which would be capable of making the same
of the disorder in the substrate binding domain. A diagram interactions. It is at this point that the similarities begin to
of the residues involved in glucose interactions i Based disappear. Epimerase residue Asn199 occupies the same
on this model, is shown in Figure 5. space as doesesidue Arg206. While Arg206 offgmight

In the epimerase, it has been proposed that residues Tyrl49orm a hydrogen bond that is necessary for substrate
(a part of the SDR fingerprint region) and Serl124, acting orientation, it is more likely that this residue interacts with
together, are likely the general aciase catalyst needed substrate bridging phosphate oxygen atoms and has simply
to initiate hydride transfer to the NADcofactor @4). Site- occupied this position in the absence of substrate. There is
directed mutagenesis studies lend considerable weight to thano E,q residue in the vicinity of epimerase residue Tyr299,
argument, suggesting that Tyr149 and Serl124 might actwhich is thought to anchor the substratengdroxyl group.
together as a proton couple, with Tyr149 being the ultimate E.qresidue Aspl133 does approach the substratgy@roxyl
proton acceptors3, 54). In the epimerase structure, Asn179, group from the opposite side, and might play a functionally
Asn199, and Tyr299 are thought to act as anchors, helpingequivalent role in substrate orientationqBas one residue,
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FicurRe 6: Sequence alignment of some dehydratase family members. fBedtience numbering is given at the top of the alignment, and

the E. coli epimerase numbering is given above the secondary structure representation. Residues disordergglstrubeiie appear on

a gray background. Residues conserved in all sequences appear on a yellow background, while residues conserved in four or more sequences
appear on a green background. Active site residues are marked with a red asterisk, and the SDR signature sequence (YXXXK) is marked
with a red box. Secondary structure is shown fgy, Bith S-strands represented as arrowshelices as rounded helices, and 3/10-helices

as diagonal helices. Sequences are identified by their PDB entry: 1G19\ femtericaDtdp-glucose 4,6-dehydratase, 1BXK fér coli
Dtdp-glucose 4,6-dehydratase, 1RKX fogELXEL for E. coliUDP-galactose 4-epimerase, 1EKG6 FarsapiendJDP-galactose 4-epimerase,

and 1DB3 forE. coli GDP-mannose 4,6-dehydratase. This figure was prepared with Als6iipt (

Lys134, for which there is no equivalent in the epimerase positions, again 80% of that model, with an overall root-
structure. That residue occupies an extended conformationmean-square deviation of 1.9 A. The residue equivalencies
with the terminal amino group positioned below the substrate from the human enzyme to thE. coli enzyme are as
5'-carbon. follows: Serl32 maps to Serl24, Tyrl57 to Tyr149, Asn187
This comparison was repeated with a structure of the to Asn179, Asn207 to Asn199, and Met307 to Tyr299. When
human UDP-galactose 4-epimerase with the bound NADH the human enzyme is aligned withdn this way, with the
cofactor and UDP-glucose ligand (PDB entry 1EK6), to exception of Met307, side chains from the human epimerase
verify alignment of the functionally important side chains overlap almost exactly with the side chains examined in the
(25). Least-squares superposition of the human epimeraseE. coli epimerase. This comparison suggests that while
structure with the g structure aligns 275 of 34@-carbon Tyr299 from theE. coli structure may act to stabilize the
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Scheme 2 Lys161 is not depicted explicitly in the reaction scheme, it
most likely acts to position the NAD cofactor so that
hydride transfer is favorable and/or to reduce th& pf

NADL RPN Tyrl57. It has been observed that mutation of the equivalent
pHS‘HfﬂO L <o lysine in UDP-galactose 4-epimerase (epimerase Lys153)
Tty —a HjS’Htﬁ o Trye—a HOMTTS severely reduces the level of reductive inhibition of the
« " 0OcoP . M 0CDP . . . .
Ho Hy cofactor, suggesting that this lysine might also play a role
vl NHz . MNHz .. . ..
1Ser 13ty FSar sy in increasing the reactivity of the bound NARofactor 61).
2V o Lys161 is positioned near Tyrl57, and there is precedent
for a role for lysine in proton transfer in such reactions. In
}* kinetic and structural studies of the unrelated NADP-
"o dependent oxidoreductase human aldose reductase, Lys77
appears to mediate proton transfer from Tyr48 to the substrate
NAD* NAD-H during aldehyde reductior6®).
0 GHH o § The remainder of the proposed mechanism is unique to
Gy ~g . Lo L .
wm_o/H “EIE\ - ""Tw—o/H Ho A Eqq. Following substrate oxidation, it is proposed that residue
e ", acoP ' WooW, e Lys134, acting as a base, would abstract thkyslrogen of
szehy oy el t;“s“ CDP-4-ketop-glucose, priming the intermediate for the
b o/ spontaneous loss of water. Lysine 134 is in the proximity of

C-5, at a distance of only 3 A, and is the only residue with
the correct stereochemical orientation to abstract Hpedion
from the CDP-4-ketm-glucose intermediate. Although
Lys134 has the correct stereochemical orientation and
proximity to act as a catalytic base, there is no apparent
means of lowering its Ig.. In addition, the group that

substrate, stabilization is not necessary for the epimerization
reaction to proceed. There are no equivalents fgrésidues
Aspl133 and Lys134 found in the human epimerase structure.

