10054 Biochemistry2001,40, 10054-10062

Evolution of Enzymatic Activities in the Enolase Superfamily: ldentification of the
General Acid Catalyst in theActive Site ofGlucarate Dehydratase from
Escherichia coli*

Andrew M. Gulick$!' Brian K. Hubbard}"# John A. Gerlt,* and lvan Rayment®

Department of Biochemistry, Usersity of Wisconsin, Madison, Wisconsin 53706, and
Departments of Biochemistry and Chemistry, &émsity of lllinois, Urbana, Illinois 61801

Receied April 11, 2001; Reised Manuscript Receg¢d June 15, 2001

ABSTRACT. D-Glucarate dehydratase frofscherichia col(GlucD), a member of the enolase superfamily,
catalyzes the dehydration of bothglucarate and-idarate to form 5-keto-4-deoxy-glucarate (KDG).
Previous mutagenesis and structural studies identified Lys 207 and the HisA3BRB13 dyad as the
general basic catalysts that abstract the C5 proton frédarate ancb-glucarate, respectively, thereby
initiating the reaction by formation of a stabilized enediolate anion intermediate [Gulick, A. M., Hubbard,

B. K., Gerlt, J. A., and Rayment, I. (200B8jochemistry 394590-4602]. The vinylogous elimination of

the 4-OH group from this intermediate presumably requires a general acid catalyst. The structure of GlucD
with KDG and 4-deoxyp-glucarate bound in the active site revealed that only His 339 and Asn 341 are
proximal to the presumed position of the 4-OH leaving group. The N341D and N341L mutants of GlucD
were constructed and subjected to both mechanistic and structural analyses. The N341L but not N341D
mutant catalyzed the dehydrofluorination of 4-deoxy-4-fluprglucarate, demonstrating that in this mutant

the initial proton abstraction from C5 can be decoupled from elimination of the leaving group from C4.
The kinetic properties and structures of these mutants suggest that either Asn 341 participates in catalysis
as the general acid that facilitates the departure of the 4-leaving group or is essential for proper positioning
of His 339. In the latter scenario, His 339 would function not only as the general base that abstracts the
C5 proton fromp-glucarate but also as the general acid that catalyzes both the departure of the 4-OH
group and the stereospecific incorporation of solvent hydrogen with retention of configuration to form
the KDG product. The involvement of a single functional group in this reaction highlights the plasticity
of the active site design in members of the enolase superfamily.

We (1-5) and others§, 7) have described a number of larger (3/a)75-barrel domain §—15). The barrel domain
mechanistically diverse superfamilies whose members cata-contains the functional groups that are directly involved in
lyze different overall reactions but use a conserved struc- catalysis.
tural framework to stabilize a common intermediate in the  The reactions catalyzed by members of the enolase

realfn?]n mechangsm. Th? en.f)laseh superfamty is the rInOStsuperfamily are initiated by abstraction of a proton adjacent
well-characterized superfamily whose members catalyze, 3 carhoxylate anion to generate an enolate anion inter-

]Ejlffe_lren:] overall reac'uonj. J_Qe m_embterstof Fh's su_perd- mediate 1). The enzymes contain one or two general acid/
(;ajmlgomi\'lr? f% r%oendsefrr\(l)er}n thle Olir-algnc? rg:(-:tgrrri-'n'aanmdlxz base catalysts on opposite faces of the barrel domain that
p : n are responsible for abstraction of tleproton from the
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functional groups that determine substrate specificity also
are located on separate structural elements: Tyr 150 on strand
B1, His 368 on stran@7, Thr 103 on the loop betweer?
and a3 in the N-terminal domain, and Arg 422 on the
C-terminal loop.

Seven members of the enolase superfamily have been
structurally characterizedB{15). The first three members
for which high-resolution structures were determined, man-
delate racemas®&), muconate lactonizing enzym#(Q; 11),
and enolase9), serve as the structural paradigms for the
three subfamilies into which all subsequently recognized
members can be placed on the basis of sequence homology.
The more recently characterized members of this superfamily
are thep-glucarate dehydratases (GlucD) from bBgeudomo-
nas putida(12) andE. coli (15), p-galactonate dehydratase
(GalD) fromE. coli (13), ando-succinylbenzoate synthase
from E. coli (OSBS) (4). The structures of five of these,
MR (16), enolase 17), GlucD (15), GalD (13), and OSBS
(14), have been determined in the presence of substrates or
substrate analogues. This structural information, together with

=4 b : . biochemical characterization of the enzymes and appropriate
protein is illustrated. The figure shows a subunit of the N341D y pprop

mutant protein with 5KDG bound in the active site (PDB accession active S'Fe mqtants, has prOV|qed 90n8|derable insight into
number 1JDF) The two-domain nature of the protein is apparent, the re|atI0ﬂShIpS betWeen active site structure and meCha-

with the capping domain composed of the N-terminal 145 residues nism. In particular, these studies have identified many of
and the C-terminal 80 residues, and the barrel domain in the centerthe amino acids that function as critical acids and bases
of the sequence. The strands of the barrel are lagfideds8. The during catalysis which is important for understanding the

active site is illustrated by the presence of a complex ofMg uti lati hins bet th
5KDG shown in ball-and-stick. The regions of the protein that are &vV0!Utionary relationships between these enzymes.

