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Abstract

The role of the hydrophobic side chains of lle-172 and Leu-232 in catalysis of the reversible
isomerization of R-glyceraldehyde 3-phosphate (GAP) to dihydroxyacetone phosphate (DHAP) by
triosephosphate isomerase (TIM) from Trypanosoma brucer brucei ( Tbb) has been investigated.
The 1172A and L232A mutations result in 100- and 6-fold decreases in Azq/ K, for the
isomerization reaction, respectively. The effect of the mutations on the product distributions for
the catalyzed reactions of GAP and of [1-13C]-glycolaldehyde ([1-13C]-GA) in D,0 is reported.
The 40% yield of DHAP from wildtype 766T1M-catalyzed isomerization of GAP with
intramolecular transfer of hydrogen is found to decrease to 13% and to 4%, respectively, for the
reactions catalyzed by the 1172A and L232A mutants. Likewise, the 13% yield of [2-13C]-GA
from isomerization of [1-13C]-GA in D,0 is found to decrease to 2% and to 1%, respectively, for
the reactions catalyzed by the 1172A and L232A mutants. The decrease in the yield of the product
of intramolecular transfer of hydrogen is consistent with a repositioning of groups at the active site
that favors transfer of the substrate-derived hydrogen to the protein or the oxygen anion of the
bound intermediate. The 1172A and L232A mutations result in: (a) A >10-fold decrease (1172A)
and a 17-fold /increase (L232A) in the second-order rate constant for TIM-catalyzed reaction of
[1-13C]-GA in D,,0. (b) A 170-fold decrease (1172A) and 25-fold /ncrease (L232A) in the third-
order rate constant for phosphite dianion (HPO3%") activation of TIM-catalyzed reaction of GA in
D,0. (c) A 1.5-fold decrease (1172A) and a larger 16-fold decrease (L232A) in Ky for activation
of TIM by HPO3% in D,0. The effects of the 1172A mutation on the kinetic parameters for
wildtype TIM-catalyzed reactions of the whole substrate and substrate pieces are consistent with a
decrease in the basicity of the carboxylate side chain of Glu-167 for the mutant enzyme. The data
provide striking evidence that the L232A mutation leads to a ca. 1.7 kcal/mol stabilization of a
catalytically active loop-closed form of TIM (Ec) relative to an inactive open form (Ep).

Introduction

Triosephosphate isomerase (T1M) is the prototypical protein catalyst of proton transfer at a-
carbonyl carbon.1-® This small protein (dimer, 26 kDa/subunit) catalyzes the reversible 1,2-
shift of the pro-R proton at dihydroxyacetone phosphate (DHAP) to give (/)-glyceraldehyde
3-phosphate (GAP) by a single-base proton transfer mechanism through an enzyme-bound
cis-enediolate intermediate (Scheme 1).1:6 The most important metabolic role for TIM is to
enable DHAP, a product of aldolase-catalyzed cleavage of fructose 1,6-bisphosphate, to
enter glycolysis. The enzyme has the more general “housekeeping” function of maintaining
rapid equilibrium between GAP and DHAP so that these compounds are available, as
needed, for glycolysis, the glycerol-3-phosphate shuttle and the pentose phosphate
pathway.’ Deficiencies in TIM are recognized as a recessive genetic disease associated with
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chronic hemolytic anemia and progressive neuromuscular dysfunction that often result in
early childhood death.”8

The chemical mechanism for TIM-catalyzed isomerization of triosephosphates was
established by the early 1990s (Figure 1). Isomerization at the active site of TIM is similar to
nonenzymatic isomerization in water.? Catalysis proceeds by deprotonation of the bound
substrate using the carboxylate side chain of Glu-165 1011 and is assisted by the neutral
electrophilic imidazole side chain of His-95.12.13 The alkylammonium side chain of Lys-12
plays an important electrostatic role in stabilizing the negatively charged bound
substrate.14-17 We have proposed that the functional groups of these side chains are
activated for catalysis compared to the corresponding groups in water.>-18 We present here
the results of experiments designed to probe the mechanism for side-chain activation.

