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ABSTRACT: Two detailed mechanisms [Marks et al. (20@&lpchemistry 406805] have been proposed to
explain the activity of methylglyoxal synthase (MGS), a homohexameric allosterically regulated enzyme
that catalyzes the elimination of phosphate from DHAP to form enol pyruvaldehyde. This enol then
tautomerizes to methylglyoxal in solution. In one of these mechanisms His 98 plays an obligate role in
the transfer of a proton from thez;xygen of DHAP to the O2 oxygen. To test this hypothesized
mechanism, the variants H98N and H98Q were expressed and purified. Relative to the wild-type enzyme,
the H98N variant shows a 50-fold decreasekdnwith all other kinetic parameters (i.&m, Kpga, €tc.)

being nearly the same. By contrast, thgparentcatalytic rate for the H98Q variant is 250-fold lower

than that of the wild-type enzyme. Inorganic phosphate acts as a competitive inhibitor (Withf 45

uM) rather than as an allosteric-type inhibitor as it does in the wild-type enzyme, and the competitive
inhibitor phosphoglyolate (PGA) acts as an activator of this variant. These facts are explained by a shift
in the conformational equilibrium toward an “inactive” state. When activation by PGA is accounted for,
the catalytic rate for the “active” state of H98Q is estimated to be only 6-fold less than that of the wild-
type enzyme, and thus His 98 is not essential for catalysis. Primary deuterium isotope effect data were
measured for the wild-type enzyme and the two variants. At pH 7.00\thisotope effect (1.5) and the
absence of #(V/K) isotope effect for the wild-type enzyme suggest that the rate for the isotopically
sensitive step is partially rate limiting but greater than the rate of substrate dissociation. Both(he)

and P(V/K) (3.4) isotope effects were more pronounced in the H98N variant, while the H98Q variant
displayed an unusual inver8¥% (0.8) isotope effect and a norm(V/K) (1.5) isotope effect. The X-ray
crystal structures of PGA bound to the H98Q and H98N variants were both determined to a resolution of
2.2 A. These mutations had little effect on the overall structure. However, the pattern of hydrogen bonding
in the active site suggests an explanation as to how in the wild-type and H98N mutated enzymes the
“inactive to active” equilibrium lies toward the active state, while with the H98Q mutated enzyme the
equilibrium lies toward the inactive state. Thus, the role of His 98 appears to be more as a regulator of
the enzyme’s conformation rather than as a critical contributor to the catalytic mechanism.

The enzyme methylglyoxal synthase (MGEC 4.2.3.3) an internal disproportionation reaction catalyzed by glu-
is a homohexameric protein that catalyzes an elimination tathione, glyoxalase |, and glyoxalase Il to fooractate
reaction that converts dihydroxyacetone phosphate (DHAP) (1). However, RNA expression profiling experiments show
to form phosphate and the enol of methylglyoxal (pyruv- no significant correlation between the expressiormafsA
aldehyde), which subsequently tautomerizes off the enzymeand the expression of eith@loA or gloB under a wide
to form methylglyoxal. Traditionally, MGS is thought to be variety of conditions (Dr. Patrick Brown, Stanford University,
the first enzyme in the “methylglyoxal bypass of glycolysis”, personal communication). Thus, the physiological role for
where DHAP is converted to methylglyoxal, followed by MGS in Escherichia coliis probably not that of glucose
metabolismE. coli mgsA deletion mutants in the presence
' This research was supported by National Science Foundation Grantof CAMP express a slow growth phenotype, which is

MCB-0213347 to D.H.T.H. o _ associated with difficulty in recovering from carbon starva-
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s Medical College of Wisconsin. of phosphate, respectively,(4). Thus, phosphate acts as
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1 Abbreviations: MGS, methylglyoxal synthase; DHAP, dihydroxy- inhihi R ;
acetone phosphate: GAP, glyceraldehyde 3-phosphate: PGH. phos‘phoproduct inhibitor. For the wild-type enzyme in the presence

glycolohydroxamic acid; PGA, phosphoglycolic acid; TIM, triosephos- Of Phosphate, there is cooperativity between active sites that
phate isomerase. occurs upon substrate binding. This is fundamentally different
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from the feedback control exerted on most allosterically oxygen abstracts thenitrogen of His 98 via a short, strong
regulated metabolic enzymes, which are typically effected hydrogen bond to form an imidazolate anion. The imidazolate
by “downstream” products that bind at sites that are distinct nitrogen can form a second short, strong hydrogen bond with
from the active siteq). The three-dimensional structure of the O3 hydroxyl group and abstract the hydroxyl proton. The
MGS shows that it is a hexameric enzyme and that there isenediolate then collapses in a 1,4-elimination reaction to form
no distinct site for phosphate to bind to the enzyme other free inorganic phosphate and the enol of methylglyoxal.
than the phosphoryl binding site of the substrate and However, this TIM-like mechanism fails to explain the?40
competitive inhibitors §). The phosphate site overlaps the fold difference in the binding constant for MGS binding to
active sites and allows the substrate to compete with the phosphoglycolohydroxamic acid (PGH) compared to that for
allosteric-type inhibitor to relieve the conformational strain  TIM binding to PGH. Additionally, there is no role for the
on the remaining protomers. It has previously been noted short, strong hydrogen bond that was found by both NMR
that phosphate inhibition is overcome by high quantities of spectroscopy and X-ray crystallography between the car-
substrate, so in this sense phosphate is a “competitive” boxylate of Asp 71 and the hydroxyl of PGH, and contrary
inhibitor. It is unknown how many phosphate ions can bind to the prediction made by the TIM-like mechanism, there is
a single hexamer in the “inactive” state or the binding a normal hydrogen bond to tkenitrogen of His 98 10). It
constant for the phosphate ion. In the wild-type enzyme the also failed to explain previous MGS mutagenesis experi-
binding to phosphate is necessary for the inactive state butments, where D101N was shown to b4 0*-fold down in
not sufficient. There is crystallographic evidence that phos- activity compared to the wild-type enzyme activity).(
phate can also bind to an active site that is in all other However, more recently, preliminary theoretical data suggest
respects in an “R-state” conformatiof)( Thus, the equi-  that Asp 101 may play an important role in the initial proton
librium between the “active” and inactive states depends on abstraction step that is common to both mechanisms (Qiang
the ability of the enzyme to distinguish a phosphate in the Cui, personal communication). These facts led to the proposal
active site from a phosphoryl in the substrate or substrate of an alternative “PGH-based” mechanism for catalysis by
analogue. The cooperative properties of hexameric MGS andMGS shown in Scheme 1B. In the PGH-based mechanism,
its variants make interpretation of kinetic data somewhat Asp 71 abstracts tharo-Sproton to form the same enediolate
more complex than that of a typical monomeric enzyme. intermediate that is ultimately protonated via a water
The initial steps catalyzed by MGS are reminiscent of the molecule (HO A) by the surrounding bulk solvent. Asp 71
mechanism of triosephosphate isomerase (TIM) in that a undergoes a conformational change in order to shuttle its
catalytic base abstracts the C3 proton of DHAP to give rise proton via a buried water molecule {81 B) to Asp 101. A
to an enediolic intermediat&), In TIM, Glu 165 abstracts ~ second conformational change then allows Asp 71 to form
the carbon proton with the assistance of His 95, which a short, strong hydrogen bond with the hydroxyl proton
protonates the O2 oxygen and forms an unusual imidazolate(similar to what is seen in the PGH complex). According to
anion. His 95 then abstracts a proton from the O3 oxygen this scheme the initiation of the suprafacial 1,4-elimination
of the enediol intermediate, and the C2 carbon is protonatedof phosphate occurs when Asp 71 abstracts the hydroxyl
by Glu 165 ). The structure of methylglyoxal synthase proton of the enediolic intermediate.
bound to 2-phosphoglycolic acid suggested homologous roles To test the TIM-like mechanism, His 98 was mutated to
for Asp 71 and His 98 to Glu 165 and His 95 from TIM, either asparagine or glutamine. Asparagine and glutamine
respectively 9). In Scheme 1A, a “TIM-like” mechanismis  have the same hydrogen-bonding capacity asdhar ¢
proposed where Asp 71 abstracts theg@3 Sproton to form nitrogens of histidine, respectively, in both the protonated
an enediolate intermediate. The negatively charged O2and unprotonated states. Here, we report the kinetic results
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for these two mutated enzymes in the presence and absencdetermine the enzyme activity as described by Saadat and
of inhibitors. Additionally, we report both pHrate profiles Harrison @) at a constant temperature of 25. Briefly, 0.7