involved at the active site are colored according to the function of ~ For the reactions catalyzed by MR, MLE, and OSBS, the
residues contributed to the active site: the three strands that donateeaction mechanisms can be explained using only the general

the metal binding ligands are blue; the strands that donate theacid/base catalysts located at the ends of the second (Lys-

catalytic bases are magenta; and the two strands, as well as tWOX-Lys) sixth (Lys), and sixth/seventh (His-Asp dyad)

regions from the capping domain that are involved in substrate ’ ! . .

specificity are shown in green. p-strands. However, the dehydration reactions catalyzed by
enolase, GlucD, and GalD might be expected to involve an

As an example of this design, the structurally independent additional general acid catalyst to facilitate the vinylogous
nature of the functional groups for theglucarate dehy-  elimination of the 5-OH group from the enolate anion

dratase (GlucB)from Escherichia colis illustrated in Figure ~ intermediate. In the case of enolase, Glu 211 that is located
on an extended loop between the second and fhsttands

Ficure 1: Ribbon diagram of GlucD. A single subunit of the GlucD

COy 0, of the barrel domain serves as the acid catal¥s}.(In the
H——OH OH case of GalD, His 185 located at the end of the tjfistrand
HO——H H H has been identified as this additional catalys) (However,
H——OH -— OH the general acid catalyst in the GlucD-catalyzed reaction had
H—T—OH HO——H not been identified, thereby restricting a full understanding
COy \\ co, / COoy of structure/function relationships in this active site.
D-Glucarate B——ou L-Idarate GlucD catalyzes the dehydration of batkglucarate and
HO——n L-|c_iarate to form 5-k_eto-_4-deoxyg|uc§1rate (KD@g( 19).
I This catalytic promiscuity was predicted because of the
L presence of conserved residues required by MR for catalysis
Coy of the racemization reaction: the sequence of GlucD reveals
KDG homologues of both the general basic Lys-X-Lys motif and

general basic His-Asp dyad presented in the active site of
1. The three metal binding ligands, Asp 235, Glu 260, and MR (18, 19). We also were not surprised to discover that

Asn 289, are located on barrel stran® 54, andf5. The GlucD catalyzes the epimerization ofglucarate and.-
catalytic bases, Lys 207 and the His 33%sp 313 dyad idarate (a 1,1-proton-transfer reaction analogous to that

are located on strand82 and 7/86, respectively. Four catalyzed by MR) in competition with the dehydration
' ' reactions.

- The structure of the GlucD fror&. coliwas solved in the
1 Abbreviations: 4Fgluc, 4-deoxy-4-fluom-glucarate; DG, 4-deoxy-

p-glucarate; GalDp-galactonate dehydratase; Gluc){glucarate presence of Mg and several active site ligands: 5-keto-
dehydratase; KDG, 5-keto-4-deoxyglucarate; MePEG, methyl ether 4-deoxyp-glucarate (KDG), the reaction product; 4-deoxy-
polyethylene glycol; MLE |, muconate lactonizing enzyme I.; MR, p-glucarate (4DG), a substrate analogue that lacks the OH

mandelate racemase; OSBSBsuccinylbenozate synthase; SBC, The ; .
Structural Biology Center at the Advanced Photon Source, Argonne, leaving grqup,'and Xylamhydroxamate’ an analogue of the
IL; HEPPS,N-[hydroxyethyl]piperazineN'-[2-hydroxypropanesulfonic  €nolate anion intermediate. The structures of the KDG and

acid]. 4DG ternary complexes with Mg reveal an unexpected
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differences from the structure of the ternary complex of MR
with the competitive inhibitor S-atrolactate and Mq16).
First, in the GlucD structures, both carboxylate oxygens of
KDG and 4DG are coordinated to the Rigin the MR
structure, the carboxylate group of the inhibitor is a mono-
dentate ligand of the Mgd. Second, based on the structure
of the MR complex, we predicted that (1) Lys 207 of the
Lys 205-X-Lys 207 motif would be positioned to abstract
the proton from C5 ob-glucarate, and (2) His 339 of the
His 339-Asp 313 dyad would be positioned to abstract the
proton from C5 ofL-idarate. The differing coordination
geometries of the active site ligands to the?¥ipns in these

structures reversed the stereochemical roles of the general

acid/base catalysts in GlucD.

Our previous mutagenic and structural studies of GlucD
focused on investigating the importance and catalytic im-
portance of several functional groups, Lys 207 and His 339,

Gulick et al.