Binding interactions between TIM and the phosphodianion group of GAP account for 80%
of the ca. 14 kcal/mol enzymatic stabilization of the transition state for deprotonation of
carbon.19 Roughly one-half of this binding energy is recovered in phosphite dianion
(HPO3%") activation of TIM for catalysis of deprotonation of the truncated substrate
glycolaldehyde.2? High-resolution X-ray crystal structures of complexes between TIM and
substrate DHAP 21 or between TIM and the tight-binding inhibitors phosphoglycolate
(PGA)22 and phosphoglycolohydroxamate (PGH)23:24 show that the phosphodianion
binding interactions are utilized to drive a large conformational change of the enzyme, the
most prominent feature of which is closure of flexible loop 6 (residues 166 — 176 for TIM
from chicken muscle, Scheme 2), over the enzyme active site.21:25-27 The deletion of
residues 170-173 (green in Scheme 2), and the introduction of a peptide bond between
Ala-169 and Lys-174 disrupt the loop-dianion interactions without significantly affecting the
protein fold. This results in a substantial 10°-fold decrease in Az and a 2.3-fold increase in
K, for isomerization of GAP,28 which serve as direct evidence that interactions between
loop 6 and the substrate dianion activate TIM for catalysis.

Wierenga has provided a lucid and detailed description of the many changes in protein
structure observed to occur upon ligand binding to TIM.#22 The closure of loop 6 of TIM
from Trypanosoma brucei brucei (TbGTIM, residues 168 — 178 shown in Scheme 2) over
bound PGA results in movement of the hydrophobic side chain of Ile-172 [lle-170 for
cTIM] toward the carboxylate side chain of Glu-167 and “drives” this anionic side chain
toward the hydrophobic side chain of Leu-232 [Leu-230 for ¢TIM], which maintains a
nearly fixed position (Figure 2A).22 The result is to sandwich the carboxylate anion between
the hydrophobic side-chains of lle-172 and Leu-232 and to shield the anion from
interactions with the aqueous solvent (Figure 2B).22:23.30 At the same time, loop closure
extrudes several water molecules to the bulk solvent. Desolvation of the active-site should
result in an increase in the basicity of the carboxylate side chain that will activate the side
chain for deprotonation of bound substrate.>18 This analysis suggests that the greasy side
chains of lle-172 and Leu-232 of 7H6TIM play a critical role in TIM-catalyzed
deprotonation of carbon.

We recently reported the surprising result that the L232A mutation of 766TIM, which we
thought would be crippling, instead causes a 17-fold increase in the second-order rate
constant for enzyme-catalyzed deprotonation of the truncated substrate glycolaldehyde!3!
Additional kinetic data reported for the catalyzed reactions of the substrate pieces
glycolaldehyde and HPO32- support the conclusion that the L232A mutation results in the
stabilization of a high-energy, catalytically active loop-closed form of TIM by 1.7 kcal/mol
relative to the inactive open form of TIM.31 We now report the results of an expanded study
on the effect of 1172A, 1172V and L232A mutations on the kinetic parameters and the
products of TIM-catalyzed reactions of the whole substrates GAP and DHAP, and the
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substrate pieces. We had envisioned similar functions for the hydrophobic side chains of
Ile-172 and Leu-232 in the desolvation and “clamping” of the carboxylate side chain of
Glu-167. However, we observe that the 1172A and L232A mutations result in very different
changes in the kinetic parameters of the wildtype 766TIM, which show that the two
clamping side-chains play different roles in catalysis.

EXPERIMENTAL

Materials

Rabbit muscle a—glycerol 3-phosphate dehydrogenase and glyceraldehyde 3-phosphate
dehydrogenase were purchased from Sigma. These enzymes were exhaustively dialyzed
against 20 mM triethanolamine buffer (pH 7.5) at 7 °C prior to their use in coupled enzyme
assays. Bovine serum albumin (BSA) was from Roche. CM Sepharose Fast Flow was from
GE Healthcare. o.-Glyceraldehyde 3-phosphate diethyl acetal (barium salt), DHAP (lithium
or magnesium salt), NADH (disodium salt), dithiothreitol (DTT), Dowex 50WX4-200R,
triethanolamine hydrochloride (TEA<HCI) and imidazole were purchased from Sigma. NAD
(free acid) was purchased from MP Biomedicals or Calzyme, and sodium phosphite
(dibasic, pentahydrate) and hydrogen arsenate heptahydrate were from Fluka. Sodium
phosphite was dried under vacuum prior to use.20 [1-13C]-Glycolaldehyde ([1-13C]-GA,
99% enriched with 13C at C-1, 0.09 M in water) was purchased from Omicron
Biochemicals. Deuterium oxide (99% D) and deuterium chloride (35% w/w, 99.9% D) were
from Cambridge Isotope Laboratories. The barium salt of o-glyceraldehyde 3-phosphate
diethyl acetal was prepared according to a literature procedure.32 Imidazole was
recrystallized from benzene. All other chemicals were reagent grade or better and were used
without further purification.