and kinetic isotope effects for the wild-type enzyme and the mM DHAP in 50 mM imidazole (pH 7.0) is converted by
two variants. Lastly, we report the X-ray crystal structure MGS to produce methylglyoxal that forms a thiohemiacetal
of each of these mutated enzymes in the presence of thewith glutathione (15 mM). The thiohemiacetal is isomerized
competitive inhibitor PGA. Combined, these studies suggest by glyoxalase | (2 units) to form§j-p-lactoylglutathione that
that His 98 is involved in the conformational mechanism of absorbs light at 240 nm. The reaction was followed by
MGS “inactivation” and that the alternative PGH-based monitoring the increased absorbance at 240 nm with a
mechanism must contribute to the catalytic rate of the Shimadzu UV1650-PC spectrophotometer.

enzyme. Protein DeterminationProtein concentrations were de-
termined by the Bradford dye binding assap)((Bio-Rad)
EXPERIMENTAL PROCEEDURES using bovine serum albumin as the standard.

Enzyme KineticsKinetic constants for the different
variants of MGS were determined in the same manner as
above although the concentration of DHAP was varied. For
simple kinetics, each data point (initial velocity) was
determined in at least duplicate and at least five different
' substrate concentrations. Control assays, lacking either
substrate or enzyme, were routinely included and found to
be negligible over the time course of the assay. Kinetic
constants were calculated by fitting directly to the data with
> 22 o an unweighted least-squares analysis using the program
or reagent gra_de :_;md_ were used without further purification GRAFIT (13). Steady-state kinetic data in the presence or
unless othe.rW|se indicated. ] absence of phosphate were fit to the MichaeNgenten

Construction of pPMGS-H98N and pMGS-HI8asmids  equation (eq 1) or the Hill-modified Michaefisvienten
for expressing the two MGS variants were constructed by equation (eq 2). Estimates df for the active state of the
inserting DNA containing the mutated gene into the pET16b 980 enzyme were obtained by fitting the first phases of
expression vector. The mutated genes were constructed bythe more complex kinetics exhibited by this enzyme in the
overlap extension PCRLY) using Pfu high-fidelity poly- — presence of PGA to a substrate inhibition model represented
merase (with an annealing temperature of*6§ and the by eq 3, while a value fov/K of the active state of the HI8Q
previously described pMGS plasmid) (s a DNA template. — enzyme was extrapolated from direct measures//fp,

The pMGS-H98N was constructed by generating two DNA sing eq 4. The acid and basks as well as the maximal

fragments by PCR using the primer pairs-(GGGAAT- catalytic efficiency for the pHrate data were fit using eq
TCACTCGAGTAAGAAACAGGTGGCGTTT-3 and the 5 |n'these equations is the observed velocity is the

mutagenic primer'sGCCGTGCCGAACGATCCTGACGTG-

Materials. Reduced glutathione, yeast glyoxalase |, aldo-
lase from rabbit muscle, and the tris(monocyclohexylam-
monium) salt of phosphoglycolate (PGA) were purchased
from Sigma Chemical Co. (St. Louis, MO). The pET16b-
(+) bacterial expression vector was from Novagen (Madison
WI). DNA ligase and restriction enzymes were from Am-
ersham Pharmacia Biotech (Piscataway, NJ). The YM-10
centrifugal filter concentrator was purchased from Millipore
(Bedford, MA). All solvents and reagents were of analytical

3) and the primer pairs (the complement to the mutagenic v, =VA(K,+ A 1)
primer B-CACGTCAGGATCGTTCGGCACGGC-and 3-

GGAATTCCATGGAACTGACGACTCGCACTTT-3). The v = VAh/(Km + A" whereS, ), = K#’h 2)
DNA fragments were gel purified, mixed together, and

thermocycled 30 times. The resultant 0.5 kb DNA fragment vV

was gel purified, cut with the restriction endonucleasesl UETTR AT AK, 3)

andXhd, and ligated into a similarly restriction endonuclease

treated pET16b expression vector. Construction of pMGS- K' K |
H98Q followed the same method except that different _m_m, 1N (4)
mutagenic primers (ECCGTGCCGCAGGATCCGGAC- V.V VK

GTG-3 and 3-CACGTCCGGATCCTGCGGCACGGC B

were used during the first PCR step. Sequences for the two Vv (VIK) oy x 1OPH P
mutated genes were determined (MCW protein and nucleic K~ LPPHPKaPKa2 | 1 (P PRa _ q

acid facility) to verify that only single base changes were
maximal velocity,A is the substrate concentratidnjs the

(5)

made.