Table 1: Data Collection and Processing Statistics

N341D N341L

space group P1 C222
cell

a(h) 70.9 73.8

b (A) 83.9 204.2

c(A) 98.2 136.5

o (deg) 104.1 90

p (deg) 93.7 90

y (deg) 113.1 90
maximum resolution (A) 2.0 2.75
no. of observations 505 535 100 153
no. of reflections 132 888 24 649
completeness (%) 97.1 (8920) 91.1 (93.5%
avgl 3679 (342) 2113 (271)
avgo 196 (194) 106 (93)
Rierge (%) 6.2 (51.7) 7.1(39.4)
Wilson B-factor (A2) 29.4 68.7

aNumbers in parentheses represent highest resolution shel, 2.1

the putative general acid/base catalysts, as well as Tyr 1502-0 A for N341D and 2.852.75 A for N341L.

and Asp 366, two residues that are appropriately positioned

to interact with and stabilize the enediolate intermedia®e

In the present manuscript, we identify the general acid
catalyst that facilitates the vinylogous elimination of the
4-OH group from the enediolate anion intermediate.

MATERIALS AND METHODS

Site-Directed Mutagenesis and Protein Productidime
N341D and N341L mutations were generated using the
strategy used in our earlier studielb).

4-Deoxy-4-fluorop-glucarate (4-FGluc)The methyl pyr-
anoside 4-deoxy-4-fluoro-glucose was synthesized accord-
ing to the literature procedure@). The fluorosugar was
oxidized with HNGQ in the presence of NaNGand purified
as previously described for the preparation-ddarate {5).

IH NMR 6 (D20O) ~4.4 (1H, ddd,J = 46, 5.5, 3.0, H4),
4.21 (1H, dd,J = 20, 3.4, H5), 4.11 (1H, ddd] = 18.1,
5.9, 2.6, H3), 3.96 (1H, d] = 3.8, 2H).*°*F NMR (D;0) ¢

8.96 (dt,J = 46, 20).

Assays for Formation of KDGThe formation of KDG
was assayed with semicarbazide to detectdaHeeto acid
product (L5). For routine assays, an aliquot containing GlucD
was added to 1 mL of 10 mM acid sugav-@lucarate,
L-idarate, or 4-FGluc) in 50 mM Tris-HCI buffer, pH 7.5,
containing 5 mM MgC], at 22°C. The amount ofx-keto
acid product formed at various times was quantified by

same protein that were grown spontaneously in hanging drops
using 16-16% MePEG 5000, 75 mM Mggl 3% 2-pro-
panol, HEPPS, pH 8.0, at 4C as the precipitant. In all
experiments, wild-type and mutant proteins crystallized in
multiple forms within the same wells. These two crystal
forms are triclinic with unit cela =71 A,b=84 A c=
100 A, o = 104, 8 = 94°, y = 114, and an orthorhombic
crystal form. For the wild-type protein, triclinic crystals,
which were thicker and diffracted to 2.0 A, were used for
all experiments. The orthorhombic plates for the wild-type
protein were always too thin for data collection.

With the Asri#*! mutants, the protein crystallized more
readily in the triclinic form in the presence of 5 mM
p-glucarate while the orthorhombic form grew more com-
monly in the absence of substrate. The orthorhombic plates
of the Asr##! mutants also grew thicker than the wild-type
protein and were of sufficient quality for use in diffraction
experiments. As discussed in the Results, this does not
represent a change in the protein structure and the cause of
this difference in behavior was not further investigated. A
third crystal form of the N341D mutant protein also grew in
the same wells and diffracted to 2.0 A.

Data Collection and Structure Determination of the
Triclinic Form of N341D Data were collected at the SBC
191D or 19BM for all experiments. For data collection, the
crystals were transferred to an initial cryoprotectant contain-

detection of its semicarbazone at 250 nm. Determinationsing 16% MePEG 5000, 0.1 M Mggl1% ethylene glycol,

of ke.arandKp, were performed by varying the concentration
of the acid sugar.

Crystallization The mutant proteins were dialyzed against
10 mM Tris-HCI (pH 8.0 at 4°C), 5 mM MgChk. N341D

5% 2-propanol, 5 mhb-glucarate, 50 mM HEPPS, pH 8.0
at 4°C. After approximately 15 s in this solution, the crystal
was transferred to the same solution containing 12% and
finally 24% ethylene glycol. The crystals were in the 24%

and N341L were concentrated to 13.3 mg/mL and 14.5 mg/ ethylene glycol cryoprotectant for 2 min prior to being flash

mL, respectively, and frozen as small pellets in liquid
nitrogen. The frozen protein was stored -a80 °C and
thawed daily for crystallization experiments. Crystals were
grown with conditions used previously for wild-type protein
(15). Crystals were grown by micro-batch experiments by
combining equal volumes of protein with precipitant contain-
ing 14% MePEG 5000 (Aldrich Chemical Co., Milwaukee
WI), 50 mM MgCl, 5% 2-propanol, and HEPPS, pH 8.0 at
4 °C. In some experiments, the protein was incubated with
5 mM p-glucarate prior to mixing with precipitant. The drops
were then immediately macro-seeded with crystals of the

frozen in a stream of nitrogen gas-ai60 °C. After initial
analysis and indexing with an in-house HiStar detector on a
Rigaku generator, crystals were transported frozen to the SBC
beamline 191D for data collection.

