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Abstract

We report that the K12G mutation at triosephosphate isomerase (TIM) from Saccharomyces
cerevisiae results in: (1) A ca. 50-fold increase in Ky, for the substrate glyceraldehyde 3-phosphate
(GAP) and a 60-fold increase in Kj for competitive inhibition by the intermediate analog 2-
phosphoglycolate, resulting from the loss of stabilizing ground state interactions between the
alkylammonium side chain of Lys-12 and the ligand phosphodianion group. (2) A 12,000-fold
decrease in ke, for isomerization of GAP, suggesting a tightening of interactions between the side
chain of Lys-12 and the substrate on proceeding from the Michaelis complex to the transition
state. (3) A 6 x 10°-fold decrease in keai/Km, corresponding to a total 7.8 kcal/mol stabilization of
the transition state by the cationic side chain of Lys-12. The yields of the four products of the
K12G TIM-catalyzed isomerization of GAP in D,O were quantified as: dihydroxyacetone
phosphate (DHAP), 27%:; [1(R)-2H]-DHAP, 23%; [2(R)-2H]-GAP, 31%:; and 18% methylglyoxal
from an enzyme-catalyzed elimination reaction. The K12G mutation has only a small effect on the
relative yields of the three products of proton transfer to the TIM-bound enediol(ate) intermediate
in D50, but it strongly favors catalysis of the elimination reaction to give methylglyoxal. The
K12G mutation also results in a > 14-fold decrease in kqqot/Ky, for isomerization of bound
glycolaldehyde (GA), although the dominant observed product of the mutant enzyme-catalyzed
reaction of [1-13C]-GA in D,0 is [1-13C, 2,2-di-2H]-GA from a nonspecific protein-catalyzed
reaction. The observation that the K12G mutation results in a large decrease in Keai/Kpy, for the
reactions of both GAP and the neutral truncated substrate [1-13C]-GA provides evidence for a
stabilizing interaction between the cationic side chain of Lys-12 and negative charge that develops
at the enolate-like oxygen in the transition state for deprotonation of the sugar substrate "piece".

Triosephosphate isomerase (TIM) 1 catalyzes the stereospecific, reversible, 1,2-hydrogen
shift at dihydroxyacetone phosphate (DHAP) to give (R)-glyceraldehyde 3-phosphate (GAP)
by a single-base (Glu-165) proton transfer mechanism through an enzyme-bound cis-
enediol(ate) intermediate (Scheme 1) (1,2). The enzyme's low molecular weight (dimer, 26
kDa/subunit), high cellular abundance (3), and the centrality of proton transfer at carbon in
metabolic processes (4-6) have made TIM a prominent target for studies on the mechanism
of enzyme action (1,7-10).
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Deprotonation of the truncated neutral substrate (R)-glyceraldehyde by TIM is ca. 10°-fold
slower than the partly diffusion-controlled (11) turnover of the natural phosphorylated
substrate GAP (12). We showed previously that more than 80% of the 4 x 1010-fold
enzymatic rate acceleration for carbon deprotonation of GAP is derived from the 12 kcal/
mol "intrinsic phosphate binding energy" (13) of the small nonreacting phosphodianion
group of the substrate (12,14). Similar intrinsic phosphate binding energies of 12 kcal/mol
are observed for the decarboxylation reaction catalyzed by orotidine 5'-monophosphate
decarboxylase (15) and the hydride transfer reaction catalyzed by glycerol 3-phosphate
dehydrogenase (16).

We want to understand the source of the large 12 kcal/mol intrinsic phosphate binding
energy for TIM. X-ray crystallographic analyses of TIM complexed with DHAP (7) or 2-
phosphoglycolate (PGA) (10,17) reveal interactions between the ligand phosphodianion
group 6 and the backbone amide NH groups of Ser-211 in loop 7, Gly-232 and Gly-233 in
loop 8, and of Gly-171 in the flexible "phosphate gripper" loop 6 (18).2 There should be
little or no enthalpic advantage to stabilization of a TIM-bound ligand by hydrogen bonds
between backbone amide NH groups and the ligand phosphodianion group, relative to its
stabilization in aqueous solution by hydrogen bonding to water (19,20). However, there is
probably a significant entropic advantage to formation of a network of four effectively
intramolecular hydrogen bonds to a TIM-bound ligand relative to formation of four
intermolecular hydrogen bonds in aqueous solution, because the latter is accompanied by
the loss in translational and rotational entropy of four water molecules (19,20). Furthermore,
hydrogen bonding to the backbone amide NH groups of Gly-232 and Gly-233 may be
enhanced because these residues lie at the N-terminal end of a short a-helix that has its
positive dipole directed toward the substrate phosphodianion group (18). We note however
that it is difficult to examine by experiment the contribution of individual hydrogen bonds
between substrate and backbone amide NH groups to the rate acceleration for TIM.

A major source of the intrinsic phosphate binding energy for TIM is the interaction between
the substrate phosphodianion and the cationic alkylammonium side chain of Lys-12. The
K12M mutant of yeast TIM was prepared in earlier work, but the effect of the mutation on
the Kinetic parameters could not be determined because the observed activity was due to
contaminating wildtype TIM (21). This wildtype contaminant was presumed (21) to form as
a result of rare errors in translation of the methionine codon (AUG) to give the product of
translation of the closely related lysine codon (AAG). The observation of respectable
activities for both the K12R and K12H mutants of yeast TIM, along with a distinctive pH-
rate profile for 7 the K12H mutant, showed that a positively charged side chain at position
12 of TIM is required for the observation of robust enzymatic activity (21).

Electrostatic potential maps calculated from X-ray crystallographic data showed that the
surface of the active site pocket for wildtype yeast TIM is cationic, while the corresponding
surface for the K12M mutant is almost entirely anionic (22). These maps provided evidence
that the cationic side chain of Lys-12 stabilizes the enzyme bound substrate phosphodianion.
However, it is not clear whether this interaction is expressed entirely at the Michaelis
complex (K, effect) or if it strengthens on proceeding to the transition state for
deprotonation of bound substrate (kq4t effect). We therefore aimed to characterize and
quantify the effect of removal of the cationic side chain of Lys-12 on the activity of TIM, by
substituting glycine for lysine at position 12. We have constructed the K12G mutant of yeast
TIM by changing the native AAA lysine codon at position 12 to GGC coding for glycine.
This substitution effectively eliminates the possibility of contamination by wildtype enzyme.

2Unless noted otherwise, residues are numbered according to the sequence for the enzyme from yeast.

Biochemistry. Author manuscript; available in PMC 2011 June 29.
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We report here the preparation of K12G mutant yeast TIM and determination of the effect of
this mutation on both the kinetic parameters and the product distribution for the turnover of
the natural substrate GAP and of the truncated neutral substrate [1-13C]-glycolaldehyde
([1-13C]-GA). A comparison of the kinetic parameters for the wildtype and K12G TIM-
catalyzed reactions of GAP shows that the alkylammonium side chain of Lys-12 stabilizes
the transition state for isomerization of GAP by 7.8 kcal/mol. Around 30% of this
interaction is expressed at the Michaelis complex with GAP, but ca. 70% (5.6 kcal/mol) is
expressed specifically at the transition state for deprotonation of GAP (k.4 effect). We also
observe a sizeable effect of the K12G mutation on the kinetic parameters for isomerization
of the truncated substrate [1-13C]-GA to give [2-13C]-GA, which provides strong evidence
for a stabilizing interaction between the cationic side chain of Lys-12 and negative charge
that develops at the enolate-like oxygen in the transition state for deprotonation of this sugar
substrate "piece".