Expression and Purification of Wild-Type and Mutated Hill coefficient, K, is the Michaelis-Menten constani’
MGS.RecombinanE. coliMGS was expressed from pET16- is the apparent MichaekdVienten constantKis is the
mgswt, pET16-H98N, or pET16-H98Q transformed ML1- suybstrate inhibition constar® is the substrate concentra-
(DE3) E. coli cells (anmgsA" strain, manuscript in prepa-  tion wheny, = V/2, K; is the competitive inhibition constant,
ration) and purified according to the method of Saadat and pK,, refers to the K, of the acidic limb of the pHrate
Harrison @). These MGS proteins were found to be at least profile, and [K4, refers to the K, of the basic limb of the
95% pure as determined by 14% SBBAGE with Coo-  pH-—rate profile. The Y/K)maxin eq 5 is the limit of optimal
massie Blue staining and densitometric analysis as well asactivity in V/K if the acidic residue was completely unpro-
by the specific activity of the wild-type enzyme (1092 units/ tonated at the same time as the basic residue was completely
mg) using the assay described below. protonated.

Methylglyoxal Synthase Aeify Assay.The glyoxalase | Synthesis of DHAPThe dihydroxyacetone phosphate
coupled assay of Hopper and Coop&) (vas used to  dimer was prepared according to the method of Jung et al.
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(14) with adaptations by Pederson et dl5) as described in

’ h : Table 1: Crystal Parameters and Refinement Statistics
the Supporting Information. DHAP was quantitated by an

enzyme-coupled spectrophotometric asskg).( HO8N H98Q
Synthesis of d-DHAP and h-DHABHAP in D;O or H,O Space goup & Pand Padd

was treated with aldolase fd h atroom temperature to cell dimensions () ﬁ; 1295 z; 130.0

exchange the CBro-Sproton of DHAP (7). The progress c=178.2 c=178.8

of the reaction was monitored by NMR spectroscopy. o cutoff 0.0 0.0

Controls were performed using DHAP in,® as well as resolution range (A) 3?2-922432 20p 30-(2‘22432 20p

DHAP in D,O W|th no aldolase. The_reactlt_)n mixture was total no. of reflections 339560 523690

spun through a Millipore YM-10 centrifugal filter concentra-  no. of unique reflections 60966 63824

tor to remove the aldolase. The amount of DHAP before no. of reflections used in 50315 (1931) 57416 (2284)

and after treatment with aldolase was carefully quantitated,  refinement .

and losses were found to be minimal, on average 17%. ‘F:eomp'(ﬁ/sness(/") 922('263(25:"0) 92(259(8)2'5)

Ultrafiltration was found to be superior to previously reported g "0 229 208

ion-exchange methods with regard to the overall yield of R-factor (%) 19.0 19.3

d-DHAP (17). Ramachandran_most 91.6/8.1 93.3/6.7
Phosphate Assafhe amount of phosphate contamination ov;?‘éﬁfq‘i’:ﬁ?;‘g”ggﬁe 971 -

in the synthesized DHAP was measured using the method ™" ;c1or (A7) P ' '

of Drueckes et al.18) modified for larger volumes. Briefly, rmsd from ided

phosphate was combined with a solution of 15 mM zinc bond lengths (A) 0.006 0.007

acetate and 10 mM ammonium molybdate at pH 5.0 and ___Pond angles (deg) 13 12

incubated at 30°C for 5 min in 1 mL cuvettes. Color aNumbers in parentheses represent the last shell valhésst

formatlon was Compared to a Standard curve of known favored and additional regions are as defined by PROCHEKK(
phosphate concentrations at 630 nm. It was found that thec Root-mean-square deviations are from Engh and Huber ideal values
: 39).
aldolase-treated h-DHAP and d-DHAP typically had ap- 8
proximately twice the contaminating levels of phosphate than ) ] )
that of the untreated, with 8.5 mol % for an average untreated determined wild-type MGSPGA complex 9) without the
preparation and 15.4 mol % for an average treated preparaPGA or water molecules included as a model for determlnlng
tion. the initial phases, electron density maps were calculated by
Crystallization and X-ray Data Collection of the HogN  the program CNS22) using ¥, — 2F. as Fourier coef-
PGA and H98G-PGA ComplexesOrthorhombic crystals ~ ficients. The electron density maps clearly revealed the
of H98N and H98Q MGS complexed with the competitive Presence an_d position of the_bouqd PGA in each of the six
inhibitor PGA were grown using the hanging drop method active sites in the asymmetric unit. For H98N and H98Q,
against a solution containing 20% PEG 1500 and 100 mM following the modeling of PGA and rigid body refinement,
sodium cacodylate at pH 6.2 and 6.0, respectively. Crystal- the R-factor was 28.8%/34.9% and the "fréfactor” (Rreq)
lization drops were made by mixing 4L of a 20 mg/mL was 29.4%/25.8%, respectively. Following the addition of
MGS protein solution in 50 mM imidazole hydrochloride 148/101 water molecules, respectively, and several rounds
(pH 7.0), 1 mM KHPO;, and 10 mM PGA with 4uL of of simulated annealing, positional refinement with noncrys-
the well solution on a siliconized glass coverslip. The tallographic symmetry restraints, and five/six rounds of
crystallization trays were incubated at room temperature for Manual rebuilding using the program @3, the R-factor
1—2 weeks, in which time single hexagon prisms ranged in converged to 19.0%/19.3% ari@hee to 22.9%/22.8% for
size between 10@m and 1 mm in their largest dimension. H98N and H98Q, respectively. The Ramachandran plot
Diffraction data were collected as previously described for Shows that 91.6%/93.3% of all residues fall within the most

wild-type MGS-PGA crystals 9). MGS crystals were favored region. Refinement statistics are presented in Table

mounted in sealed quartz capillaries, and data were collected!- ) ,

using a Riguaku R-axis lic image plate detector exposed to  Structural AlignmentThe program OZ3) was used in a

Cu Ka radiation focused and monochromated by Osmic least-squares fitting algorithm to calculate a matrix tha;

elliptical optics and generated by a Rigaku RU-200 rotating overlays one structure upon another for structural compatri-

anode X-ray generator with a 0.2 mm filament set to 50 kv SONs.

and 100 mA. One degree rotation photographs were takenRESULTS

with a crystal to detector distance of 190 mm andafgle

of 0°. Reduced diffraction data from five different crystals Kinetics of H98N and H98Q Variants of MGBreshly

were combined in both cases, using the Program SCALEPACK purified H98N and H98Q were used to determine the kinetic

from the HKL diffraction suite 19). The data collection  parameters using the spectrophotometric as3pgescribed

statistics are presented in Table 1. in Experimental Procedures. Both enzymes displayed de-
Refinement of the Mutant H98N and H98Q MGSGA creased catalytic activity, and a summary of the kinetic