Data were collected on a kappa goniostat in two°lg@ns
atw = 0° and 180. The data were collected witlf frames
and exposure times of 3 s. The two scans were integrated
and scaled with HKL20001). The data collection statistics
are shown in Table 1. The CCP4 packag®g) (vas used for
Wilson scaling with TRUNCATE and 5% of the data were
used forRye calculations with UNIQUE and FREERFLAG.
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Table 2: Final Refinement Statistics RESULTS AND DISCUSSION

N341D N341L The mechanism of the GlucD-catalyzed reaction involves
no. of reflections 130 650 24 617 at least three partial reactions, each requiring a catalytic
R-factor (%) 19.8 21.3 functional group (Scheme 1): (1) general base-catalyzed
Refree (%) 23.0 274 abstraction of thex-proton to generate the stabilized ene-
bond lengths (rmsd, A) 0.005 0.007 diolate anion- (2 | acid-catalvzed vinvl imi
bond angles (rmsd, deg) 118 127 liolate anion; (2) general acid-ca alyzed vinylogous elimina-
no. of protein atoms 13 644 6801 tion of the 4-OH group from the enediolate anion interme-
no. of solvent atoms 1136 96 diate to generate an enol intermediate; and (3) general acid-
avgB-factor, protein (&) 35.0 4.0 catalyzed stereospecific tautomerization of the enol inter-
avgB-factor, solvent (&) 40.0 37.6 diate t te the KDG duct. While the identiti
avgB-factor. heteroatoms @ 40.2 50.8 mediate to generate the product. While the identities
PDB accession number 1JDF 1JCT of the general base-catalyst involved in the first partial

reaction are known (Lys 207 far-idarate and His 339
Asp 313 forp-glucarate; summary in the next section), the
general acid catalysts involved the second and third partial
reactions are unknown. The studies reported in this manu-
script provide new functional and structural data that restrict
the identities of the latter catalysts.

Previous Kinetic Analysis of the His 339 and Lys 207
Mutants of GlucD.In our previous study, we investigated

The molecular model was refined with difference Fourier
methods using the wild-type protein as a starting refine-
ment model. All solvent atoms, metal ions, ligands, and the
side chain of Asn 341 were removed from the structure prior
to refinement with CNS (version 0.5)2%). The initial
crystallographic and fre®-factors were 32.2 and 32.0%,

respectively. Through a single round of simulated annealing, h ) ite f ional hat init he dehvdrati
energy minimization, and individua-factor refinement, the active site functional groups that initiate the dehydration

the R-factors dropped to 25.1 and 28.3%. The structure was re.actions by abstracting the C5 protons frorglucarate and
refined with iterative cycles of refinement and manual L-idarate (5). As expected, based on the _mu_ltlstep nature
model building done with TURBO-FRODQ4). It became of the (_)verall reaction, these experiments indicated that the
clear that the active site of all four subunits contained the catalyt|.c mechanism .Of Gluch was morelcomplex than each
product 5-KDG and this was built into the crystallo- base simply abstracting a proton from eitbeglucarate or

graphic model. The final refinement statistics are included L-idarqte. M.u'.[atior! of either base dramatically. reduced
in Table 2. catalytic activity with both substrates (Table 3); if these

. o functioned independently, it would have been expected that
Data Collection and Structure Determination of the g pgitutions for His 339 would have prevented dehydration
Orthorhombic Crystals of N341D and N341h.the absence ot gjycarate but nat-idarate and that substitutions for Lys
of p-glucarate, the predominant crystal form for the mutant 547 \would have the converse phenotype.

enzymes was the orthorhombic crystal form. These crystals New Kinetic Studies of Lys 207 and His 339e mutants

\(/jvere f[tr)ar:jsfekr)red to A(fry?hprotect?r}t containlingilucarate_asth of His 339 (H339N, H339Q, and H339A) and Lys 207
escribed above. As he crystals were not grown in the (K207Q and K207R) were impaired in the dehydration of
presence ob-glucarate, the proteins only sawglucarate both p-glucarate and.-idarate (Table 3). One possible