MATERIALS AND METHODS

Materials

Glycerol 3-phosphate dehydrogenase from rabbit muscle (GPDH) and glycylglycine were
from United States Biochemical. Bovine serum albumin (BSA) was from Roche. D,L-
Glyceraldehyde 3-phosphate diethyl acetal (barium salt), dihydroxyacetone phosphate
(lithium salt), 2-(N-morpholino)ethanesulfonic acid (MES), 3-(cyclohexylamino)-2-
hydroxy-1-propanesulfonic acid (CAPSO), NADH (disodium salt) and Dowex
50WX4-200R were from Sigma. Triethanolamine hydrochloride (TEA.HCI) and imidazole
were from Aldrich. 3-(N-Morpholino)propanesulfonic acid (MOPS) and ethylamine
hydrochloride were from Fluka. Sodium phosphite (dibasic, pentahydrate) was from Riedel-
de Haén (Fluka). [1-13C]-Glycolaldehyde (99% enriched with 13C at C-1, 0.09 M in water)
was from Omicron Biochemicals. Deuterium oxide (99.9% D) and deuterium chloride (35%
wiw, 99.9% D) were from Cambridge Isotope Laboratories. DEAE Sepharose (fast flow)
was from GE Healthcare. Water was obtained from a Milli-Q Academic purification system.
Imidazole was recrystallized from benzene. All other commercially available chemicals
were reagent grade or better and were used without further purification.

2-Phosphoglycolic acid was prepared according to a literature procedure (23). The barium
salt of D-glyceraldehyde 3-phosphate diethyl acetal was prepared by Dr. James Tait
according to a literature procedure (24).

Preparation of Wildtype and K12G Mutant Yeast TIM

The plasmid containing the gene for wildtype TIM from Saccharomyces cerevisiae (25) and
Escherichia coli strain DF502 (strepR, tpi~, and his™) whose DNA lacks the gene for TIM
(26) were generous gifts from Professor Nicole Sampson.

Site-directed mutagenesis of yeast TIM to introduce the K12G mutation was carried out
using Pfu Ultra High Fidelity DNA polymerase following the Stratagene protocol. The
starting plasmid DNA (30 ng) was placed into a PCR reaction mixture containing 5 pL of
10x Pfu ultra buffer, 125 ng each of the forward and reverse mutagenesis primers, 5 puL of a
2 mM dNTP mixture and 2.5 units of Pfu Ultra High Fidelity DNA polymerase in a final
volume of 50 pL. The parameters for the PCR were: 45 s at 95 °C followed by 17 cycles of
45 s at 95 °C, 1.5 min at 55 °C and 10 min at 68 °C. The primer used to introduce the K12G
mutation, in which the altered codon is underlined, was:

S-CT-TTC-TTT-GTC-GGT-GGT-AAC-TTT-GGC-TTA-AAC-GGT-TCC-AAA-
CAA-TCC-3'

Biochemistry. Author manuscript; available in PMC 2011 June 29.
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After completion of the PCR reaction, 30 units of Dpnl were added to 30 pL of the reaction
mixture followed by incubation for 1 h at 37 °C, in order to degrade the methylated template
DNA. E. coli strain K802 was transformed with 1 uL of the Dpnl digested PCR product.
Several colonies containing possible mutants were picked and the plasmid DNA was
purified using the QlAprep Miniprep Kit from Qiagen. The presence of the gene for K12G
mutant TIM was verified by sequencing at the Roswell Park Cancer Institute (Buffalo, NY).

E. coli strain DF502 was transformed with the plasmid containing the gene for wildtype or
K12G mutant yeast TIM and the proteins were expressed and purified according to
published procedures, with ion exchange chromatography performed using DEAE
Sepharose (27,28). The purity of the protein in the individual column fractions was
determined by gel electrophoresis. Fractions containing the desired TIM at better than ca.
95% purity were pooled and dialyzed against 20 MM TEA (pH 7.5).

Preparation of Solutions

Solution pH or pD was determined at 25 °C using an Orion model 720A pH meter equipped
with a Radiometer pHC4006-9 combination electrode that was standardized at pH 7.00 and

4.00 or 10.00 at 25 °C. Values of pD were obtained by adding 0.40 to the observed reading

of the pH meter (29).

[1-13C]-Glycolaldehyde (1 mL of a 90 mM solution in H,0) was reduced to a volume of ca.
100 pL by rotary evaporation. 5 mL of D,O was added and the volume was again reduced to
ca. 100 pL by rotary evaporation. This procedure was repeated twice more and 900 pL of
D,0 was added to the final solution to give a volume of ca. 1 mL. The stock solution of
[1-13C]-GA in D,0O was stored at room temperature to minimize the content of
glycolaldehyde dimer (30). The concentration of [1-13C]-GA in the stock solution was
determined by 1H NMR spectroscopy, as described previously (28,30,31).

Solutions of GAP in D50 and of D,L-glyceraldehyde 3-phosphate (D,L-GAP) in H,O were
prepared by hydrolysis of the corresponding diethyl acetals, as described previously (28,32).
The resulting solutions were stored at —20 °C. These solutions were adjusted to the
appropriate pD or pH using 1 M NaOD or 1 M NaOH before use, after which they were
again stored at —20 °C. The stock solution of PGA was prepared in D,O and was adjusted to
pD 6.9 with 1 M NaOD before use. The concentration of PGA in the stock solution was
determined by 1H NMR as follows: An aliquot (50 pL) of the stock solution of PGA was
added to 700 pL of 30 mM imidazole buffer (pD 7.0, 20% free base). Comparison of the
integrated areas of the signals due to the C-(4,5) protons of imidazole and the C-2 protons of
PGA gave the concentration of PGA in the stock solution as 42 mM.

Buffered solutions of TEA, MES, MOPS, glycylglycine and carbonate in H,O were
prepared by neutralization of the acidic form with sufficient 1 M NaOH to give the desired
pH. Buffered solutions of acetate and CAPSO in H,O were prepared addition of sufficient 1
M HCI to the sodium salt to obtain the desired pH.

Before preparation of solutions in D0, the bulk of the water of crystallization of
NayHPO3+5H,0 was removed by drying in vacuo as described previously (30). The acidic
protons of ethylamine hydrochloride were exchanged for deuterium by repeated dissolution
in D,0 followed by removal of the solvent under reduced pressure and drying in vacuo. The
stock solution of EtND3*CI™ in D,0O was adjusted to pD 6.7 using 1 M NaOD. Buffered
solutions of imidazole and phosphite in D,O were prepared by dissolving the basic form,
and where appropriate NaCl, followed by the addition of a measured amount of a stock
solution of DCI to give the desired buffer ratio.

Biochemistry. Author manuscript; available in PMC 2011 June 29.
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Enzyme Assays

All enzyme assays were carried out at 25 °C. One unit is the amount of enzyme that converts
1 umol of substrate to product in 1 min under the specified conditions. Changes in the
concentration of NADH were calculated using an extinction coefficient of 6220 M~ cm™1
at 340 nm. GPDH was dialyzed at 4 °C against 20 mM TEA (pH 7.5) and was assayed by
monitoring the oxidation of NADH by DHAP at 340 nm, as described previously (28).
Dilute solutions of TIM were stabilized by the inclusion of 0.01% (0.1 mg/mL) BSA. The
subunit concentration of wildtype or K12G yeast TIM in stock solutions was determined
from the absorbance at 280 nm using an extinction coefficient of 2.55 x 10* M~ cm™ that
was calculated using the ProtParam tool available on the EXPASYy server (33,34). The
concentration of GAP in stock solutions of GAP in D,0 or of D,L-GAP in H,O was
determined from the amount of NADH consumed during quantitative TIM-catalyzed
isomerization of GAP to form DHAP that was coupled to the oxidation of NADH using
GPDH.

The activities of wildtype and K12G mutant yeast TIM were determined by coupling the
isomerization of GAP to form DHAP to the oxidation of NADH using GPDH (35). The
standard assay mixture (1.0 mL) contained 30 mM TEA at pH 7.5, 0.2 mM NADH, 5 mM
D,L-GAP (2.5 mM GAP) and ca. 1 unit of GPDH at | = 0.10 (NaCl). A low background
velocity v, that is due mainly to the isomerization of GAP catalyzed by TIM that was
present as an impurity in the commercial preparation of GPDH was determined over a
period of 2 — 4 min. An aliquot of wildtype or K12G TIM was then added, and the total
initial velocity vopsq Was determined by monitoring the reaction for an additional 5 — 10 min.
The initial velocity of the TIM-catalyzed reaction was then calculated as vj = Vgpsq — Vo,
where v, generally represented < 2% of Vgpsg.