Complex StructuresPrior to refinement, 7.5% of the data constants determined can be found in Table 2. Paradoxically,

between 30.0 and 2.2 A, selected in 15 discrete shellsthe alteration of histidine 98 to asparagine has less of an

throughout the resolution range to avoid the biasing effects effect on the observed kinetic constants than does the

of noncrystallographic symmetry (NCS), was set aside for mechanistically more conservative change to glutamine (see

the calculation of theRy.. factor 20) using the program  Scheme 1). The H98N mutant behaved similarly to wild-

DATAMAN (21). Using the structure of the previously type MGS in all respects other than the catalytic réteg,
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Table 2: Enzyme Kinetic Parameters

Keaf Kin
Keat(S°) Km (MM) (s -mM-1) Kipaa (M) Dy/ D(V/K)
H98Q (—PGA) 0.96+ 0.03 1.3+ 0.2 0.7 ND 0.78+ 0.06 1.5+ 0.3
H98Q (+PGA) 17-37 0.6-1.2 30.5 46-102 <1 1.8
HI8N 4.4+ 0.4 0.26+ 0.07 16.9 5.8 0.8 2.00+ 0.06' 3.4+ 0.7
wild type, pH 7.0 220t 10° 0.20+ 0.03 1100 2.0+ 0.4 1.54+ 0.05 1.0£0.1
wild type, pH 6.0 179+ 18 0.62+ 0.15 289 ND 1.5+ 0.2 1.25+0.11

a2ND is not determined? Estimates are based on PGA activation experiments; see Discussion for détails. Saadat and Harrison (1998).
4 Hill coefficients of 1.8+ 0.1 and 1.7+ 0.1 were observed for these measurements for proteo- and deuterio-DHAP, respectively.

(4.4+ 0.4 s1), which is decreased 50-fold, with a slightly A S I I I I I
elevated Michaelis constark, (0.26 + 0.07 mM). This
corresponds to a 18fold decrease iRc./Km versus the wild- 0.0006 —
type enzyme. Like the wild-type enzyme, the H98N variant
shows cooperative behavior in the presence of phosphate ity
(Figure 1A). When compared to the wild-type enzyme, the i e ]
H98N variant is not as strongly inhibited by phosphate,
although less phosphate is required to shift the kinetic plot
from hyperbolic to sigmoidal. The enzyme exhibited sig-
moidal character when using aldolase-treated (containing
higher levels of contaminating phosphate; see Experimental
Procedures) DHAP, whereas the wild-type enzyme did not.
This effect was not measurable when using the untreated
DHAP (containing lower amounts of contaminating phos- ! ——- @ 05mMPi
phate; see Experimental Procedures). / =
fl|l|l|l|l|l|l|l|l|l

0.0004 —

rate (umol/sec/10 ul)

[

] 0.78 uM of H98N
/

o

I

0.0002 —— O OmMPi —

The kinetic plot for the H98Q variant shows a slightly
sigmoidal (Hill coefficient of 1.4) curve with & (0.96 £
0.03 s that is nearly 250-fold lower than that of the wild-
type enzyme and En, (1.3 4 0.2 mM) that is nearly 6-fold

0 02 04 06 08 1 12 14 16 18 2 22

larger than that of the wild-type enzyme. This corresponds [DRAPH(mD
to a 1G->fold decrease ik:o/Kyn compared to the wild-type B w £ ' | T
enzyme. Additionally, phosphate acts as a competitive L
inhibitor for the H98Q variant with an inhibition constant, 0018
Ki, of 15uM (Figure 1B). To understand the difference in B -7
kinetic behavior for these two highly related variants of His %016 I~ 7
98, it was necessary to examine the effects of a competitive _ 914 |- d
inhibitor, PGA, on the kinetic behavior of these enzymes. 3 - /// o

Inhibition by PGA on H98N and H98Q Variants of MGS. g 0012 -~ e
The structure of phosphoglycolic acid (PGA) is analogous £ 001 B / Y |
to the enediolate intermediate and has been previously well § | /' .
characterized with both wild-type MGSt)(and TIM (24, Lg 0.008 — e ’ ]
25). The effects of varying the amount of PGA in the assay = B /‘ —— O 10uMPi
mixture on the kinetics of HI8N and H98Q were determined. %% [~ / R | ___ @ 60uMPi
As expected, PGA behaved as a competitive inhibitor for 0004
the H98N variant with &; of 5.8 & 0.8 uM. However, the - ../ 5uMotHIBQ L 110uMPi
kinetics of the H98Q enzyme behaved in an unusual manner 0002 R B 160 uMPi
in the presence of PGA. Consistent with the conformational 0 | | | | | |
equilibrium favoring the inactive state of the H98Q variant,
the enzyme is activated with the addition of PGA to the assay 0 2 [DHA:] (o0} 6 8

mix (Figure 2A). With these data, however, we were unable
to find a simple conformational model that could in itS  Figure 1: Effect of phosphate on the HI8N and H98Q variants.
entirety adequately explain this set of curves (Figure 2B). (A) A plot of velocity versus substrate concentration in the absence
Instead, the data shown in Figure 2B are fit to a substrateand presence of 0.5 mM phosphate for the H98N variant. Note

inhibition model for each different PGA concentration (see that the curve changes from hyperbolic to sigmoidal in shape. (B)
A plot of velocity versus substrate concentration in the presence

Supporting Information). Such a fit is not consistent with % g0 110, and 1606M phosphate for the H98Q variant. The
our understanding of the likely conformational mechanism data fit a competitive inhibition model.

of the H98Q enzyme; however, it does allow us to estimate

the catalytic rate constant for the active enzyme. Using the

initial slope of the velocity vs substrate curve (Figure 3, greater than 5@M, the value fork../Kn was observed to
inset),keafKm can be determined by plotting ki{/K,) versus decrease in a linear manner. Extension of this line back to
inhibitor concentration (Figure 3). At PGA concentrations the ordinate allows../Kn for the active state of the H98Q
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A 4
| ° n 0.16'II'|/II'I/‘I‘OOUMPGA—
015 —_ Vv 0.2mMDHAP _— 0.14 - "/' A /// 1. 1ouMPeA — -
- @ 30mMDHAP - T 012 = e , 1o 2owmea —
- ) e ) LR A s * 4 m 50uMPGA ---
= Fo 4 s L % 008 [ ','A 4 1 & 100umpPer —
3 - - ° F s 1 A4 200uMPGA ——
R Y/ ] 008 - ./ 4 1 * 400umpea —
= K ) 7 004 w5 -
£ - v A - T FR e
LR Y ° . i E RN A8 D
005 ® — :g’ 2 0 02 04 06 08 1
v 7 § [DHAP]
I Voo } g
® v L
0 Q ! | L | L 1 | | ! |
0 200 400 1 L
[PGA] (uM) I
B 06 L
- . 0PGA
— - — 10PGA :,o-—k”’./
0 T T T T T T T T
,g 20 PGA 0 200 400
é ----- 50PGA [PGA] (uM)
3 100 PGA Ficure 3: Determination ok../Km for H98Q. The initial slope of
Z the velocity vs substrate curve from Figure 2B (inskt}y/Kn, was
S — — - 200PGA plotted as 1K../Km) versus inhibitor concentration. The extrapola-
> tion of the linear portion of the curve shows that the uninhibited
400 PGA H98Q R-state enzyme haskay/Ky, of 30.5 mM s71,
Table 3: Enzyme pH Parameters
2 4 6 8 pH n
[DHAP] (mM) PKa1 pPKaz optimum Keal Km limit
Ficure 2: Activity of the H98Q variant as a function of DHAP HI8N 60+01 7.6+01 6.8 16+ 2