for approximately 4 min prior to being flash-frozen. interpretation is that one functional group acts the catalytic
The data were also collected at SBC using the 19BM hase, removing thex-proton from C5, and the other
beamline and processed with HKL2000. Unlike the triclinic fynctional group acts as the general acid to protonate the
form of the enzyme which contained a complete tetramer in 4-OH leaving group. The roles of these residues would be
the asymmetric unit, the Matthews Coefficient for the reversed with the epimerio-glucarate and-idarate sub-
orthorhombic crystals suggested that two subunits would be strates. This general base/general acid-catalyzed mechanism
present in the active site with the remainder of the tetramer js similar to that envisaged for the dehydration reaction
made up from a crystallographic 2-fold rotation axis. catalyzed byo-succinylbenzoate synthase reaction in which
Molecular replacement was performed on the data with CNS 3 Lys on one face of the active site abstractsdhgroton
using two subunits of the wild-type protein as a search model. and the Lys on the opposite face delivers a proton to the
A good solution was found which, when visualized with a |eaving OH group 14).
graphics program, showed that the complete tetramer was g jnvestigate the identity of the general acid in the GlucD-
formed around the c_rystallographm 2-fold rotation axis that catalyzed reaction, 4-FGluc was synthesized and used as a
is parallel to theB axis. substrate for wild-type GlucD and various active site mutants.
The data for the N341D mutant were processed and refinedin 4-FGluc, the leaving group isFather than HO, so the
as described above for the triclinic crystal. At a crystal- dehydrofluorination reaction should not require general acid
lographic R-factor of 23.7%, it became apparent that the catalysis for facile vinylogous elimination of the 4-leaving
active site of both subunits contained 5-KDG and refinement group from the enediolate anion intermediate. This strategy
was stopped. Data obtained from the N341L crystal were was used previously to support the crystallographic identi-
processed and scaled with HKL2000 and the CCP4 packagefication of the general acid catalyst required in the dehydra-
(Table 1). The molecular replacement model derived from tion reaction catalyzed by GalD, which, like GlucD, is related
the N341D data were refined against the data for the N341L to MR by the presence of an active site His-Asp dyad. In
mutant using CNS. Initial electron density maps suggestedthe studies of GalD1(3), structural and mutagenesis studies
that the active site contained glucarate and refinementallowed the conclusion that the His 28B8sp258 dyad (at
continued to final crystallographic and fr&efactors of 21.3 the ends of the seventh/sixthstrands) is the general base
and 27.4%. that abstracts the-proton; the structural work disclosed that
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Scheme 1
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Table 3: Kinetic Analysis of Wild-Type and Mutant Enzymes

Table 4: Rates of Dehydration and Epimerization

glucarate idarate 4F-glucarate

Kat  kealKm  Keat  kealKm Keat  KealKm

(5) M'sh) (s (MIsH) (s (M's)

WTP 35 580000 35 210000 44 13 000
H339@ 0.020 422 0.020 139 0.030 30
K207R  0.001 10 0.002 6.5 0.002 1.3
N341L  0.004 27 0.036 45 2.7 11 500
N341D 0.022 100 0.099 62 0.28 190

@ The formation of the KDG product was quantitated as its semi-
carbazone as described in the text. All errors are less thar? 10%he

rate of rate of

dehydration (s') epimerization (s!) ratio
GlucD (p-glucarate) 35 23 0.66
GlucD (L-idarate) 35 29 0.83
N341L (o-glucarate) 4.4¢10°3 4x10°3 1
N341L (L-idarate) 3.6x 1072 2x 1073 0.05
N341D @-glucarate) 2.2 101 2.2x 1072 0.1
N341D (-idarate) 9.9x 1073 5.7x 1073 0.58

aThe rates of epimerization were quantitatedtlHyNMR spectros-
copy as previously described9). All errors are less than 10%.

values presented for glucarate and idarate for these enzymes have been

previously reported1(5).

further suggest that both Lys 207 and His 339 are required
to maintain the substrate in the proper orientation for proton

His 185 was located on the opposite face of the active site abstraction by the general base on the opposite face of the

(at the end of the thirg-strand) and was appropriately posi-
tioned to facilitate the departure of the 4-OH group in an
anti-elimination reaction. Witlb-galactonate as the substrate,
the values for both, andkeo/Kr, for the H185N and H185Q
mutants were reduced t00.01% of those of wild-type GalD.
However, when 3-deoxy-3-fluoro-galactonate was used as
substrate, the values &f, and keo/Kn, for the H185N and
H185Q mutants were-10% those for the wild-type enzyme.

active site.

Kinetic Analysis of the Asn 341 Mutants of Glucthe
only remaining residue that is positioned to participate in
the departure of the 4-OH leaving group is Asn 341 (note
thatp-glucarate and-idarate are epimers at C5, so the 4-OH
leaving group is in the same position in both substrates).
Asn 341 is located at the end of the sevefisirand, on the
C-terminal side of His 339. Two mutants, N341D and

This “rescue” by the 4-fluorinated substrate analogue was N341L, were constructed to study the role of Asn 341 in
interpreted as evidence that His 185 is the general acid thatthe dehydration reaction.

facilitates the vinylogous elimination of the 4-OH leaving
group in the GalD-catalyzed reaction.