Values of K; for competitive inhibition of wildtype and K12G mutant yeast TIM by PGA at
pH 7.5 (30 mM TEA), 25 °C and | = 0.10 (NaCl) were determined using several
concentrations of PGA up to 130 uM for wildtype or 2.1 mM for K12G mutant TIM.

pH-Rate Profile for Turnover of GAP by K12G TIM

The pH-dependence of kea/Ky, for isomerization of GAP catalyzed by K12G mutant yeast
TIM at 25 °C was determined using the 13 following buffers: pH 5.1, acetate; pH 5.6 and
6.3, MES; pH 7.1, MOPS; pH 7.5, TEA, pH 8.3, glycylglycine; pH 8.9, CAPSO; and pH
9.9, carbonate. The standard assay mixture (1.0 mL) contained 30 mM buffer, 0.2 mM
NADH, 0.8 - 6 mM D,L-GAP (0.4 — 3 mM GAP) and ca. 1 unit of GPDH. The relative
specific activity of the coupling enzyme GPDH was determined at each pH, and the amount
used was adjusted so that the velocity of consumption of NADH was independent of the
concentration of the coupling enzyme (35).

1H NMR Analyses

1H NMR spectra at 500 MHz were recorded in D50 at 25 °C using a Varian Unity Inova
500 spectrometer that was shimmed to give a line width of < 0.7 Hz for each peak of the
doublet due to the C-1 proton of GAP hydrate, or < 0.5 Hz for the downfield peaks of the
double triplet due to the C-1 proton of [1-13C]-GA hydrate. Spectra (16 — 64 transients) were
obtained using a sweep width of 6000 Hz, a pulse angle of 90° and an acquisition time of 4 —
6 s, with zero-filling of the data to 128 K. To ensure accurate integrals for the protons of
interest, a relaxation delay between pulses of 120 s (> 8T1) was used. Baselines were
subjected to a first-order drift correction before determination of integrated peak areas.
Chemical shifts are reported relative to HOD at 4.67 ppm.

Biochemistry. Author manuscript; available in PMC 2011 June 29.
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K12G TIM-Catalyzed Reaction of GAP in D,O Monitored by 1H NMR

K12G TIM was exhaustively dialyzed at 4 °C against 10 mM imidazole (pD 7.9, 70% free
base) in D,O at | = 0.10 (NaCl). The reaction of GAP (10 mM) in the presence of K12G
TIM in D,0 at pD 7.9 (10 mM imidazole), 25 °C and | = 0.15 (NaCl) was monitored by 1H
NMR spectroscopy, as described in earlier work (32). The fraction of the remaining
substrate GAP (fgap) and the fraction of GAP converted to the products DHAP (fpqap), d-
DHAP (f4-pHap), d-GAP (fi.cap) and methylglyoxal (MG, fyg) at time t were determined
from the integrated areas of the relevant 'H NMR signals (normalized using the signal due
to the C-(4,5) protons of imidazole as an internal standard), as described previously (32). A
control experiment was carried out in order to monitor the rate of the nonenzymatic
elimination reaction of GAP (10 mM) to give methylglyoxal (14) in D,O at pD 7.9 (10 mM
imidazole), 25 °C and | = 0.15 (NaCl).

K12G TIM-Catalyzed Reactions of [1-13C]-GA in D,O Monitored by 1H NMR

K12G TIM was exhaustively dialyzed at 4 °C against 30 mM imidazole (pD 7.0, 20% free
base) in D,O at | = 0.10 (NaCl) for reactions in the absence of phosphite and/or EtND3*, or
at | = 0.024 for reactions in their presence.

The K12G TIM-catalyzed reaction of [1-13C]-GA in D,0 at pD 7.0 (Reaction 1) was
initiated by adding 650 pL of enzyme (ca. 13 mg/mL) to 350 pL of a solution containing
[1-13C]-GA and NaCl to give final concentrations of 20 mM [1-13C]-GA, 20 mM imidazole
and 240 puM K12G TIM in D,0 at pD 7.0 and | = 0.10 (NaCl). The K12G TIM-catalyzed
reaction of [1-13C]-GA in D,0 at pD 7.0 in the presence of 100 mM EtND3* (Reaction 2)
was initiated by adding 650 pL of enzyme (ca. 13 mg/mL) to 350 pL of a solution
containing [1-13C]-GA and EtND3* to give final concentrations of 20 mM [1-13C]-GA, 20
mM imidazole, 100 mM EtNDs* and 310 uM K12G TIM in D,0O at pD 7.0 and | = 0.12.
The K12G TIM-catalyzed reaction of [1-13C]-GA in D,0 at pD 7.0 in the presence of 50
mM EtND3z* and 10 mM phosphite dianion (20 mM total phosphite) (Reaction 3) was
initiated by adding 600 pL of enzyme (ca. 9 mg/mL) to 250 pL of a solution containing
[1-13C]-GA, phosphite buffer (50% free base) and EtND3* to give final concentrations of 20
mM [1-13C]-GA, 20 mM imidazole, 50 mM EtND3*, 10 mM phosphite dianion (20 mM
total phosphite) and 290 pM K12G TIM in D,0 at pD 7.0 and | = 0.12.

In each case, 750 pL of the reaction mixture was transferred to an NMR tube and 1H NMR
spectra (32 transients) at 25 °C were recorded over a period of 4 — 7 days. The remaining
portion of the reaction mixture was incubated at 25 °C and the activity of K12G TIM was
monitored by periodic standard assay (see above). For Reaction 1 there was a ca. 20% drop
in the activity of K12G TIM during 78 h at 25 °C. For Reactions 2 and 3 there was a ca.
40% drop in the activity of K12G TIM during 7 days at 25 °C.

The fraction of the remaining substrate [1-13C]-GA, fs, and the fraction of [1-13C]-GA
converted to the identifiable products [1-13C, 2-2H]-GA and [1-13C, 2,2-di-2H,]-GA were
determined from the integrated areas of the relevant 1H NMR signals (normalized using the
signal due to the C-(4,5) protons of imidazole as an internal standard), as described
previously (28).

Observed first-order rate constants, kopsq, for the disappearance of [1-13C]-GA were
determined from the slopes of linear semi-logarithmic plots of reaction progress against time
according to eq 1. Observed second-order rate constants for the total protein-catalyzed
reactions of [1- 13C]-GA were calculated using eq 2, where fc,, = 0.061 is the fraction of GA
present in the reactive carbonyl form (30,31) and [E] is the concentration of K12G TIM.

Biochemistry. Author manuscript; available in PMC 2011 June 29.
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In fo= — kobsat (1)

( kLat- ) - kobsd
Kn obsd fcm[E] (2)

The disappearance of the substrate and the appearance of the products of the nonenzymatic
and K12G TIM-catalyzed reactions of GAP in D,O was monitored by 1H NMR
spectroscopy, as described in previous work (32). Figure 1A shows the time course for the
disappearance of GAP (10 mM) catalyzed by 85 uM K12G TIM in D,0 at pD 7.9 (10 mM
imidazole), 25 °C and | = 0.15 (NaCl). The solid line shows the nonlinear least-squares fit of
the experimental data to a single exponential which gave kopsg = 3.6 x 1074 s71 as the
observed rate constant for disappearance of GAP (Table 1). Figure 1B shows the time
dependence of the observed fractional yields of the four products of this reaction, (fp)onsd (P
= DHAP, d-DHAP, d-GAP or MG). These fractional yields were calculated from the
fraction of the particular product P (see Materials and Methods) and the sum of the fractions
of all the products of both the enzymatic and nonenzymatic reactions of GAP using eq 3
(Scheme 2). There is no significant change in (fp)onsq for DHAP with time, but the changes
with time in the observed fractional yields of d-DHAP (increasing) and d-GAP (decreasing)
result from enzyme-catalyzed isomerization of d-GAP to give the thermodynamically
favored product d-DHAP (32). Table 1 reports the initial fractional product yields, (fp), for
DHAP, d-DHAP and d-GAP, or (fuc)iot for MG, that were determined by extrapolation of
the observed product yields (fp)opsq t0 zero time (intercepts in Figure 1B).