Stock solutions of GAP and o.-glyceraldehyde 3-phosphate (o.-GAP) at pH 7.5 were
prepared by hydrolysis of the corresponding diethyl acetals (barium salt) using Dowex
50WX4-200R (H* form) in boiling H,0 or D,0 as described previously.33 The resulting
solutions were stored at -20 °C and adjusted to the appropriate pH or pD by the addition of 1
M NaOH or 1 M NaOD before use in enzyme assays.

The pTIM plasmid that contains the gene for wildtype TIM from Trypanosoma brucei brucei
(7bb) was a generous gift from Professor Rik Wierenga. The L232A mutant of TIM was
prepared as described in earlier work.3! Site-directed mutagenesis to introduce the 1172A
and 1172V mutations was performed by following the Stratagene protocol and using APfu
Ultrahigh Fidelity DNA polymerase. The primers 5'-CCC-GTT-TGG-GCC-GCG-GGT-
ACC-GGC-AAG-GTG-GCG-ACA-CC-3 and 5'-CCC-GTT-TGG-GCC-GTC-GGT-ACC-
GGC-AAG-GTG-GCG-ACA-CC-3" were used, respectively, to introduce the 1172A and
1172V mutations. The product of the PCR reaction in a volume of 30 L was treated with 20
units of the restriction enzyme Dpnl at 37 °C for one hour in order to degrade the methylated
DNA. The E. colistrain K802 was transformed with 1 pL of the Dpnl-digested PCR
product. Several colonies were selected, and the plasmid DNA was purified using the
QIlAprep Miniprep Kit from Qiagen. The DNA sequences of the genes for the 1172A and
1172V mutant enzymes were verified by sequencing at the Roswell Park Cancer Institute
(Buffalo, NY).

The 1172A, 1172V and L232 mutant enzymes were expressed using the £. co/iBL21 pLysS
strain grown in LB medium at 18 °C and the proteins were purified by a published
protocol.34 The enzymes obtained from chromatography over a CM Sepharose column were
judged to be homogenous by gel electrophoresis. The concentration of the protein was
determined from the absorbance at 280 nm using the extinction coefficient of 3.5 x 104
M-1cm-1 calculated using the ProtParam tool available on the Expasy server.3°:36
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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 7.0 and 4.0
or pH 7.0 and 10.0 at 25 °C. Values of pD were obtained by adding 0.40 to the observed
reading of the pH meter.3’ Imidazole and phosphite buffers were prepared as described in
previous work.29:38 Triethanolamine buffers at pH 7.5 were prepared by neutralization of the
hydrochloride salt with 1 M NaOH. Solutions of [1-13C]-GA were prepared and the
concentration of this compound determined as described in earlier work.20

Enzyme Assays

All enzyme assays were carried out at 25 °C. One unit of enzyme activity is defined as the
amount of enzyme that converts one mol of substrate to product in one minute under the
specified reaction conditions. The change in the concentration of NADH was calculated
from the change in absorbance at 340 nm using an extinction coefficient of 6220 M1 cm-L.,
a-Glycerol 3-phosphate dehydrogenase was assayed by monitoring the oxidation of NADH
by DHAP, as described in earlier work.33 Glyceraldehyde 3-phosphate dehydrogenase was
assayed by monitoring the enzyme-catalyzed reduction of NAD* by GAP. The assay
solution (1.0 mL) contained 30 mM TEA (pH 7.5, /= 0.1, NaCl), 1 mM NAD™, 2 mM GAP,
5 mM disodium hydrogen arsenate, 3 mM DTT and 0.01% BSA.

The TIM-catalyzed isomerization of GAP was monitored by coupling the formation of
DHAP to the oxidation of NADH catalyzed by a-glycerol 3-phosphate dehydrogenase.3?
The TIM-catalyzed isomerization of DHAP was monitored by coupling the formation of
GAP to the reduction of NAD* catalyzed by glyceraldehyde 3-phosphate dehydrogenase.4°
The assay mixtures (1.0 mL) contained 30 mM TEA (pH 7.5, /= 0.1, NaCl), DHAP (0.15 -
5.0 mM), 1 mM NAD, sodium arsenate (2 — 15 mM), 3 mM DTT, 0.01% BSA, 1 unit of
GAPDH, and ca. 0.8 nM wildtype TH5TIM.