The reductions in bothk.: and keof Ky for N341D and
N341L with p-glucarate are comparable to those measured

Wild-type GlucD uses 4-FGluc as a substrate (Table 3) for the K207R and H339Q mutants (Table 3). The activities

with the values ofk.y and k../Kn comparable to those
measured fom-glucarate and -idarate. The K207R and

of the mutants were also quantified with 4-FGluc. While the
N341D mutant is comparably inactive with-glucarate,

H339Q mutants have dramatically reduced activities with L-idarate, and 4F-Gluc, the N341L mutant retains nearly full
4-Fgluc (Table 3), with the reductions comparable to those activity with the substrate analogue. This observation sug-
observed for the “natural” diacid sugar substrates. This gests that while N341L is impaired in its ability to assist the
behavior illustrates that Lys 207 and His 339 play essential departure of the 4-OH group, departure of the 4-F group
roles early in the reaction mechanism, prior to the elimination proceeds unimpeded.

of the hydroxyl from the C4 position. The fact that 4-FGluc ~ We also usedH NMR spectroscopy to measure the rates
is not a good substrate for the K207R mutant suggests thatof epimerization ofb-glucarate and-idarate catalyzed by
Lys 207 is not the general acid catalyst for the departure of the N341D and N341L mutants (Table 4). Using either
the 4-OH group fronp-glucarate, as could be expected based p-glucarate or-idarate as substrate, wild-type GlucD cata-
on the both our earlier structural data as well as the datalyzes epimerization with a rate comparable to that measured
presented later in this manuscript. These kinetic results for dehydration 19). If Asn 341 is involved in only departure
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Table 5: RMS Deviations of the 441 Ordered. Carbons for a to th_e rates _Of dehydrat_ion (Table 4). This ob_servatio_n is
Representative Substrate of the Mutant and Wild-Type Protein consistent with the functional group of Asn 341 influencing
Structures either the position or the acithase properties of the spatially
WT +5KDG ()  N341L+ glucarate (A) proximal His 339 rather than participating only in the
N341D+ 5KDG 030 0.29 dehydration reaction by facilitating the departure of the 4-OH
N341L + glucarate 0.30 group.

In this kinetic context, we determined high-resolution
of the 4-OH group, the rates of epimerization catalyzed by structures of N341D and N341L in the presence of active
the mutants might be expected to be similar to those site ligands.

measured for wild-type GlucD, despite the large reductions  Crystal Structure of N341D in the Presence of 5KO@e

in ket for dehydration. Instead, we found that the rates of structures of the two Asn 341 mutant enzymes were
epimerization also were reduced and remained comparabledetermined to further investigate the role of Asn 341. The

A [N341D N341D

[~ F
y _ %Em. - ﬂ ___.:'
el :\‘
D260 D260 /j L %
H339 | i H339 ’ﬁ/ ﬂh{
| 4 ® | i 5
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Ficure 2: Active site density of mutant proteins. (A) The electron densities of the 5KDG artd Btg shown for N341D mutant. The
occupancies for the metal ion and product in all four subunits were set to 0.00 and subjected to a round of simulated annealing with CNS
(22). The resulting, — f. map was contoured ab4Also shown are several active site residues, His-38§p 341, Thr 103-Asp 105, His

32, Arg 422, and the three metal binding ligands, Asp 235, Glu 260, and Asn 289. B. The electron densities &f taadweglucarate

molecule are shown for the N341L mutant. The map was generated in the same way and also contoufdteatame active site residues

are included.
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A

Ficure 3: (A) Overlay of wild-type and N341D active sites. The active site of N341D (PDB accession number 1JDF) mutant protein is
shown in ball-and-stick. The molecule of 5KDG is shown with yellow bonds. The wild-type protein is included for reference and shown
with blue bonds (PDB accession number 1EC8). The water molecules and hydrogen bonding network observed in the N341D mutant are
shown with green hydrogen bonds. The water molecule in the wild-type protein that hydrogen bonds with the main chain nitrogen of Asp
105 is shown as an open red sphere. The mutant protein structure contains an additional water molecule as is shown. No homologous water
molecule is present in the wild-type structure. That the new water molecule is likely derived from the C4 hydroxyl is illustrated by the
dashed blue line. (B) Overlay of wild-type and N341L active sites. The N341L mutant protein (PDB accession number 1JCT) is illustrated
with ball-and-stick residues and the glucarate molecule is shown with yellow bonds. The wild-type protein again is shown with blue sticks
representing the protein and active site contents. The rotation of the side chain of His 339 is apparent, as is the direct hydrogen bond
between the C4 hydroxyl af-glucarate and the carbonyl oxygen of Thr 103.

crystals of N341D were isomorphous with those of wild- when compared to wild-type GlucD in the presence of 5KDG
type GlucD and were grown in the presence of 5 mM (Table 5).