(j;’)obsd = fP
) JouarHfoouartficartfua 3)
k
), = —
(fMG N kobsd (4)
(fMG)E = (fuo dot — (fve )N (5)

In a control experiment the nonenzymatic elimination reaction of GAP (10 mM) to form
methylglyoxal (14) in D,0O at pD 7.9 (10 mM imidazole), 25 °C and | = 0.15 (NaCl) was
monitored by 1H NMR spectroscopy (32). The fit of the data to a single exponential gave the
observed first-order rate constant for disappearance of GAP as ky = 1.7 x 107° s71, This was
combined with Kopsq = 3.6 x 1074 s71 for the reaction of GAP in the presence of 85 uM
K12G TIM, according to eq 4, to give the calculated fractional yield of methylglyoxal from
the nonenzymatic elimination reaction in this experiment as (fyg)n = 0.05 (Table 1). The
total initial fractional yield of methylglyoxal (famg)ior = 0.25 (Table 1) is five-fold larger than
(fwic)n because, unlike wildtype TIM, K12G TIM also catalyzes the elimination reaction of

Biochemistry. Author manuscript; available in PMC 2011 June 29.
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GAP to give methylglyoxal. The initial fractional yield of methylglyoxal from the K12G
TIM-catalyzed reaction (fyyg)e = 0.20 (Table 1) was calculated using eq 5.

K12G TIM-Catalyzed Reaction of [1-13C]-GA in D,O

Figure 2 shows semi-logarithmic plots according to eq 1 of the time course for the
disappearance of [1-13C]-GA in D,0 at pD 7.0 (20 mM imidazole) and 25 °C, monitored

by 1H NMR spectroscopy (28), in the presence of K12G TIM, K12G TIM and 100 mM
EtND3*, or K12G TIM, 50 mM EtND3* and 10 mM phosphite dianion (20 mM total
phosphite). Table 2 gives the observed-first order rate constants for these reactions that were
calculated from the slopes of these linear correlations that covered 1 — 2 half-times.

Figure 3 shows portions of the 1lH NMR spectrum at 500 MHz of the reaction mixture
obtained from the reaction of [1-13C]-GA for 78 h in the presence of 240 uM K12G TIM in
D,0 at pD 7.0 and 25 °C. Under our reaction conditions glycolaldehyde exists as 93.9%%
hydrate and 6.1% free carbonyl form (30,31) and the following chemical shifts refer to the
hydrates of the isotopomers shown in Chart 1. The signal due to the C-1 proton of [1-13C]-
GA appears as a double triplet at 4.945 ppm (1Jyc = 163 Hz, 3Jyy = 5 Hz) (Figure 3B). The
signal due to the C-1 proton of [1-13C, 2,2-di-2H]-GA appears as a broad doublet (}Jyc =
163 Hz) at 4.930 ppm that is shifted 0.015 ppm upfield from the double triplet due to the
C-1 proton of [1-13C]-GA as a result of the two B-deuteriums (Figure 3B). The signal due to
the C-2 protons of [1-13C]-GA appears as a double doublet at 3.410 ppm (Zpc = 3 Hz, 3Juy
=5 Hz) (Figure 3A). The signals due to the C-2 protons of [2-13C]-GA and [1,2-di-13C]-
GA, present initially at 0.8% and 0.9%, respectively, in our commercial [1- 13 C]-GA,
appear at 3.410 ppm as a double doublet (1Jyc= 142 Hz, 3Jyy = 5 Hz) and a double double
doublet (1pc = 142 Hz, 2yc = 3 Hz, 3Jyn = 5 Hz), respectively. Figure 3A (inset) shows
the upfield peaks of these signals; the corresponding downfield peaks appear along with
other small peaks for unidentified reaction products.

We observe that the major identifiable product of the reaction of [1- 13C]-GA in the
presence of K12G mutant TIM in D0 is the doubly deuteriated isotopomer [1- 13C, 2,2-
di- 2H-GA] which is formed in a nonspecific reaction occurring outside the active site (28).
The fractional yield of this product, f p = 0.56 (Table 2), was calculated from the normalized
peak area for its C-1 proton, Ap, and the difference in the normalized peak area for the C-1
proton of the substrate [1- 13C]-GA at time zero, (As),, and at time t, Ag, according to eq 6.
The signal due to the C-2 proton of the product of isomerization with deuterium exchange,
[2- 13 C, 2- 2H]-GA, would appear as a double double triplet at 3.389 ppm (* Jyc = 142

Hz, 3Jun = 5 Hz, 2yp~ 2 Hz) shifted 0.021 ppm upfield of the double doublet due to the
C-2 protons of [2- 13C]-GA as a result of the o-deuterium (28). However, this signal was not
observed in the spectrum shown in Figure 3A.

—
’ (As )o - As (6)

During the reaction of [1- 13C]-GA catalyzed by wildtype TIM in D,O we observed that
enzyme-catalyzed isomerization of the substrate results in an increase in the peak area of the
signals due to [2- 13C]-GA (28). By contrast, we observe here that the peak area of the
signal due to the C-2 protons of [2- 13C]-GA (initially present as 0.8% of total GA)
decreases during the reaction of [1- 13C]-GA for 78 h in the presence of 240 pM K12G
mutant TIM in D,0. However, during this time there is a small increase in the ratio of the
peak areas of the signals due to the C-2 protons of [2-13C]-GA and [1-13C]-GA from 0.008
to 0.010, but no change in the ratio (0.009) of the peak areas of the signals due to the C-2
protons of [1,2-di-13C]-GA and [1-13C]-GA. These changes in relative peak areas are
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consistent with essentially equal velocities of conversion of the three starting isotopomers to
their corresponding C-2 doubly deuteriated analogs, for which there are no 1H NMR signals
in the C-2 region, along with a very slow enzyme-catalyzed isomerization of [1-13C]-GA to
give [2-13C]-GA. These data are consistent with conversion of < 0.2% of [1-13C]-GA to
[2-13C]-GA that accompanies the much faster conversion of 20% of [1-13C]-GA to [1-13C,
2,2-di-2H]-GA during this 78 hour reaction. Therefore, the fractional yield of [2-13C]-GA (<
0.006, Table 2) from the K12G TIM-catalyzed isomerization of [1-13C]-GA is estimated to
be at least 100-fold smaller than the fractional yield of [1-13C, 2,2-di-2H]-GA (0.56).

Table 2 also gives the fractional yields of the identifiable products of the K12G TIM-
catalyzed reactions of [1-13C]-GA in the presence of 100 mM EtND3* or 50 mM EtND3*
and 10 mM phosphite dianion. These yields were calculated from the normalized peak areas
of the signals due to these products using eq 6. In all cases, the sum of the fractional yields
of the products of these slow reactions of [1-13C]-GA is well under 100% (28). No attempt
was made to identify the other pathways for the slow reactions [1-13C]-GA in the presence
of K12G TIM.

Kinetic Parameters and pH-Rate Profile for Isomerization of GAP by K12G TIM

Figure 4 shows the Michaelis-Menten plot for the isomerization of GAP catalyzed by K12G
mutant yeast TIM at pH 7.5 (30 mM TEA), 25 °C and | = 0.10 (NaCl). The solid line shows
the nonlinear least squares fit of these data to the Michaelis-Menten equation which gave
keat = 0.6 £ 0.2 s71 and K, = 50 + 20 mM (Table 3); the dashed line is the linear relationship
for the case [GAP] K Kp,. Table 3 also gives the much more reliable value of keq/Ky, = 12 £
0.4 M1 571 that was determined as the slope of the linear correlation of the data at [GAP]
<3 mM (Figure 4, inset).