H98Q 59+0.2 6.7£0.7 6.3 0.10+ 0.03

and PGA concentration. (A) The activity at two fixed concentrations widtype 69+01 81+0.1 75 1152 5 150 4

of DHAP is plotted against a varying amount of the competitive
inhibitor PGA. This shows that PGA is acting as an activator,

. . . . . pH
consistent with the H98Q variant resting in the T-state. (B) The - -
activity of the H98Q variant at different fixed concentrationi/j PKay PKa optimum Koatlimit
of PGA is plotted. Both the amount of DHAP required to reach  H98N 55+£02 8.2+0.2 6.8 2.88t 0.08
maximal activity and the maximal activity of the H98Q variant are  Wwildtype ~ 7.0£0.1 7.9+0.2 7.5 470+ 80

effected by the amount of PGA present. These curves are individu-
ally fit to a substrate inhibition model that does not explain the

PCA effect. keat Show an even wider disparity in<g, for the two enzymes

of 5.5 and 7.0, respectively. The individuaKgs are

mutated enzyme to be estimated at 30.5 Tt ?, 36-fold presented in Table 3. It should be noted that eq 5 has two
less than that of the wild-type enzyme. This estimate is likely solutions, and the reduced chi-square was used to determine
to be low since more of the enzyme will be inactive at low which solution is correct for wild type and H98N. In the
concentrations of inhibitor than at high concentrations. case of H98Q the solutions are not as easily differentiated.

pH—Rate Profiles of H98N and H98QVild-type MGS While one solution is reported in Table 3, it is possible to
has previously been reported to have a pH optimum of 7.5 invert the acidic and basid{’'s for H98Q to give a solution
(3). This pH-rate profile is confirmed here, and it is of pKy equal to 7.0+ 0.4, K5, equal to 5.6+ 0.4, and a
compared to the pHrate profiles of H98N and H98Q. The  K.o/Kn, limit of 0.34 4+ 0.26.
kinetic parameters from the hyperbolic fit to the data were  pH Effects on the Primary Deuterium Isotope Effect for
used to determine the pHate profile of wild type and  Wild-Type MGSBoth h-DHAP and d-DHAP were made as
H98N. The linear portion of the velocity versus substrate described in Experimental Procedures and then used in the
concentration curve was used to estimate khgK., for spectrophotometric assay. At pH 7.0 tA¥ and P(V/K)
H98Q, whereks determinations were unreliable due to isotope effects are 1.5 and 1.0, respectively (Table 2). The
substrate limitations with highk, values. The pHrate B(VIK) isotope effect agrees with the tritium isotope effect,
profiles for both variants based d@./K, show optimal T(VIK), of 1.0 previously determined’). When the pH of
activity at more acidic pHs than that of the wild-type enzyme the assay buffer was lowered to 6.0, ¢ isotope effect
with the pH optima of 6.8 and 6.3 for H98N and H98Q, was unchanged but tH¥V/K) isotope effect is elevated to
respectively. The H98N variant has a wider pH range of near- 1.3. It is technically difficult to accurately measure deuterium
optimal activity than that of the wild-type enzyme, while isotope effects at lower pHs (unpublished results); however,
the H98Q variant has a much narrower pH range of near- it is clear thaP(V/K) approache8V when the pH is lowered.
optimal activity than either of the other enzymes. ThepH Primary Deuterium Isotope Effects for H98N and H98Q.
rate profiles for the H98N and wild-type enzymes based on At pH 7.0, thePV isotope effect for HO98N was found to be
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Ficure 5: Primary isotope effect for the phosphate-induced T-state
in wild-type MGS. The addition of 0.3 mM phosphate to wild-
type MGS shifts its equilibrium toward the T-state. Under these
conditions, the wild-type enzyme exhibits isotope effects of 1.5
and 0.6 forPV andP(V/K), respectively.

the wild-type enzyme in the presence of 0.3 mM phosphate
(Figure 5). It was reasoned that at low substrate concentra-
tions the phosphate-inhibited wild-type enzyme might behave
similarly to that of the H98Q variant, since both enzymes
are dominated by the inactive conformation. Indeed, the
switch from the inactive to the active conformation happens
at a lower concentration of d-DHAP than it does with
h-DHAP as exemplified by &(V/K) isotope effect of 0.6

for the wild-type enzyme in the presence of 0.3 mM
phosphate. Since MGS bound to phosphate is in the inactive
state, the invers&(V/K) isotope effect simply indicates that
the deuterated substrate shifts the equilibrium toward the
active conformation more readily than does the protonated

Ficure 4: Primary isotope effects for H98Q. Plots of velocity . .
versus substrate concentration show the effects of either proteoSUbstrate. Saturating amounts of substrate drive the enzyme

pro-S DHAP or deuteriopro-S DHAP in the absence (A) or  toward the active conformation, and thus theisotope effect

presence (B) of 10@M PGA. The dashed lines are fits to the data (1.5) is identical to that of the enzyme in the absence of

fron; h-I%HAP, an]g gg :0II1i%d(\I/i/n}?)S' are fits toﬁthe Qatla ;rom éj-_Dl?hAP. phosphate.