D-glucarate. Data were collected and processed as described Despite the low activity of the N341D mutant, the residual
in the Materials and Methods (Table 1) and refined to a final activity is sufficient to dehydrate-glucarate when grown
R-factor of 19.8%. The final model contained all four in the presence of this substrate (Figure 2A). The product
subunits which were complete except for the N-terminal four was observed in the active sites of all four subunits.
residues (Met 1, Ser 2, Ser 3, GIn 4). The following side Comparison of the active sites of the wild-type and N341D
chains are disordered: GlIn 229 of chain A, Lys 60, Lys 158, showed very few differences that result from the substitution.
Arg 169, Arg 190, Glu 214, Lys 386, and Glu 412 of chain The only apparent difference is the presence of a new water
B, Glu 214, and Lys 361 of chain C, and Thr 6, Se4 47, Glu molecule in the active site of N341D that is positioned to
214, Lys 361, and Glu 412 of chain D. The only residue in form hydrogen bonds with the side chains of Asp 341 and
the disallowed region of a Ramachandran plot is Thr 318 in His 339 and the carbonyl oxygen of Thr103 (Figure 3A).
all four subunits; the same geometry was observed in wild- This water is likely to be derived from the leaving hydroxyl
type GlucD, although no structural reason is apparent to from C4 of the substrate (see below).

explain adoption of this strained conformation. The overall  Because the N341D mutant cocrystallized veithlucarate
rmsd for the @ atoms of the N341D structure is very low contained the product in the active site, crystals of N341D
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also were grown in the absence of substrate. A second crystabbstraction as well as departure of the leaving group, partial
form was obtained. Prior to freezing, the crystals were soakedreactions that occur at different locations in the substrate
in cryoprotectant containing 5 mM glucarate as described molecule.
in the Materials and Methods. While the orthorhombic crystal ~ On the basis of the structures for the N341D mutant in
form had been seen previously with the wild-type protein, the presence of KDG, the water derived from the OH group
the orthorhombic crystal form of N341D grew larger and that is eliminated from C4 of substrate can interact with the
more frequently than with the wild-type protein. On the basis side chains of both His 339 and Asn 341; however, the
of the unit cell, two subunits were located in the asymmetric identity of the residue that donates the proton to the 4-OH
unit, with the remaining 2-fold axis of the protein being group is uncertain. The ability of N341L to catalyze
provided by a crystallographic rotation axis. Two subunits dehydrofluorination of 4-FGluc but nat-glucarate could
of the wild-type GlucD structure were used as a search modelsuggest that Asn 341 is the general acid. While this function
for molecular replacement. is unlikely, given the K, of the carboxamide NHgroup

A solution was found which showed that the complete [~17 (25)], proton delivery to the carboxamide carbonyl
tetramer is made up around the 2-fold rotation parallel to group will increase the acidity of the NHyroup. The
the B-axis. This model was subjected to two cycles of following thermodynamic cycle2®) allows the conclusion
crystallographic refinement and manual fitting. At a crystal- that the fK, of the NH, group could be depressed te3
lographicR-factor of 23.7%, it became clear that the active assuming complete preequilibrium protonatidty [is the
site contained 5KDG, and refinement was discontinued. Like equilibrium constant that relates the amide and iminol
the triclinic form of the N341D mutant, a water molecule tautomers 27)]:
was hydrogen-bonded with the side chains of His 339, Asp

341, and the carbonyl oxygen of Thr 103. This water asn o Asn
molecule was the only difference between the wild-type and sz = sz
N341D enzymes. This second crystal form of the N341D o PKa=0 +(§\
mutant serves to confirm the structure of the triclinic form H
which was described above. It also indicates that the
structural change in the side chain of His 339 seen in the pKT:SN r
N341L mutant, described in the next section, is a result of
the leucine mutation and not an artifact of the new ortho- s o + Mo
rhombic crystal form. H\\()A e sz
The new crystal form also raises the possibility that the Ou PK,=8 O
N341D mutant is chemically competent to turnover the H H

substrate to product, since the product is observed in the
active site after the brief soak in substrate. The reduction in whereKy is the equilibrium constant that relates the amide
activity that is observed (Table 3) may be due to a defect in and iminol tautomers;27). With fractional protonation of
product release. An impairment in product release would the carboxamide carbonyl groug5), the apparent g, of
likely come from the inability of the flexible loop between the NH, group would be increased. Given the basicity of
o2 anda3 to open. The formation of the hydrogen bonding HO~ (the K, of water, its conjugate acid, is 15.7), a
network between the side chains of His 339 and Asp 341 thermodynamically favorable protonation of the 4-OH group
and the main chain nitrogen of Asp 105 on this flexible loop would be possible with partial protonation of the carboxa-
may trap the loop in the closed conformation. mide carbonyl group. We note that the carboxamide carbonyl
Crystal Structure of the N341L Mutant EnzymiEhe group of Asn 341 participates in a hydrogen-bonded network
N341L mutant was crystallized in the absence-gflucarate that includes several water molecules as well as the guani-
and soaked briefly in this substrate prior to freezing and data dinium group of Arg 38. Perhaps this network allows the
collection. The structure was solved for the orthorhombic carboxamide group of Asn 341 to function as a proton
crystal form by difference Fourier methods using the same shuttle. Even if Asn 341 does not participate as a general