Figure 5 shows the dependence of apparent the second-order rate constant (Keat/Km)app for
K12G TIM-catalyzed isomerization of GAP (determined as the slopes of plots of vi/[E]
against [GAP]) on the concentration of 2-phosphoglycolate (PGA) at pH 7.5, 25 °C and | =
0.10 (NaCl). The value of K; = 1.1 mM (Table 3) was determined from the nonlinear least
squares fit of these data to eq 7 with kea/Knn = 12 M™1 s71 in the absence of PGA.

kcat/Km

kca Km WD — T v~ A
(kear/ Kin)opp 1+[PGA]/K; 1)

Figure 6 shows pH-rate profiles of the observed second-order rate constants (Keat/Km)obsd for
the isomerization of GAP catalyzed by wildtype TIM from chicken muscle (data of Plaut &
Knowles (35)) and by K12G mutant yeast TIM (data from this work). The literature data for
wildtype TIM were fit to eq 8, derived for Scheme 3, using values of (Keat/Km)* = 0, pKsy =
6.0 for ionization of the phosphodianion group of GAP and pKgy = 9.2 for ionization of an
essential residue at TIM (35). The solid and dashed lines through the data for K12G yeast
TIM compare the fit obtained using keat/Km = 12 M1 571 (Table 3), pKsy = 6.0, p Kgy =
9.2 and (keat/Km)* = 0 (solid line) with that using (kcat/Km)* = 1.1 M1 s71 (dashed line) that
was obtained from least-squares analysis that included (kqat/Kim)* as an additional parameter.

keat/K _( S ) (b Ko+ e ) prry
(keat/Km)obsd = (KL +[H+])(KSH+[H+]) K sut Km [ ]

“H

(8)
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DISCUSSION

The X-ray crystal structure of yeast TIM shows that the cationic side chain of Lys-12 runs
along the enzyme surface (7). Closure of phosphate gripper loop 6 over the substrate
sequesters the carbon acid fragment from interaction with solvent, but the tip of the substrate
phosphodianion group lies at the protein surface where it forms a solvent-separated ion pair
with the cationic side chain of Lys-12 (7). X-ray crystallographic analysis of K12M/G15A
TIM crystallized in the presence of the enediol(ate) intermediate analog 2-
phosphoglycolohydroxamate (PGH) revealed no bound ligand and showed that the structure
of this enzyme was nearly identical to that of unliganded wildtype TIM (22). We therefore
do not expect that the K12G mutation will result in a large change in protein structure, but it
should leave a small water-filled cleft at the protein surface.

We report here a second-order rate constant of keai/Km = 12 M1 s71 for isomerization of
GAP catalyzed by K12G mutant yeast TIM at pH 7.5, 25 °C and 1 = 0.10 (Table 3). Ina
previous study of the K12M mutant, the apparent value of kexi/Kn = 30 M™1 s71 was
attributed to the presence of ca. 0.0005% contaminating wildtype TIM in the mutant enzyme
preparation (21). By comparison, the lowered affinity of K12G TIM for GAP and PGA
determined here (Table 3) shows that the observed activity of the K12G mutant cannot be
due to a contaminating wildtype TIM activity. Table 3 also reports the kinetic parameters for
turnover of GAP by wildtype yeast TIM determined in this work, which are in good
agreement with the earlier literature values (36).

In an earlier study of K12M TIM it was concluded that this mutant has a very weak affinity
for phosphodianion ligands. The value of Kj = 1.1 mM determined here for inhibition of
K12G TIM by PGA at pH 7.5 (Figure 5 and Table 3) shows that the K12G mutant forms a
moderately stable complex with this inhibitor trianion. However, it is more difficult to
evaluate the stability of the complex of K12G TIM with GAP. The slight curvature in the
Michaelis-Menten plot of vi/[E] against [GAP] (Figure 4) is consistent with K., =50 + 20
mM, but these data also show a reasonable fit to a linear equation. We note that: (1) If the
K12G mutation results in a similar 60-fold increase in the dissociation constants for both
PGA and GAP, then the value of K, for GAP would be ca. 60 mM which is close to K,
50 mM obtained from the data in Figure 4 and; (2) The effect of the K12G mutation on the
affinity of the enzyme for GAP should not be any larger than the effect on its affinity for
PGA, because the additional negative charge at PGA will tend to strengthen, not weaken, the
interaction of the ligand with the cationic side chain of Lys-12 at the wildtype enzyme.
Therefore, we conclude that K12G TIM has a weak affinity for GAP with Ky, =50 — 60
mM.

K12G TIM-Catalyzed Reaction of GAP in D,O

We reported previously that the reaction of GAP catalyzed by wildtype rabbit or chicken
muscle TIM in D,0O, monitored for 2 — 5 h (32), results in formation of the three products of
the enzyme-catalyzed reaction along with substantial formation of methylglyoxal from the
competing nonenzymatic elimination reaction (Scheme 2) (14). We observe here that the
K12G mutation at yeast TIM results in a large increase in the velocity of formation of
methylglyoxal over that predicted for the competing nonenzymatic elimination reaction
(Table 1). This shows that K12G TIM also catalyzes the elimination reaction of GAP to give
methylglyoxal (Scheme 4). Table 1 reports the normalized fractional yields fg of the
products of the enzymatic reaction of GAP catalyzed by 85 uM and 12 uM K12G TIM in
D,0 at pD 7.9. These yields were calculated using eq 9, where (fug)e is the fractional yield
of methylglyoxal from the enzymatic reaction that was calculated from the total fractional
yield of methylglyoxal (fame)iot @S described in the Results section.
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. oo

o (~fI)HAP)0+(f;|ADHAP )0+(f;JAGAP)0+(fMG)F‘ (9)
_ (Do

(fE)PT - (fDHAP)o+(ﬁ1-DHAP)o+(fd-GAP)o (10)

A rate constant ratio kp/kejim & 1 % 10 was estimated for partitioning of the enzyme-bound
enediol(ate) phosphate intermediate of the wildtype TIM-catalyzed reaction between
protonation at carbon and elimination of inorganic phosphate (37). This is much larger than
kp1/Kelim = 6.5 for partitioning of the same enediol(ate) phosphate between proton transfer at
carbon and elimination of phosphate within a loose complex with a small tertiary
ammonium cation in solution (14). These observations show that interactions with wildtype
TIM strongly stabilize the bound enediol(ate) phosphate intermediate towards elimination of
inorganic phosphate (37,38). The absence of the alkylammonium side chain of Lys-12 at
K12G mutant yeast TIM results in a dramatic change in the ratio of the yields of the
products of proton transfer and elimination (Scheme 4), from kpy/kejim % 1 % 108 (37) to
0.81/0.18 = 4.5 (Table 1). This dramatic change in the partitioning of the enediol(ate)
phosphate intermediate shows that interaction of the cationic side chain of Lys-12 with the
bound enediol(ate) phosphate strongly protects this species from elimination of inorganic
phosphate. Good yields of methylglyoxal are also observed from the reactions of GAP and
DHAP catalyzed by a loop deletion mutant of TIM (38), because interactions between the
enediol(ate) phosphate and the flexible loop (loop 6) of TIM play a vital role in preventing
breakdown of the intermediate with loss of inorganic phosphate.

Table 1 also reports the normalized fractional yields (fg)pT of the three products of proton
transfer to the enzyme-bound enediol(ate) intermediate of the reactions of GAP catalyzed by
wildtype TIM from rabbit or chicken muscle (32) and K12G mutant yeast TIM (this work,
calculated using eq 10). These data show that the K12G mutation causes the yield of DHAP
formed by intramolecular transfer of hydrogen from substrate GAP to decrease from 49%
for the wildtype enzyme to 33% for the K12G mutant. There is good evidence that the H-
labeled carboxylic acid side chain of Glu-165 at the TIMeenediol(ate) complex is
sequestered from bulk solvent D,O and that this residue undergoes exchange with a small
pool of similarly sequestered hydrons followed by proton transfer to the enediol(ate) to form
d-GAP and d-DHAP (Scheme 4) (39,40). Therefore, the decrease in the yield of the product
of intramolecular transfer of hydrogen is nominally consistent with the conclusion that the
K12G mutation increases the accessibility of the active site to the bulk solvent. The K12G
mutation also results in an increase in the ratio of the yields of d-GAP and d-DHAP, from
0.7 for wildtype TIM to 1.3 for the K12G mutant. However, these small effects are difficult
to rationalize in comparison with the very large 6 x 10°-fold effect of the K12G mutation on
Kcai/ K for isomerization of GAP (Table 3).