In the absence o t isotope effect is 1.5, and in the .

presence of PGA th&(V/K) isotope Féffect is 1.8. Under both Structural Compar'slon of H98NPGA and H98Q PGA

conditions an inversBV isotope effect is observed. Complexes to the Wild-Typ@GA Complex.The X-ray
structures of both variants complexed with PGA were

2.0, slightly elevated from that for wild-type MGS; however, determined to a resolution of 2.2 A (Table 1). When
theP(V/K) was substantially elevated to 3.4 (Table 2). Again, compared to the wild-type crystal structure with PGA bound,
H98Q behaved quite differently with® isotope effect of ~ as well as to each other, there are few changes in the
0.8 and @(V/K) isotope effect of 1.5 (Figure 4A). To verify ~ structures of the variants (Figure 6). In both cases, each
the existence of the inver$¥ isotope effect, the data were protomer is effectively identical to the other five protomers
collected on two different occasions from two different inthe asymmetric unit with an average RMSD éocarbons
mutant enzyme preparations. In each instance the calculatedf 0.21 A for H98N and 0.17 A for H98Q. Remarkably, the
isotope effects and individual kinetic parameters upon which deviations decrease when like subunits are compared from
they were based were the same within the error of the the wild-type PGA structure to each of these new structures.
measurement. Additionally, the H98Q variant in the presence The RMSD of theo carbons from an asymmetric unit from

of 100 uM PGA had aP(V/K) isotope effect of 1.8 (based the wild-type PGA structure with that of the HO98N PGA
on a linear fit to the first two data points) and an inve?se  structure is 0.17 A, while the comparison with the H98Q
isotope effect as judged the data at 3 mM DHAP (Figure PGA structure is 0.13 A. These deviations are within the
4B). The invers@V isotope effect may be explained by the error limits that are expected for two independent determina-
presence of a stronger critical “allosteric” hydrogen bond to tions of the identical crystal structures at this resolution.
the deuterium atom/ion during the course of catalysis. As In addition to the large-scale similarities, between the
such, d-DHAP might act like PGA and partially activate the mutants and wild type, there is very little change to be found
H98Q variant (see the discussion below). To test this in the active site. The positions of the catalytically important
hypothesis, the deuterium isotope effect was measured forAsp 71 and Asp 101 have changed less than 0.2 A when the
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Ficure 6: Comparison of the structures of H98N and H98Q to
wild-type MGS. (A) The active site of H98N (orange) has been
overlaid upon the active site of wild-type MGS (yellow), along
with proposed hydrogen-bonding structure, with an RMSD of 0.17
A. The distance between the aligned hydrogen bond donors, Asn
No and His N, is 1.3 A, whereas the hydrogen bond distance has
increased by 0.3 A. (B) The active site of H98Q (green) has been
overlaid upon the active site of wild-type MGS (yellow), along
with proposed hydrogen-bonding structure, with an RMSD of 0.13
A. The distance between the aligned hydrogen bond donors, Gin
Ne and His N, is 1.0 A, whereas the hydrogen bond distance has
increased by 0.3 A.
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Table 4: Atomic Distances from X-ray Crystal Structures
distance (A)

wild type
PGA O2--Asp 71 G52 2.78+ 0.13
His 98 Gy2---Asp 71 O1 3.18+ 0.04
His 98 Ne2---PGA O1 2.88+ 0.02
His 98 Ne2:--Asp 71 QY1 3.81+ 0.04
H98N
PGA O2--Asp 71 G2 2.87+0.13
Asn 98 Ny2---Asp 71 Q)1 2.89+ 0.24
Asn 98 NH2:--PGA O1 3.21+0.17
H98Q
PGA O2--Asp 71 )2 2.84+ 0.09
GIn 98 Ne2---Asp 71 1 4,93+ 0.32
GIn 98 Ne2:--PGA O1 3.24+ 0.47
Scheme 2
A) E'P, ERPGA
Kp; 1 +P; KPGA1 +PGA
E'S==—EFT+s ==S+E'== ERS — Product
Ky Keq Ky ky
_ET . _[ETNS] . _[EFNS] , _[ETNR] _[E*[PGA]
Kag=gr K= [ETS] % [ERs]’ Ko = [ETP] »and Ko, = [EXPGA]
Further, in the absence of any inhibitors,
app KR +KR
y = o [S1 , where V2% =—k"i° and K, =—~ %
K, +[S] 1+ Ke 14Kz
KK, KK,
B)
T___ o TrR__o oTpR TR TR TER—= R
E6-EE5E1*EE4E2—E E3E3~IZE2E4TSE155 e E}

wild-type histidine that results in an elongation of the
hydrogen bond to the PGA oxygen (O1) of only 0.3 A.
However, in the H98Q variant, there is no hydrogen bond
from the glutamine nitrogen to the carboxyl of Asp 71, as
can be found from the asparagine to Asp 71 in the H98N
structure. These are the only significant observed structural
differences.

DISCUSSION

Scheme 2 is presented as general model for understanding
MGS kinetics and as a framework for further discussion. In
Scheme 2A, we propose that the enzyme is in dynamic

mutated and wild-type structures are superimposed. Theequilibrium between an active and an inactive conformation,
largest change in the active site can be found around theboth of which are competent to bind to the substrate, DHAP.

position of the mutation. When the structure of the H98N
variant is overlaid onto the structure of the wild-type enzyme,
the relative position at the site of the mutation for the &

the asparagine and the histidine residues differs by40.6
0.2 A, while the hydrogen bond donor §Nf Asn or Ne of
His) is displaced laterally by 1.3 0.3 A, although this
change results in an elongation of the hydrogen bond from
the protein donor to the PGA oxygen (O1) of only 0.3 A
(Table 4). When the structure of the H98Q variant is overlaid
onto the structure of the wild-type enzyme, the relative
position at the site of the mutation for they 6f the glutamine
for five of the protomers and that of the histidine residues
differ by 0.60+ 0.06 A. The glutamine for the remaining
protomer is in a conformation that is not isomorphous to
the histidine. In this case the relative distance for thei<C
1.1 A. However, for all protomers there is a lateral displace-
ment of 1.0+ 0.3 A at the N proton donor relative to the

This is in essence a “V-system” allosteric model with the
distinguishing feature that the inactive conformation binds
to phosphate much tighter than does the active form (for
simplicity, we only show the binding to the inactive form).
The other distinguishing feature of this model is that the
active conformation binds to competitive inhibitors such as
PGA much tighter than does the inactive conformation
(again, for simplicity, we only show the binding to the active
from). Thus, the wild-type enzyme can recognize the
additional proton on a dianionic phosphate not found on a
dianionic phosphoryl. From this scheme, it can be shown
that, in the absence of inhibitors and wheg is large, both
the apparent maximal velocity and Michaelis constant tend
towardVmax and Ky, for the active enzyme. Interestingly, it
can also be shown that both the apparéni andK, are
affected byKr and Keg, when Keq is small. Scheme 2B
suggests that the conformational equilibrium of one protomer
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in the hexamer is influenced by the conformations of its Scheme 3

neighboring protomers. In the absence of these pretein M
protein interactions, both phosphate and PGA would appear . N P
to be competitive inhibitors. These interactions give rise to g, g ki ES ks Elnt ks ENP kit kot
n EP E
the sigmoidal-shaped kinetics sometimes observed for wild- ky Ky ks kg ki
type MGS and its variants. 1) D(%)=M,where Pk is the intrinsic isotope effect, o =k—’,
Interpretation of H98Q Kinetics.The H98Q variant S AN kx
showed “normal” Michaelis Menten kinetics with &, that c, =i—‘[l+;§—"],and °K,, = D’;'.
is nearly 250-fold less than that of the wild-type enzyme. B ’
Ordinarily, this fact might be interpreted as evidence 2 ()= T RIE O Ky e h kR B ke sk
supporting the TIM-like mechanism for MGS catalysis. L+R, [E,+C, Tk kR T