The values of A4t and K, for mutant 766T1M-catalyzed isomerization of GAP or DHAP
were determined from the fit to the Michaelis-Menten equation of initial velocities (1)
determined at varying concentrations of substrate. The arsenate dianion used with the
glyceraldehyde 3-phosphate dehydrogenase coupling enzyme in the assay for TIM-catalyzed
isomerization of DHAP is a competitive inhibitor of wildtype 766TIM with K; = 4.6 mM. 4
Values for Agat, Kiy and K for mutant 766TIM-catalyzed reaction of DHAP were
determined from the nonlinear least squares fit to eq 1 of initial velocities determined at
varying concentrations of arsenate dianion and DHAP.

i keu [DHAP]
[EI” K,y (1+ HOASOZ"| /K;) + [DHAP] @

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 < 0.7 Hz for each peak of the
doublet due to the C-1 proton of GAP hydrate, or < 0.5 Hz for the most downfield peak 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°, an acquisition time of 6
s and a relaxation delay of 60 s (>5 77) for experiments on the TIM-catalyzed isomerization
of GAP in D,0 or 120 s (>8 7;) for experiments on the TIM-catalyzed reaction of [1-13C]-
GA in D,0.3338 |t was shown in a control experiment with GAP that identical relative peak
areas for substrate and product protons were observed for spectra determined using the long
120 s and the shorter 60 s delay time. Baselines were subjected to a first-order drift
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correction before determination of peak areas. Chemical shifts are reported relative to HOD
at 4.67 ppm.

Isomerization of GAP in D,O

The yields of the products of 1172A and L232A mutant 765TIM-catalyzed reaction of GAP
in D,0 at 25 °C were determined by 1H NMR analysis, as described in studies on wildtype
TIM.33:39 The enzyme was exhaustively dialyzed at 7 °C against 40 mM imidazole (70%
free base) in D,O at pD 7.9 and /= 0.1 (NaCl). The reaction was initiated by adding enzyme
to give a final solution that contained 5 or 10 mM GAP, 20 mM imidazole (pD 7.9 at /=0.1,
NaCl), and 3.4 nM L232A TH6TIM or 65 nM 1172A THETIM in a volume of 750 L. The
reactions at 25 °C were monitored by 1H NMR spectroscopy. Spectra (16 transients) were
recorded continuously during the reaction until the conversion of 80 — 90% of GAP to
products. The peak areas were normalized using the signal for the C-(4,5) protons of the
imidazole buffer as an internal standard. The fraction of the remaining substrate GAP
(foap), and the fractional product yields were determined from the integrated areas of the
appropriate 1H NMR signals, as described in earlier work.33

Reactions of [1-13C]-GA in D,O

The yields of the 1172V, 1172A and L232A mutant 7b4TIM-catalyzed reactions of [1-13C]-
GA in the presence or absence of HPO32" in DO at 25 °C were determined by 1H NMR
analyses as described in earlier work.38:3% The enzyme was exhaustively dialyzed at 7 °C
against 30 mM imidazole (20% free base, pD 7.0) in D,O (/=0.024 or 0.1 (NaCl)). The
reactions in the absence of phosphite were initiated by adding enzyme to give a final
solution that contained 20 mM [1-13C]-GA, 20 mM imidazole (20% free base, pD 7.0, /=
0.1 (NaCl)) and enzyme [0.16 — 0.34 mM L232A 7HoTIM; 0.4 mM 1172V TbH6TIM; 0.3 -
0.7 mM I1172A TbbTIM] in a volume of 850 L. The reactions in the presence of HPO32
were initiated by adding enzyme to give a final solution that contained 20 mM [1-13C]-GA,
20 mM imidazole (20% free base, pD 7.0), 1 — 40 mM HPO32" (50% dianion, pD 7.0) and
enzyme [1 - 50 pM L232A or 1172V TbHbTIM; 150 — 700 wM 1172A 7H6TIM] in a volume
of 850 L (/=0.1). In every case, 750 L of the reaction mixture was transferred to an
NMR tube, the TH NMR spectrum was recorded immediately and spectra were then
recorded at regular intervals. The remaining solution was incubated at 25 °C and the activity
of TIM towards catalysis of isomerization of GAP was monitored. No significant loss in
activity of TIM was observed during any of these reactions. At the end of each NMR
experiment, the protein was removed by ultrafiltration and the solution pD was determined.
There was no significant change in pD during any of these reactions.

The observed 'H NMR peak areas for the reaction products were normalized, as described in
previous work, using the signal due to the C-(4,5) protons of imidazole or the upfield peak
of the doublet due to the P — H proton of phosphite as an internal standard.38 The fraction of
the substrate [1-13C]-GA remaining and the fractional yields of the identifiable reaction
products [2-13C]-GA, [2-13C, 2-2H]-GA, [1-13C, 2-2H]-GA and [1-13C, 2,2-di-2H]-GA
(Chart 1), were determined from the integrated areas of the relevant *H NMR signals for
these compounds as described in earlier work.38:3% The disappearance of 30 — 70% [1-13C]-
GA was monitored, and product yields were determined over the first ca. 20 — 30% of the
reaction