We conclude that Lys-12 plays an important role in stabilizing both the transition state for
deprotonation of GAP and of the bound enediol(ate) intermediate towards elimination of
phosphate dianion. However, it plays a much less important role in controlling the
partitioning of the enediol(ate) intermediate in D,O between formation of DHAP, d-GAP
and d-DHAP.
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K12G TIM-Catalyzed Reaction of [1-13C]-GA in D,O

The large difference between keyi/Km for isomerization of GAP (1.0 x 108 M1 s‘l)3 and for
deprotonation of glycolaldehyde (ca. 0.10 M~1 s1)4 by wildtype chicken muscle TIM
shows that interactions between the substrate phosphodianion and TIM provide a ca. 12
kcal/mol stabilization (intrinsic phosphate binding energy) of the transition state for proton
transfer from GAP (12,16). Truncation of GAP to give the neutral substrate glycolaldehyde
eliminates transition state stabilization resulting from interactions with the phosphodianion
group. Therefore, the observation of a large effect of the K12G mutation on the rate constant
for deprotonation of glycolaldehyde would provide direct evidence for stabilizing
interactions between the excised cationic side chain of Lys-12 and the carbon acid substrate
piece. This two-part substrate approach was used to probe the interactions of amino acid side
chains with the phosphodianion and nucleoside portions of the substrate in the
decarboxylation of orotidine 5'-monophosphate catalyzed by orotidine 5'-monophosphate
decarboxylase (41).

We reported previously that the reaction of [1-13C]-GA catalyzed by wildtype chicken
muscle TIM gives a ca. 50% combined yield of the isomerization product [2-13C]-GA, the
product of isomerization with deuterium exchange [2-13C, 2-2H]-GA, and the product of
deuterium exchange [1-13C, 2-2H]-GA resulting from the "specific" reactions of [1-13C]-GA
at the enzyme active site (28) (Scheme 5). By contrast, the only clearly detectable product of
the reaction of [1-13C]-GA catalyzed by K12G mutant yeast TIM is the dideuteriated
isotopomer [1-13C, 2,2-di-2H]-GA which is formed in ca. 56% yield (Table 2). This
isotopomer was also observed as a minor product (ca. 20% yield) of the wildtype chicken
muscle TIM-catalyzed reaction where it was proposed to form by a "nonspecific" protein-
catalyzed reaction that occurs outside the enzyme active site (28).

The second-order rate constant for the nonspecific K12G TIM-catalyzed reaction of [1-13C]-
GA to give [1-13C, 2,2-di-2H]-GA that occurs outside the active site can be calculated as
keat/Km = (0.11 M1 s71)(0.56) = 0.062 M~1 571, where 0.11 M~1 571 is the observed
second-order rate constant for the K12G TIM-catalyzed disappearance of [1-13C]-GA and
0.56 is the fractional yield of [1-13C, 2,2-di-2H]-GA (Table 2). This rate constant is at least
90-fold larger than (Keat/Km)iso < 7 X 1074 M1 s71 for isomerization of [1-13C]-GA at the
active site to give [2-13C]-GA (Table 2). The corresponding second-order rate constant for
isomerization of [1-13C]-GA catalyzed by wildtype chicken muscle TIM can be calculated
from data in our previous work as (Keat/Km)iso = 9.5 x 1073 M~1 s71 (28).5 Therefore the
K12G mutation results in at least a 14-fold decrease in (Kqat/Kim)iso fOr isomerization of
[1-13C]-GA. This provides direct evidence that the cationic side chain of Lys-12 stabilizes
the transition state for proton transfer from glycolaldehyde by interaction with the carbon
acid substrate piece. It is reasonable to conclude that this side chain also acts similarly to
stabilize the transition sate for isomerization of GAP by interaction with both the
nonreacting phosphodianion and the reacting carbon acid fragments of the whole substrate.

Phosphite dianion strongly activates wildtype rabbit and chicken muscle TIM towards the
isomerization of glycolaldehyde (28,30) and we have also found that alkylammonium
cations strongly activate K12G mutant yeast TIM towards the isomerization of GAP (42).
We therefore examined the K12G TIM-catalyzed reaction of [1-13C]-GA in D50 in the

3values of kcat = 2300 s™L and Ky = 0.45 mM for isomerization of GAP by chicken muscle TIM at pH 7.5 and 25 °C were reported
in our earlier work (Ref. 28). GAP exists as 95% hydrate and 5% free carbonyl (the reactive form) in D2O at pD 7.9,25°Cand | =
0.10 (NaCl) (Ref. 32).

Calculated using (kcat/Km)obsd = 0.19 M~ 1s L for enzyme-catalyzed disappearance of glycolaldehyde and the observation that
50% of the products of this reaction result from deprotonation of glycolaldehyde within the active site (Ref. 28).
SCalculated using (kcat/Kﬁ)obsd =019M s Lfor enzyme-catalyzed disappearance of glycolaldehyde and the observation that the
isomerization product [2-+°C]-GA is formed in a yield of 5% (Ref. 28).
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presence of 100 mM EtND3* or 50 mM EtND3* and 10 mM phosphite dianion (Table 2).
These reagents result in small increases in the observed second-order rate constant (Keat/
Km)obsd for the disappearance of [1-13C]-GA (Table 2). However, these increases do not
result from catalysis of isomerization at the enzyme active site because there is no detectable
formation of the isomerization product [2-13C]-GA (Table 2). No attempt was made to
characterize the additional products of these slow reactions because the products do not
appear to be formed at the active site of TIM. We conclude the following: (1) Interactions
between the phosphite dianion activator and the cationic side chain of Lys-12 are essential
for the observation of phosphite activation of the TIM-catalyzed deprotonation of GA (30).
(2) Interactions between the phosphodianion group of GAP and exogenous ammonium
cations are essential for the observation of rescue of the activity of K12G mutant TIM by
these cations (42). However, K12G mutant TIM shows no detectable activity for
isomerization of [1-13C]-GA in the presence of EtND3* and phosphite dianion, presumably
because these ions show a weak affinity for binding to the mutant enzyme.

pH-Rate Profile for Isomerization of GAP by K12G Mutant Yeast TIM

Figure 6 shows the pH-rate profiles for kea/Kyy, for isomerization of GAP catalyzed by
wildtype chicken muscle TIM (data from the literature (35)) and K12G mutant yeast TIM
(data from this work). The solid lines show the fits of the data to eq 8 with (Kcat/Km)* = 0.
The dashed line for K12G TIM shows that the inclusion of (Keai/Km)* = 1.1 M1 s71 for
turnover of GAP monoanion results in a small improvement in the fit of the experimental
data to eq 8 (see Results section). This suggests that K12G TIM exhibits only a ca. 10-fold
selectivity for catalysis of the isomerization of GAP dianion [(keat/Km) = 12 M~1s71 Table
3] over GAP monoanion [(Keat/Km)* = 1.1 M~1s71].

The downward break centered at pH 9.2 for wildtype TIM cannot be due to deprotonation of
the cationic side chain of Lys-12 because the same break is observed in the profile for K12G
TIM (Figure 6).6 This demonstrates that pK, > 9.2 for the cationic side chain of Lys-12,
which is consistent with the salt bridge with the carboxylate side chain of Glu-97 observed
at TIMePGA and TIM«PGH complexes (10,17,43). It also suggests that there is a large
distance between the side chains of Lys-12 and this second critical residue.

Specificity in Transition State Binding

The K12G mutation at yeast TIM results in a 5.5 x 10°-fold decrease in Kea/Knm for
isomerization of GAP (Table 3), corresponding to a 7.8 kcal/mol stabilization of the
transition state by the cationic side chain of Lys-12. This effect can be partitioned into a ca.
50-fold effect on K, (AAG = 2.3 kcal/mol) and a much larger ca. 12,000-fold effect on kgt
for isomerization of bound substrate (AAG* = 5.6 kcal/mol, Table 3). The effect of the
mutation on K, can be directly attributed to the loss of ground state electrostatic interactions
between the substrate phosphodianion group and the cationic side chain of Lys-12. More
importantly, the large effect on ke, Shows that there is a significant strengthening of the
interactions between the ligand and the alkylammonium side chain of Lys-12 on moving
from the ground state Michaelis complex to the transition state for carbon deprotonation.
The most striking structural change on moving from the Michaelis complex to the
enediol(ate)-like transition state for deprotonation of GAP is the change in formal charge at
the substrate carbonyl oxygen, from 0 to —1, and the change in the total charge at bound
ligand, from —2 to —3. This increase in negative charge is expected to result in an increase in
the stabilizing electrostatic interactions between with the alkylammonium side chain of
Lys-12 and the altered substrate in the transition state (44).