However, the inhibition data lead to a different conclusion.
In the wild-type enzyme, the presence of submillimolar binding energy for PGA may be interpreted as a loss of a
concentrations of phosphate leads to sigmoidally shapedhydrogen bond in the H98Q variant as it goes from the
kinetic profiles that are increasingly “S-shaped” with increas- inactive to the active state.
ing amounts of phosphate. The conformational equilibrium  Interpretation of the Structure of the H98®GA and
constant is thought to be much greater than 1 for the wild- H98N—-PGA Complexedt is strikingly apparent that, even
type enzyme, and the binding of phosphate perturbs thatnear the site of the mutation, the structures of the H98Q
equilibrium toward the inactive staté)( Kinetic studies of PGA and H98N-PGA complexes are virtually identical to
the H98Q variant show that phosphate acts as a competitivethe wild-type-PGA complex (Figure 6). This fact makes it
inhibitor, not as a conformational inhibitor (Figure 1B). The clear that the structures of these variants are in the active
phosphate binding constant in the H98Q variant is of the conformation. Accordingly, the observed hydrogen-bonding
same order of magnitude as the PGA binding constant for patterns between the active site residues in these structures
the wild-type enzyme; thus the binding site must be pre- and the PGA molecule are similar with some minor changes
organized to bind phosphate. This is the first indication that in distances (Table 4). The PGA molecule does undergo
the “inactive to active” conformational equilibrium for the some small conformational changes to make a hydrogen bond
H98Q mutated enzyme favors the inactive state. with the amide nitrogen of Asn 98 in this variant. This same
The kinetic profiles in the presence of PGA further support conformational strain is likely to occur when DHAP binds
the idea that the H98Q variant is predominantly in the to this variant. Additionally, there are significant changes in
inactive state (Figure 2). However, there is not enough datathe angle of approach between the proton donor and the
for a stable fit of all parameters used in Scheme 2. Thus, carboxylate oxygen of PGA. These subtle structural differ-
estimates 0K.a; Keal Km, @ndKpga for active state H98Q were  ences might explain the #50-fold decreases ik.o for the
obtained indirectly rather than from fitting these parameters mutated enzymes relative to the wild type.
to a single equation. At each concentration of PGA, the first The hydrogen-bonding pattern among the active site
phases of the individual kinetic profiles fit the substrate residues has changed in these variants. In the wild-type
inhibition model (eq 3) very well (Figure 2B). Although there  structure, thec nitrogen of His 98 is pointed toward the
is a 2-fold variation in the value fovhax at PGA concentra-  carboxylate oxygen of PGA, and tlecarbon is in close
tions of 100, 200, and 40M (shown in Supporting proximity to the carboxylic oxygen of Asp 71 (3.2 A). In
Information), an upper limit on the catalytic rate constant the H98N variant, thed nitrogen of Asn 98 donates a
for the active state of the H98Q variant can be derived from hydrogen bond to both the carboxylate oxygen of PGA and
the catalytic rate determined by this substrate inhibition the carboxylic acid of Asp 71. In the H98Q variant, the
model at these competitive inhibitor concentratidg,upper nitrogen of GIn 98 is making a hydrogen bond to the
= 37 s¥. A lower limit for the catalytic rate constant for carboxylate oxygen of PGA. Thus, the structures suggest that
the H98Q variant in the active state is simply the highest in the resting wild-type enzyme the imidazole ring of His
observed ratekeatiower = 17 s1. On the basis of these 98 flips and thed nitrogen makes a hydrogen bond to the
considerations we estimate the catalytic rate to be 10-fold carboxylate oxygen of Asp 71. When the substrate DHAP
lower than that of the wild-type enzyme. enters the active site, the imidazole ring is free to flip back
By observing the initial slope at each concentration of tothe PGA conformation and form a hydrogen bond between
PGA, keof K can be determined (Figure 3, inset). Equation the € nitrogen and the O2 oxygen of DHAP. Because Gin
4 can then be used to extrapolate a valu&efKn, for the 98 of the H98Q variant is not able to form a hydrogen bond
R-state of the H98Q variant (30.5 m¥s ™). Kpga can also with Asp 71 due to steric constraints, the energetic balance
be determined from the slope of the line and the estimatedbetween the active and the inactive state now favors the
values forkea, Keca = 75 uM. Thus, the H98Q mutated inactive.
enzyme binds PGA about 10-fold less tightly than either the Interpretation of Isotope Effect Datdn Scheme 3, the
wild-type or the H98N mutated enzyme. For the H98Q enzyme MGS (E) binds to the substrate DHAP, represented
variant,Kpga can be regarded as the product of the equilib- by S, with kinetic constant; andk,. The isotope-sensitive
rium constant of PGA to the active enzyme and the catalytic step converts the substrate to the enediolic inter-
conformational equilibrium constant for converting between mediate, represented by Int, with kinetic constantand
the inactive and the active. In light of the crystal structure k,. The intermediate is cleaved to form the products, the enol
of the H98Q variant bound to PGA, where the number of of pyruvaldehyde (N) and inorganic phosphate (P), with
hydrogen bonds to the PGA moiety is conserved relative to kinetic constant&s andks. The enol product comes off the
the wild-type and H98N mutated enzymes, the decrease inenzyme with associated kinetic constakisand ks. Once
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off the enzyme, the enol product tautomerizes to methyl- type enzyme largely in the firstify (Table 3). In TIM, the
glyoxal (M). Lastly, phosphate leaves the enzyme with acidic (K,is associated with the ionization of the phosphoryl
associated kinetic constarksandk;o. The equations forthe  of DHAP (27). How the K, of the phosphoryl group of
isotope effect®(V/K) andPV and the associated commit- DHAP might be affected by this mutation is unclear, although
ments to catalysiszs and G, were derived by Northro®6), the additional solvent volume afforded by the smaller
wherePk is the intrinsic isotope effect arKeqis the change  asparagine residue might have an effect on the local dielectric
in the equilibrium constant due to the presence of the constant. NMR titration studies have shown that His 98 is
deuterium. not protonated at pH 5.0L0), suggesting that the removal