solution as was obtained for the orthorhombic crystal form
of the N341D protein. The active sites of both subunits
containedb-glucarate, the substrate (Figure 2B).
Comparison of the structures of the wild-type and N341L
proteins reveals a rotation of the side chain of His 339 in
the mutant (Figure 3B). Although the kinetic constants for
dehydrofluorination of 4F-Gluc by N341L (Table 3) could

acid in this reaction, the nucleophilicity of Asn residues in
N-glycosylation reactions2@) might be explained by the
local environment of the carboxamide group altering tkg p
of the NH, group by an analogous mechanism.

While this scenario cannot be discarded entirely, we
believe that a more reasonable integrated interpretation of
our kinetic and structural data is that Asn 341 is required to

be explained by Asn 341 functioning as the general acid for position His 339 so that it can function both as the general
departure of the 4-OH group, another possibility sup- base for abstraction of the proton from C5 to generate the
ported by the reduced rates of the epimerization reactionsenediolate intermediate and, also, as the general acid in the
catalyzed by the mutants (Table 4) is that Asn 341 is required vinylogous elimination of the 4-OH leaving group. In the
for proper positioning of His 339 so that it can act as the dehydration ob-glucarate, His 339 would be protonated as
general acid. Whebn-glucarate is the substrate, His 339 is a result of abstraction of the proton from C5; in the
the general basic catalyst that initiates the reaction by dehydration of -idarate, His 339 would be protonated when
abstraction of thet-proton from C5. Thus, the participation the substrate is bound, thereby allowing the intermediate to
of His 339 as the general acid would require that this residue partition between either vinylogous elimination of the 4-OH
be optimally positioned to catalyze both initial proton group and the observed epimerization.
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The question that remains is how the N341L mutant is REFERENCES

able to catalyze the dehydrofluorination of 4-FGluc with the
His 339 residue in a position inappropriate for abstraction
of the proton from the C5 carbon. Recall that the structure
was determined for the N341L mutant withglucarate, not
the fluorinated analogue, 4-FGluc. In the crystal structure,
the position of the His 339 residue is certainly influenced
by the presence of the hydrophobic leucine residue in the
mutant position. With 4-FGluc as substrate, the bulky fluorine
atom at C4 probably alters the position of the Leu 341 side
chain. In this new position, the leucine may allow the His
339 to adopt the chemically competent conformation. In the
341D mutant, the diminished activity likely results from
either an altered orientation of His 339, unfavorable elec-
trostatic interactions between the carboxylate group and the
departing 4-OH and 4-F groups, or inhibition of product
release.

His 339 also is appropriately located to function as the
general acid in the third partial reaction, stereospecific
tautomerization of the enol intermediate to generate the
KDG product. Our stereochemical studies of the GlucD-
catalyzed reaction demonstrated that the 4-OH group is
replaced with solvent hydrogen with retention of configu-
ration. Given the structural data that reveal the proximity of
only Asn 341 and His 339 to the 4-OH leaving group, the
identification of the general acid for this partial reaction is
subject to the same constraints on reactivity we have
discussed for elimination of the 4-OH group: we also favor
the participation of His 339 as the general acid catalyst for
this partial reaction.

CONCLUSIONS

Both the kinetics and high resolution structural data for
wild-type GlucD and its N341D and N341L mutants allow
the reasonable conclusion that a single general acid/general
base catalyst, His 339, is directly involved in all three partial
reactions that result isyndehydration ofb-glucarate: (1)
general base-catalyzed abstraction ofdhgroton from C5
to generate the stabilized enediolate anion; (2) general acid-
catalyzed vinylogous elimination of the 4-OH group from
the enediolate anion intermediate to generate an enol inter-
mediate; and (3) general acid-catalyzed stereospecific tau-
tomerization of the enol intermediate to generate the KDG
product. While theanti-dehydration of_-idarate would in-
volve the participation of Lys 207 as the general basic
catalyst in the first partial reaction, His 339 would function
as the general acid catalyst in the second and third partial
reactions.

Thus, in contrast to thenti-dehydration reaction catalyzed
by GalD that utilizes an additional general acid catalyst that
is not shared with many other members of the enolase
superfamily (3), the dehydration reactions catalyzed by
GlucD involve only the canonical general acid/general base
catalysts present in the active site of MR. This economy of
functional groups, most “extreme” in th&yndehydration
of p-glucarate in which His 339 is used as the catalyst in all
three partial reactions, emphasizes the functional plasticity
of the (B/a));5-barrel domain found in members of the enolase
superfamily.
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