Observed first-order rate constants, Aops (S™1), for the reactions of [1-13C]-GA were
determined from the slopes of linear semi-logarithmic plots of reaction progress against time
(eq 2), where £ is the fraction of [1-13C]-GA remaining at time ¢ Observed second-order
rate constants, (Acat/ Km)obs (M2 s71), for the TIM-catalyzed reaction of [1-13C]-GA were

JAm Chem Soc. Author manuscript; available in PMC 2013 June 20.
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determined from the values of kg5 using eq 3, where fyq = 0.94 is the fraction of [1-13C)-
GA present as the hydrate.20

In fs = _kobs t (2
kobs

keat/Km)obs =
(keat/Km)ob (I~ e (TIM] ©)

The kinetic parameters for wildtype and 1172A, 1172V and L232A mutant TIM-catalyzed
isomerization of GAP and DHAP, determined at pH 7.5 and 25 °C (/= 0.1, NaCl), are
reported in Table 1. Arsenate is a required activator of glyceraldehyde 3-phosphate
dehydrogenase, that was used as the coupling enzyme in assays of TIM-catalyzed
isomerization of DHAP. Table 1 also reports the values of K; for arsenate inhibition of this
TIM-catalyzed reaction. The values of A,/ Kiy, were calculated using the total concentration
of GAP in the enzyme assay. However, GAP exists largely (96%) in the hydrated form, and
TIM is specific for the carbonyl form of this substrate (4%).42 The values for Agz/ K
calculated for catalysis of the reactive carbonyl form of GAP are given in parenthesis in
Table 1.

TIM-Catalyzed Isomerization of GAP in D,O

The disappearance of GAP and the appearance of the products of its nonenzymatic and
TIM-catalyzed reactions in D,O (Scheme 3) at pD 7.9 (20 mM imidazole) and 25 °C were
monitored by 1H NMR spectroscopy.17:33:39 Methylglyoxal is the product of the
nonenzymatic elimination reaction of GAP (Scheme 3).2 The observed fractional product
yields, (#)qps, Were calculated as the ratio Ap/ XAp, where Ap is the normalized 1H NMR
peak area of a single product proton and ~Ap, is the sum of the normalized peak areas of
single protons for every reaction product (eq 4). Values of (/)qps Were determined at 4 — 6
different times over the first three hours of the reaction, during which time > 50% of GAP
was consumed. The thermodynamically favored TIM-catalyzed conversion of d:GAP to ¢-
DHAP results in <10% decreases and increases, respectively, in the apparent yields of these
products.33:39 Values of £ (Table 2) were determined as the y~intercept of linear plots (not
shown) of (%) ops against the reaction time.33:3% The values of 7 (eq 5-7) reported in Table 2
are the yields calculated as a fraction of the three products of the TIM-catalyzed reactions of
GAP (Scheme 3).

A
(/2 )obs= ; 4
#robs ApuartAs ot As oartAve @
fi
(/i —GAP)E:f a— ®)
d

-GAP +fDHAP +f/‘l —DHAP

Jouar
_ 6
(fDHAP)E f:j oap +fDHAP +fd _DHAP ©
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Ji _oua
(f(l—DHAP) = — (7

B f;i ~GAP +fDHAP +f:l —~DHAP

TIM-Catalyzed Reaction of [1-13C]-GA in D,0O

The mutant 766TIM-catalyzed reactions of [1-13C]-GA in D,O were monitored by 1H NMR
spectroscopy.3® The experimental results provide both the kinetic parameters for the TIM-
catalyzed reaction of [1-13C]-GA and the yield for the reaction products (Chart 1). The
product yields were determined at four different times during the first 20-30% of the
reaction of [1-13C]-GA and are invariant (+ 5%) over this time. The product yields reported
in Table 3 were calculated as the average of 3 or 4 separate determinations. The
disappearance of [1-13C]-GA was monitored for 30 — 70% of the reaction. The observed
second-order rate constants (Acat! Km)obs (M s71) for the TIM-catalyzed reaction of [1-13C]-
GA were determined from the values of kgps using eq 3.20:38 Values of (kg Kin) for
reactions at the active site of TIM were determined using eq 8, where 7 is the sum of the
fractional yields of [1-13C, 2-2H]-GA, [2-13C]-GA and [2-13C, 2-2H]-GA from TIM-
catalyzed reactions of [1-13C]-GA (Scheme 4A).