6The similarity of the kinetic parameters for wildtype TIM from chicken muscle (Ref. 35) and from yeast (Table 3 and Ref. 36) at pH
7.5 suggests that the appearance of the pH-rate profiles for these enzymes should also be similar.
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The K12G mutation also results causes in at least a 14-fold decrease in (Keat/Km)iso fOr
isomerization of bound glycolaldehyde (vide infra), which shows that the cationic side chain
of Lys-12 acts to stabilize the transition state for a proton transfer from a neutral substrate
piece that lacks a phosphodianion group. This provides evidence for a significant stabilizing
interaction between the cationic side chain of Lys-12 and the developing negative charge on
the sugar substrate piece in an enediol(ate)-like transition state. It is in accord with
computational studies that pointed to the dominant role of Lys-12 in stabilization of the
transition state for formation of an enediolate intermediate by carbon deprotonation of the
whole substrate DHAP or GAP (44,45).

The role of Lys-12 in catalysis of isomerization has also been inferred from an inspection of
the X-ray crystal structure of yeast TIM complexed with DHAP (Figure 7) (7). The
alkylammonium side chain of Lys-12 lies roughly equidistant from the phosphodianion and
carbonyl groups of bound DHAP and is expected to interact with both centers. This side
chain likely does not form a hydrogen bond with the phosphate dianion in the ground state
Michaelis complex because the X-ray crystal structure reveals the presence of a water
molecule between the cationic side chain of Lys-12 and the phosphodianion group of
DHAP, which attenuates the electrostatic interaction (Figure 7) (7). This interaction might
be strengthened by a shift in the position of the water to allow for closer proximity of the
interacting charges at the transition state for proton transfer. However, we have no evidence
to support this proposal and we note that a bridging water molecule in this position is also
observed at complexes between TIM and the intermediate analogs PGH (43) and PGA (10).

The stretching frequency for the C-2 carbonyl group of DHAP bound to the H95Q and
H95N mutants of yeast TIM lies between 1732 and 1742 cm™1 (46), which is similar to the
carbonyl stretching frequency of 1732 cm™1 for DHAP in water (47). This suggests that
there is no additional polarization of the carbonyl n-bond of enzyme-bound DHAP due to a
hydrogen-bonding interaction with Lys-12 (21). Although there is no crystal structure for the
complex between TIM and GAP, the large effect of the K12G mutation on kg for
isomerization of GAP (Table 3) provides strong evidence that the cationic side chain of
Lys-12 stabilizes negative charge that develops at O-1 at the transition state for
deprotonation of GAP.

Charged Enediolate or Neutral Enediol Intermediate?

Studies of the nonenzymatic deprotonation of GAP in water show that direct Brgnsted base-
catalyzed deprotonation of the substrate to form a negatively charged enediolate
intermediate is favored energetically over any competing Bransted acid-catalyzed pathway
to form the enediol (14). This is because the enolate oxygen of the enediolate intermediate is
relatively weakly basic (pK; ~ 11 for the enol (14,48)), so that there is no significant
advantage to concerted catalysis by relatively weak Brgnsted acids (49). Brgnsted general
acid catalysis of the deprotonation of enzyme-bound GAP to form an enediol intermediate
would be favored if proton transfer from the enzyme to the enediolate were strongly
favorable (50).

We suggest that there is a strong catalytic imperative to the avoidance of full proton transfer
to the enediolate oxyanion and which dictates the use of a neutral imidazole side chain of
His-95 (25), rather than the more acidic imidazolium cation, as the catalytic electrophile at
TIM. Full proton transfer to the enediolate oxyanion would eliminate the large stabilizing
electrostatic interaction with the cationic side chain of Lys-12. However, partial proton
transfer from the neutral imidazole of His-95 to the oxyanion allows for effective transition
state stabilization by hydrogen bonding (46), while at the same time maintaining the critical
stabilizing electrostatic interaction with the cationic side chain of Lys-12.
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It is not obvious that enolate anions, whose formation from neutral molecules is intrinsically
more difficult in solvents of low dielectric constant than in water, should in fact be formed
more easily at the nonpolar active sites of protein catalysts (51-55) than in aqueous solution.
However, zwitterions are strongly stabilized by their transfer from aqueous solution to
organic solvents (56-58), and the formation of the effectively intramolecular (59,60) ion
pairs between enzyme catalysts and immobilized bound substrates will be favored
entropically over the bimolecular formation of ion pairs between small molecules in
solution. Others have noted that enzyme active sites provide a highly organized environment
for chemical reactions (51,61,62), where appropriately placed amino acid side chains act to
stabilize bound ions of opposite charge.
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Figure 1.

Data for the reaction of GAP (10 mM) in the presence of 85 uM K12G TIM in D,0 at pD
7.9 (10 mM imidazole), 25 °C and | = 0.15 (NaCl) monitored by 1H NMR spectroscopy. A.
Timecourse for the first-order disappearance of the substrate GAP. B. Dependence of the
observed fractional yields of the products on time. Extrapolation of these data to zero time
(solid lines) gave the initial fractional yields of the products of the enzyme-catalyzed and
nonenzymatic reactions of GAP, (fp)o or (fmc)iot = (fwic)n + (fme)Ee reported in Table 1.
(@), Methylglyoxal; (m), d-DHAP; (A), DHAP; (e), d-GAP.
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Figure 2.
Semi-logarithmic plots of the fraction of remaining substrate against time for the reaction of

[1-13C]-glycolaldehyde in the presence of K12G TIM in D,0 at pD 7.0 (20 mM imidazole)
and 25 °C. The observed rate constants were determined from the slopes according to eq 1.
(A) 240 pM K12G TIM at | = 0.10; (m) 310 uM K12G TIM and 100 mM EtND3" at | =
0.12; (e) 290 UM K12G TIM, 50 mM EtND3* and 10 mM HPO3%™ at | = 0.12.
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Figure 3.

Portions of the 1H NMR spectrum at 500 MHz of the reaction mixture obtained from the
reaction of [1-13C]-GA (20 mM) for 78 h in the presence of 240 uM K12G TIM in D,0 at
pD 7.0, 25 °C and | = 0.10 (NaCl). A. The spectrum in the region of the C-2 hydron(s) of the
isotopomers of GA. B. The spectrum in the region of the C-1 hydron of the isotopomers of
GA.
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Figure 4.

Michaelis-Menten plot of initial velocity data for the isomerization of GAP catalyzed by
K12G TIM at pH 7.5 (30 mM TEA), 25 °C and | = 0.10 (NaCl). The solid line is the fit of
the data to the Michaelis-Menten equation, and the dashed line is the linear relationship for
the case [GAP] K Kp,. The inset shows the linear correlation of the data for [GAP] < 3 mM,
the slope of which gives Keai/Km = 12 M1 s71,
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Figure 5.

The dependence of the apparent second-order rate constant (Kcat/Km)app for the isomerization
of GAP catalyzed by K12G mutant yeast TIM on the concentration of 2-phosphoglycolate at
pH 7.5 (30 mM TEA), 25 °C and | = 0.10 (NaCl).
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The pH dependence of the observed second-order rate constant (Keat/Kim)obsg for the
isomerization of GAP catalyzed by wildtype and K12G TIM. (@) Data of Plaut & Knowles
for wildtype TIM from chicken muscle at 30 °C (35). The solid line shows the fit of the data
to eq 8 with (kga/Km)* = 0. () Data from this work for K12G mutant yeast TIM at 25 °C.
The solid and dashed lines compare the nonlinear least squares fits of these data to eq 8
using values of (Kcat/Km)* = 0 and 1.1 M~1 s72 for turnover of GAP monoanion,
respectively (Scheme 3).
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Figure 7.

The structure of the active site of TIM, taken from the X-ray crystal structure of McDermott
and coworkers (PDB entry INEY) (7), showing the distances between the ammonium
nitrogen of Lys-12 and the functional groups of bound substrate DHAP.

Biochemistry. Author manuscript; available in PMC 2011 June 29.



Goetal. Page 26

Scheme 1.

Biochemistry. Author manuscript; available in PMC 2011 June 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Goetal. Page 27

O

H
TIM I MG

CH,D
Nonenzymatlc
:/EOD d-GAP
H _O OPO4*

v, T

GAP
\ OPOZ2
TIM H

0 d-DHAP

OPO2

Scheme 2.

Biochemistry. Author manuscript; available in PMC 2011 June 29.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Goetal.