The isotope effects presented in Table 2 are explained inOf this residue cannot itself be responsible for the aciélig p
terms of Schemes 2 and 3. The wild-type enzyme is found in the pH-rate profile of the wild-type enzyme. If there are
to have a small but S|gn|f|carﬂv isotope effect and no differences in the ‘ga’S of ionizable residues that control
measurabl@(V/K) isotope effect at pH 7.0. This suggests the two enzymes’ respective rate-limiting step(s), then the
that C;, the forward commitment to catalysis, the ratio of Observed change in the pHiate profile can be accounted
keat (Ke) 10 koft (kz), must be large enough to completely mask for by this change in the rate-limiting step(s) (this is likely
the P(V/K) and theT(V/K) (7) isotope effect. Thus, for the the case for the H98Q enzyme). Alternatively, the entire
wild-type enzymeK, for DHAP must be substantially larger ~Mechanism in the wild-type enzyme might be different from
thanKg. The relatively small value of theV isotope effect ~ that of the mutated enzyme [as was seen by the adoption of
suggests that some step other than the chemically sensitivdn€ “crisscross” mechanism in the H95Q variant of TIM
step is partially rate limiting. The fact tha¢V/K) approaches

DV and that®V remains constant at pH 6.0 suggests tat Relationship to Triosephosphate Isomerase Mutagenesis
is becoming smaller at lower pH (presumably by making ~ Studiesin TIM, the equivalent of the H98Q mutated MGS
larger). (H95Q) has been made and characterized by techniques of

mechanistic enzymology28). It is found that the H95Q
mutated TIM has nearly 400-fold less activity than the wild-
type enzyme. Further, on the basis of detailed isotope effect
studies and the assumption that glutamine could not be acting
as a proton donor, an alternative crisscross mechanism was
proposed where glutamic acid 95 not only abstracts the C3
implies that the sum of; andR/E; has decreased, which is proton Of.DHAP but then places that proton on th(_a 02
consistent with the isotope-sensitive stiepbeing decreased oxygen prior to abstracting the O3 proton prior to plac_mg 't.
on the C2 carbon. In some sense this mechanism is

and the decreased “stickiness” of the substrate. Thus, His™ ' .
98 plays a role in assisting C3 proton abstraction, yet the reminiscent of the PGH-based mechanism proposed for MGS

contribution that His 98 makes e’ must be reasonably in that the aspartic carboxylate abstracts not only the carbon
small or the rate&ks' must be rather fast for th@&V isotope proton but also the oxygen praton.

effects to remain unmasked as a result of the change at thisf Uhr?d(.a(;.normal l((:jlrt():umstan(;:es (tjhe substltuthn of gtljutgml_ne
position. These data do not differentiate between the TiM- [Of Nistidine would be considered a conservative substitution

like and the PGH-based mechanisms. for the hydrogen-bonding character of tkenitrogen of

. . histidine without the possibility of proton transfer. However,
The value oVma{apparent) is sensitive to changesdia theoretical calculations show that in TIM the catalytic
while th_e_ vglue OKpn IS Insensitive to changes IﬁR_when histidine (His 95) is neutrally charged and donates its proton
the equilibrium constant is small (Scheme 2), as is the casey the 02 oxygen to form a rare imidazolate aniénZ9).
in the H98Q enzyme. This is experimentally confirmed by |, o 1M and MGS, this possibility is verified experi-
the observed isotope effect for the phosphate-bound wild- mentally by the observéltion of greatly lowere,fs for the

type enzyme (Figure 5, discussed in Results). Thus, the v ic histidinium cations1@, 30). Thus, it is reasonable
inverse isotope effect seen 8 (0.8) is best explained by to assume that both enzymes proceed via a negatively

the deuterated substrate having a greater affinity for the aCtivecharged imidazolate anion and that the small difference in
form of the_ enzyme than the. protonated substrate and thethe Kas of imidazole [the fa in water is 14.5 81)] and
observed isotope eff%ct being reduceHd by a factor of gcetamide [the I, in water is 15.182)] becomes relevant
approximately [1+ (Kg/KiKedl/[1 + (Kg/KiKeg] cOm- {5 the interpretation of the histidine to glutamine variants
pared to the isotope effect that would be found for the active o, poth enzymes. In TIM, the 400-fold loss of activity or
enzyme. Similarly, the observéV/K) isotope effect (1H-5) the change in mechanism cannot be explained by the small
is likely to be reduced by a factor of approximatel§(Ky) difference in X, between a neutral histidine and glutamine
compared to that which would be found for the active in solution. Further, the tritium isotope exchange data support
enzyme. As would be expected from Scheme 2, when PGAthe crisscross mechanism and do not support the use of
is present (Figure 4B), th&(V/K) isotope effect increases glutamine as a proton donof§). Additionally, there is

to 1.8. This increase reflects the shift in the conformational evidence that the crisscross mechanism occurs to a small

equi”brium toward the active conformation. As with the extent in W||d_type TIM by NMR and isotope exchange
enzyme in the absence of inhibitor, at high substrate studies 83, 34).

concentrations the deuterated substrate yields a faster rate | the active state of H98Q MGS there is a much smaller

than the protonated substrate. loss in activity versus the wild-type enzyme than there is
Interpretation of pH-Rate Profile Data.The pH-rate for the corresponding mutation for TIM; in fact, the

profiles for the mutated enzymes differ from that of the wild- difference in activity could be explained by the difference

The isotope effects measured for the H98N mutated
enzyme show a slightly elevat&¥ and a greatly elevated
D(VIK) isotope effect compared to the wild-type enzyme.
Qualitatively, the “stickiness” of the substrate in this enzyme
(C) is greatly reduced compared to the wild-type enzyme.
The fact thaPV is larger than that of the wild-type enzyme
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in pKys for the two residues in solution. However, the
activity of H98N MGS is only 50-fold lower than that of
wild-type MGS rather than the 400-fold loss in activity for

TIM-like and PGH-based mechanisn8§), we hypothesize

that both the TIM-like mechanism and the PGH-based
mechanism are available to wild-type MGS to convert the
H98Q TIM. The crystal structure of the H98N variant shows substrate to the product. Once Asp 71 has abstracted the C3
that the “putative” hydrogen bond betweedNof Asn 98 proton from DHAP, the O2 oxygen will be protonated either
and the carboxylate oxygen of PGA has been extended overby His 98 or by water molecule A at rates that are nearly
0.3 A relative to the wild-type B2 His 98 (Table 4). A proportional tdk.,determined for the wild-type enzyme and
further elongation of this distance would be expected for the H98Q, respectively. Once the O2 oxygen has been proto-
substrate DHAP. Thus, the transfer of a proton frof2No nated, catalysis proceeds by the mechanism associated with
the O2 oxygen of DHAP should be very inefficient. In TIM  the proton-donating group in a concerted or stepwise manner.
the deletion of a single methylene shortening the catalytic This logic would suggest that the PGH-based mechanism

base has a 1000-fold effect on catalys3§)( Further, this
asparagine amide proton is probably less acidic than the

operates as much as 20% of the time.

corresponding histidine proton due to the proximity of the ACKNOWLEDGMENT
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