L232A mutant

The yield of the products of the L232A mutant 766TIM-catalyzed reactions of [1-13C]-GA
in D,0 at pD 7.0 (20 mM imidazole, /= 0.1, NaCl) and 25 °C in the absence or the presence
of HPO32" are reported in Table 3. Only [1-13C, 2-2H]-GA, [2-13C]-GA and [2-13C, 2-2H]-
GA from reactions at the enzyme active site (Scheme 4A) were observed (/= = 1.0, eq 8).
Figure 3A (@) shows a plot of the increase, with increasing [HPO327], in the second order-
rate constant (Acai/ Kiy) for L232A mutant TIM-catalyzed reaction of the carbonyl form of
[1-13C]-GA that was reported in an earlier preliminary communication.3!

kcat _ Iﬁ
TRt

1172V mutant

The yield of the products of the 1172V mutant 766TIM-catalyzed reactions of [1-13C]-GA
in D,0 at pD 7.0 (20 mM imidazole, /= 0.1, NaCl) and 25 °C in the absence or the presence
of HPO32" are reported in Table 3. No [1-13C, 2,2-di-2H]-GA from a nonspecific protein-
catalyzed reaction (Scheme 4B) was detected for the relatively fast reactions in the presence
of HPO3?™ (7 = 1.0). A 25% yield of [1-13C, 2,2-di-2H]-GA was observed for the slow
reaction in the absence of HPO32". The total yield of all of the reaction products from Chart
1 was 70%, and the yield of the products for Scheme 4A was 45% (/z = 0.45). These
product yields are similar to those determined for unactivated wildtype 766TIM-catalyzed
reactions of [1-13C]-GA.38:39 Figure 3A (4) shows a plot of the increase, with increasing
[HPO327, in the second-order rate constant (kg Kmn) for 1172V mutant TIM-catalyzed
reaction of the carbonyl form of [1-13C]-GA.

1172A mutant

The yield of the products of the 1172A mutant TIM-catalyzed reactions of [1-13C]-GA in
D,0 at pD 7.0 (20 mM imidazole, /= 0.1, NaCl) and 25 °C in the absence or the presence of
HPO3%" (Chart 1) are reported in Table 3. No [2-13C]-GA or [2-13C, 2-2H]-GA from the
isomerization of [1-13C]-GA were detected for the reaction in the absence of phosphite, but
these products are observed for the phosphite dianion-activated enzyme-catalyzed reactions.

JAm Chem Soc. Author manuscript; available in PMC 2013 June 20.
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The dianion activation is much weaker than for wildtype 766TIM, and a significant yield of
[1-13C, 2,2-di-2H]-GA from the nonspecific protein-catalyzed reaction was observed in all
cases. The data in Table 3 were used to calculate a value of 7 = (0.02 + 0.25 + 0.30) = 0.57
+ 0.04 for the sum of the yields of [2-13C]-GA, [2-13C, 2-2H]-GA and [1-13C, 2-2H]-GA
from reactions at the enzyme active site (Scheme 4A). Table 4 reports values of kops (52, eq
1), (kcat! Km)obs (M1 571, eq 2) and (kca/ Km) (M1 51, eq 8) for reactions in the presence of
HPO3%". Most or all of the 15% yield of [1-13C, 2-2H]-GA from the unactivated mutant
TIM-catalyzed reaction is expected to form by the nonspecific pathway shown in Scheme
4B that gives an even larger 38% yield of [1-13C, 2,2-di-2H]-GA. The yield of [1-13C,
2-2H]-GA is observed to increase by two-fold (15% to 30%) for the phosphite activated
reactions, as the yield of [1-13C, 2,2-di-2H]-GA from the protein catalyzed reaction
decreases from 38% to 14% (Table 3). This shows that most or all of the [1-13C, 2-2H]-GA
observed in these HPO32"-activated reactions forms by Scheme 4A. We cannot exclude the
possibility of a ca. 5% yield of [1-13C, 2-2H]-GA by Scheme 4B for reactions in the
presence of the dianion activator. However, this uncertainty will not affect any conclusions
from our discussion of the mechanism for dianion activation of the 1172A mutant. Finally,
we note that the initial 14% yield of [1-13C, 2,2-di-2H]-GA observed for the reaction in the
presence of 5 mM HPO32" remains nearly constant as the concentration of the activator is
increased to 20 mM. This shows that phosphite dianion acts both as an activator (Scheme
4A) and as a Bragnsted-base catalyst of the protein-catalyzed reaction (Scheme 4B), as was
proposed in an earlier study of reactions catalyzed by ¢TIM.38

DISCUSSION

The conservative 1172V mutation results in only a 2-fold decrease in Agat/ Kiy, for
isomerization of GAP that masks larger 4-fold and 9-fold decreases, respectively, in the
individual Kinetic parameters Ky, and kgt The L232A and 1172A mutations of 766TIM
result in 6-fold and 100-fold decreases, respectively, compared to wildtype TIM in Ao/ Ky
for isomerization of GAP and of DHAP (Table 1),31 but a 9-fold decrease and 5-fold
increase in Ky, for isomerization of DHAP. A larger enzyme activity is therefore observed
for the L232A mutant, when the [DHAP] is low and the relative velocity is determined by
the 13-fold greater value of A.,t/ Ki, for the L232A mutant, while a larger enzyme activity is
observed for the 1172A mutant when the [DHAP] is saturating and the relative velocity is
determined by the 3.6-fold greater value of k., for the 1172A mutant.