It must be noted that these comparisons are model StUd'esultimately acts as an acid, donating a proton to the leaving

based on ‘h‘? position of the UDP-qucosg subsf[rate in the6’-hydroxy| group, is not apparent. The solvent might act as
structurally aligned epimerase structures. It is readily apparentthe ultimate hydrogen donor for this hydroxyl, either as a

that this method of positioning the ligand gives low-quality o
results as residue Asp133 from the Etructure makes an bulk solvent or as a specific water molecule hydrogen bonded

unreasonably close approach to the modeled substrate sug
moiety. Still, after alignment of either epimerase structure
with Eqq, distances from § side chains to the glucose moiety
atoms of either epimerase ligand differ by less than 0.1 A,
suggesting that there is enough structural fidelity that
meaningful information can be extracted, and that the model
exercise is useful in that it allows a possible chemical
mechanism to be proposed.

Proposed Chemical Mechanisrhe chemical reaction
mechanism shown in Scheme 2 is proposed on the basis o
the structure comparison with UDP-galactose 4-epimerase
(residue numbers are those fajgE In this scheme, Tyr157

to a residue like Asp133. As an alternative, Asp133 might
et through either strain or electrostatic repulsion to make
the 8-hydroxyl a more favorable leaving group. The water
elimination step is the crystallographically least well-defined
portion of the reaction mechanism, and all comments on this
step are highly speculative. Finally, th&%®-glucoseen
intermediate would be reduced by the cofactor, and the 5
hydrogen from Lys134 would be replaced. The cofactor is
positioned for suprafacial hydride return, as expected from
he isotope exchange experimen2§)( Unfortunately, the
ADT cofactor is simply too far away from C-th the model
studies, suggesting that some small movement of either the

would act as the catalytic base, which initiates hydride intermediate or cofactor would be necessary to complete the

transfer by abstraction of the proton from the sugar 4 reaction cycle.

hydroxyl. The X, of this tyrosine may be lowered by ~ The return of the Shydrogen by Lys134 is in good
electostatic stabilization of the phenolate anion by the agreement with solvent isotope exchange experiments. Any
neighboring conserved Lys161 residue. Another possibility hydrogen associated with Lys134 would be expected to
involves Ser132 and Tyr157 acting in concert as a proton €xchange quickly with solvent, accounting for the incorpora-
shuttle, as proposed originally for the UDP-galactose 4-epi- tion of deuterium at the 'gosition when the enzymatic
merase, or the tyrosine might act alone as the base with thereaction is carried out in a deuterated solveht4@). If the
serine residue acting to modulate the tyrosing, fby proposed active site residues ofqEare mapped to the
hydrogen bonding54). Given the rather high i, of the structures of theE. coli or S. entericaTDP-glucose 4,6-
serine and the proximity of the tyrosine phenolic oxygen to dehydratase by least-squares alignment, side chain identity
both the sugar '4hydroxyl and the side chain of Lys161, and spatial positioning are largely conservéd 63). While
Tyrl57 is depicted as the active site base in the reactionthe nature of the presumed serittgrosine shuttle remains
scheme, although there is no evidence in the specific casdittle changed in those enzymes (the serine is replaced with
of Eoq at present to support this choice over Tyrl57 acting a threonine in theS. entericastructure), both TDP dehy-

in concert with Ser132 as the proton shuttle. Concomitant dratases place a glutamate in the position occupied by Lys134
with the removal of the proton from thé-Aydroxyl oxygen, in Eog. The presence of those functional groups, capable of
the sugar 4hydride would be transferred to the B face of acting as a general base, in enzymes expected to carry out
the NAD' cofactor, resulting in a reduced cofactor and the similar reactions is thus in good agreement with the assign-
CDP-4-ketop-glucose intermediate. Although the conserved ment of Lys134 as an active site base if.E
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The fate of the 4hydroxyl proton transferred to Tyr157
at the beginning of the reaction cycle is left undetermined

in the proposed mechanism. While it is possible to presume

that this hydrogen is carried away in bulk solvent, it is likely

that nature has employed a more elegant means of returning
the enzyme to the ground state. Insight into such a return

mechanism, if one exists, will undoubtedly require additional
detailed structural studies of this enzyme with a bound
substrate or substrate analogues.
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