(heal Kin)*
EH +SH ———> DHAP

+H* || Ksn

cat/ fm

k,
EH +8* ————— DHAP

+H* || Ken

E

Scheme 3.

Biochemistry. Author manuscript; available in PMC 2011 June 29.

Page 28



Goetal.

Scheme 4.

Biochemistry. Author manuscript; available in PMC 2011 June 29.

HIO nIo
00 SeH, o7 erp
MG

hom
¥ oo
H_0 H,_00) H,
eco,
H{DD oo gﬁnn — o
opog Srog o5
Gar DHAP
ke
Hon
" H._00) v
=00 «— s,oo,n;[ — o
orog Sof® oros
4.GAP 4DHAP

Page 29



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Goetal.

a0
nlon [1-9€, 2,2:0i-4]-GA
°

1
wH oo

Co prcke
Nonspeciic’ _~ o prciea

Heo
\
oo

D [1-5¢, 22H]-GA

Scheme 5.

Biochemistry. Author manuscript; available in PMC 2011 June 29.

Page 30



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Goetal. Page 31

H H.: 0

H. %0 O %
HIOD H;OD H;OD

H H H
[1-13C]-GA [2-13C]-GA [1,2-di-1°C]-GA

H O Ht O He O
D;OD DKOD DKOD
H H D

[2-13C, 2-2H]-GA [1-13C, 2-2H]-GA  [1-13C, 2,2-di-*H]-GA

Chart 1.

Biochemistry. Author manuscript; available in PMC 2011 June 29.



Page 32

Goetal.

*(2€) >40Mm SnoIAaId W4y UdXe] 3]aSNLU UaX21yd Wody awAzua adAipjim ays Joy Emn__

*0T ba Buisn pale|nofes ‘sleIpaLLIBIUl 81B|01PaUS PUN0g-aWAzus sy 0} Jaysued) uojoid Jo sjonpoad 81y} 8y JO SPISIA [euonoely EN__@ESZ;

"6 ba Buisn pare|nojed ‘do Jo uonoeal oiewAzUS ay) Jo syonpold ayy Jo SplalA [euonoely uwN__mEBZm

‘(g1 8unbi4 u1 sydsassyul) awiy 018z 03 PSAO(d)) Jo uoirejodesixs Aq paulwialap spIaIA 1onpoud [euorioely [ent _h

‘G ba Buisn paje|nales ‘o JO UoNIeal d1FeWAZUS 8y} Wody [exoA|BlAy1sw Jo plsIA jeuondely _m:_c_m

‘v ba Buisn paje|naed ‘dv'o Jo uonaeas dnewAzusuou Bunadwod ayy wouy [exoA|BjAylaw 40 plaIA eniul [euoiioely _m:_c_u
'(g7 a4nbi4 ui 1daossiur) sawin 04z 03 PSAO(d)) jo uonrejodexa Aq paulwiaiap [exoA|B6jAy1aw o pIalA [euolidel) [eniul _Eoko

‘WIL DZT 40 UOIRIUIIU0D ParedIpul Y} JO 30udsald sy} Ul 4O 40 soueseaddesip 1oy JURISUOD d1el JapJo-1sily cmzmmgog

(z€) A1snoinaid paquiosep se Adodsoaidads HINN Hi Aq paulwialap alam (1DeN) ST'0 = | pue Q. Sz ‘(sjozepiwi INW 0T) 6'2 ad 1e (INW 0T) 4O 40 U01IdBaJ 3y} J0} SUOINALAISIP Gznen_m

(1€°0) 1(6v°0) i(12°0) 143))
62°0 €0 8E'0 Y
T00F¥€20 TO0F/Z0 €00FTEO0 2Z00F8TO 6% sanfe/ abeseny
620 ££°0 ov'0 ytiCh
. . . . J)
v2'0 820 €€'0 9T'0 6
6T°0 220 920 €10 120 vE'0 ¢-0Tx28 Wzt
820 ££0 €0 yteCh
220 920 820 120 6%
120 G20 120 020 500 S20 p-0T X 9€ AT 68
L@ PG PG TN pNENY PN qG-9) L 92151
dvHa-p dvHa dvo-p O O BRI Psaoy
20%d
Ul aseJawos] areydsoydasoli] 1sea A UBINIAI OZTM JO 99uasald ay ul ajeydsoyd-g apAyspreladA|9-(Y) Jo uonaeay ayi Joj SpJalA 19npoid [euonael
T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Biochemistry. Author manuscript; available in PMC 2011 June 29.



Page 33

Goetal.

‘(1oeN) zT0 =1 Es

%91 895 'vD-[Dg-2] 40 PIBIA [euonoely au uo Buwi| s&:m

(19eN) 0T0 = I v,

'sjonpoud 31qeIyIuspP! 3Y) JO PIaIA [eUOIIORIY [BI0 L

"v9-[0g1-2] 40 pIaIA [euonaely 8y} Uo il

Jaddn ay3 se 9000 pue 1-ST_WTT0= PSqo(Wyy/3edy)) yo 1onpoud ay) se pare|nojes .<0-Umﬁ-mu anib 0y <O.Uma-z 10 UOIeZIIBWOSI PazAle1ed-N[| L ©ZTM d14198ds 8y} J0) JUBISUOD Bkl hmEo-ncoUmmu

'suonoeal pazAeied-uialoid o1y19adsuou pue d1419ads ay) J0) JULISUOD 3)eJ JaPI0-Pu0Ias PaAISO [e10 Fo

.<O-Umﬁ.2 J0 9ourJeaddesip sy} 10j JUBISUOD B1ed J3PI0-1Sily cmimmnon

(82) A1snoinaid paquiosap se Ado2aso.30ads HIAN Hy Aq pauiwialep a1em 9, Gz pue (sjozepiwi INW 0Z) 0'2 ad e (INW 0g) <w.8ma-z 10 UoIdeal 8y} J0J SUOIINQLISIP S:uen_m

y-z0dH Ww 0T

Po12319p
€0 61°0 ¥1°0 auou 220 o 0Tx8€ +.,PANIINWOS M6z
Po10319p €
0£°0 020 01’0 auou 2ro 0-0Tx €7y ANEFIWHOOT yr ore
950 950 llews 690005 , 0fx /s 0 9-0Tx 9T y SUON Wt oz
A.ﬁlm HI_\/_V ?Iw HI_\/: A.va
<OI_”NIN|_U <OI_”—I_N <mu 0SI (W~ ;38D psqo/w 1ed: PSqO;
oL 220 Tl T0er Tl [Dgral  pTEIN)  PO(IMARY) Py 103eAOY [NIL 92T]

PISIA 39Np0.d [euonoel

"0 U1 Uoluelg anydsoyd pue ,EQNIT
SI0JEAIOY [e1US10d 8} pue aselawios| ajeydsoydasoli | 1Ses A JUBINA DZTH J0 89uasaid auy Ul D-[D¢;-T] JO suonaesy ayy Joj eeq 19npod pue arey

¢?olqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Biochemistry. Author manuscript; available in PMC 2011 June 29.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Goetal.

Table 3

Kinetic Parameters for Isomerization of GAP by Wildtype and K12G Mutant Yeast Triosephosphate
Isomerase.?

kcatb Kmb Keat/Kim K; for PGA

Yeast TIM o mM M1 5L mM

Wildtype 7300+400 1.1+0.2 6.6 x 106  0.019 + 0004d

K12G 0602 50220 15404€  11s00f
Effect 9 1.2 % 104 50 5.5x 105 60
t
AAG or AAG 5.6 23 7.8 24
kcal/mol

aAt pH 7.5 (30 mM TEA), 25 °C and | = 0.10 (NaCl). Quoted errors are standard errors obtained from least squares analysis.
bDetermined from the fit of initial velocity data to the Michaelis-Menten equation.

cCalculated as the ratio of the values of kgat and Km

dDetermined by global nonlinear least squares analysis of initial velocity data in the presence of zero, 21 and 130 uM PGA.
eDetermined as the slope of the plot of vj/[E] against [GAP] for [GAP] < 3 mM (Figure 4, inset).

fDetermined from the nonlinear least squares fit of the data in Figure 5to eq 7.

gThe effect of the K12G mutation on the kinetic parameter.
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