By comparison, a 12-fold decrease and 2-fold increase, respectively, compared to wildtype
TIM has been reported in the values of K}, for isomerization of DHAP catalyzed by the
E165D/S96P and E165D mutants of TIM from chicken muscle (Table 1).43 Consequently,
the E165D mutant exhibits a 19-fold smaller ka1 Ky and a 1.2-fold larger Az compared
with the E165D/S96P double mutant. These data suggest that the interactions between
wildtype TIM and functionality at C-1 and C-2 are balanced in the binding of DHAP and
GAP, but that this balance is upset by L232A or E165D/S96P mutations that result in the
stabilization of the complex to DHAP, while the 1172A or E165D mutations result in a
destabilization of this complex. These variations in K}, may reflect changes in the
stabilization of the Michaelis complexes by hydrogen bond(s) to the substrate hydroxyl
group. X-ray crystal structures determined for the E165D** and E165D/S96P*> mutant
enzymes show subtle changes in the positioning of catalytic residues at the enzyme active
site, but the structures of the 1172A and L232A mutants were not determined.

Reactions of GAP in D,O

Deprotonation of enzyme-bound GAP by the basic side chain of Glu-167 gives an
intermediate and the protonated side chain. In a solvent of D,O the —H derived from
substrate partitions between intramolecular transfer to form DHAP, and essentially
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irreversible exchange with —D derived from solvent to form the D-labeled carboxylic acid.
This -D then partitions between transfer to C-1 and to C-2 of the intermediate to form o
DHAP and &-:GAP, respectively. Table 2 compares the yields of DHAP, &-DHAP and &
GAP for wildtype TIM-catalyzed reactions of GAP in D,0,39 with the product yields for the
reactions catalyzed by L232A and 1172A mutant TIMs, and reports values of the following
rate constant ratios calculated from these product yields: (1) 4ex/(kc1)n, the ratio of the sum
of the yields of products that form after irreversible deuterium exchange (¢:DHAP + &
GAP), and the product that forms by intramolecular transfer of —-H (DHAP); (2) (kc1)p/
(kc2)p, the ratio of the yields of :DHAP and a-GAP that form by deuteration of the
intermediate at C-1 and C-2, respectively.

If hydron transfer were directly to solvent D,O, then the exchange between enzyme and
solvent should be accelerated by general bases such as imidazole,*® as has been documented
for carbonic anhydrase.#” However, there is no detectable imidazole catalysis of the
exchange reaction with D,O that results in an increase in the yields of &DHAP and o
GAP.*8 This provides strong evidence that hydron transfer reactions of the reaction
intermediate cannot involve the bulk aqueous solvent, and must therefore be with -D at the
enzyme active site.*® The experimental results are consistent with X-ray crystal structures of
complexes between TIM and intermediate analogs, which show that these analogs are

sequestered at an enzyme active site that is shielded from interaction with bulk
solvent,21-23.27.49

We propose the Scheme shown in Figure 4 as a working model to rationalize the effects of
the L232A, 1172A and other mutations on the product yields for reactions of GAP in D,0.
The exchange reaction (k) is proposed to involve the —H from substrate and a pool with a
minimal size of two -D, one derived from the substrate -OD and the second from the
imidazole side chain of His-95. The presence of this side chain distinguishes this Scheme
from the simpler criss-cross mechanism that was proposed to explain the surprising effects
of the H95Q mutation on the product yields for a reaction in tritiated water.12

The increase in Aqx/(kc1)n from 1.5 for wildtype 766TIM to 6.7 for the 1172A mutant to 23
for L232A mutant (Table 2) shows that these mutations favor the D-exchange reaction
compared with intramolecular transfer of —H. The -CH,CH,CO,7/-CH,CH,CO,H side chain
of Glu-167 is presumably aligned optimally at the wildtype enzyme TIM to react at both C-1
and C-2 of the bound substrate/intermediate.2: We suggest that substitution of the bulky
hydrophobic side chain of lle-172 or Leu-232 by a smaller methyl group results in
movement of the glutamate side chain away from optimal alignment, and favors proton
transfer to the imidazolate anion of His-95 compared to carbon-2 of the reaction
intermediate. The large 96% yield of -DHAP and ¢-GAP observed for the L232A mutant
ThbTIM-catalyzed reaction requires either: (a) that the exchange step A is nearly
irreversible, as was proposed for the criss-cross mechanism;12 (2) the rapid scrambling of
substrate —H with a large pool of enzyme-bound -D, as proposed by Irwin Rose;*° or (c)
that the mutations favor direct exchange between the protonated side chain of E167 and
deuterium from bulk solvent. These different explanations will be difficult to distinguish.

The increase in (kc1)p/(kc2)p (Figure 4) from 1.7 for wildtype 766TIM to 8.8 for the
L232A mutant shows that this mutation also causes an increase in the reactivity of the
intermediate for protonation at carbon-1, that is masked in A./(kc1)H by the even larger
relative increase in Agy. It is interesting that the L232A mutation causes both a decrease in
K, for DHAP compared with GAP that is consistent with an increased binding affinity for
DHAP, and in the relative reactivity of the enediolate phosphate for protonation at carbon-1
to form DHAP, compared with protonation at carbon-2 to form GAP. We propose that the
interactions at the L232A mutant enzyme that stabilize the Michaelis complex to DHAP
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[perhaps a hydrogen bond to the carbon-1 hydroxyl] are also expressed at, and stabilize, the
transition state for protonation of the intermediate to form DHAP.

Product Yields from the Reactions of [1-13C]-GA in D,0O

The products of the reaction of [1-13C]-GA in D,0 form by essentially the same mechanism
as shown in Figure 4 for the reactions of GAP. Deprotonation of [1-13C]-GA gives an
enediolate and the protonated side chain,1” that partitions between intramolecular transfer of
-H to form [2-13C]-GA, and essentially irreversible exchange with D,O to give [2-13C,
2-2H]-GA and [1-13C, 2-2H]-GA as the final reaction products (Scheme 4A). The
conservative 1172V mutation has no effect on the yields of the products of the phosphite
dianion-activated reactions of [1-13C]-GA in D,O (Table 3), while the yield of [2-13C]-GA
from phosphite-activated reactions with intramolecular transfer of —H decreases from 13%
(wildtype TH6TIM) to 2% (1172A mutant) or 1% (L232A mutant). This mirrors the change
in the yield of product DHAP (Table 2) of the reaction in D,O with intramolecular transfer
of —H, from 40% (wildtype 7H56TIM) to 13% (1172A mutant) to 4% (L232A mutant). The
similar effects of these mutations on the product yields from reaction of the whole substrate
GAP and from the reaction of substrate pieces [1-13C]-GA + HPO32" in D,0 suggests a
common explanation for these changes that was discussed above for the reaction of GAP.

An interesting question is whether the binding of HPO32" to TIM affects the products of the
TIM-catalyzed reactions of [1-13C]-GA. The same yields of [2-13C]-GA, [2-13C, 2-2H]-GA
and [1-13C, 2-2H]-GA (Scheme 4A) are observed from the wildtype 766TIM-catalyzed
reactions of [1-13C]-GA in either the presence or the absence of phosphite dianion.38:39 In
this case, the interactions between HPO3% and TIM affect the rate of the reactions of
[1-13C]-GA (Figure 3), but not the relative yields of the reaction products. Similarly, the
same yield of products (Scheme 4A\) is observed for the robust L232A TIM-catalyzed
reactions of [1-13C]-GA in either the presence or the absence of phosphite dianion (Table 3).

The yields of products for the 1172V TIM-catalyzed reactions of [1-13C]-GA in the absence
of HPO3?" is different from the yields observed for the phosphite-activated reactions (Table
3). In particular, enzyme-bound HPO32- causes the ratio of the yields of isomerization
reaction products [2-13C]-GA and [2-13C, 2-2H]-GA to change from 1/9 to 1/5 for reasons
that we do not understand. The binding of HPO32™ to TIM results in an increase in the rate of
the reactions shown in Scheme 4A, relative to the rate of the protein-catalyzed reactions
(Scheme 4B). Therefore, the decrease in the yield of [1-13C, 2-2H]-GA from reactions in the
absence of phosphite dianion (% = 0.55) compared to its presence (% = 0.24) reflects the
change in the fraction of the reaction that proceeds by the pathway shown in Figure 4B
when the enzyme is strongly activated by phosphite dianion.20.38:51

No [2-13C]-GA or [2-13C, 2-2H]-GA s observed for the unactivated 1172A TIM-catalyzed
reactions of [1-13C]-GA. This strongly suggests that the observed products [1-13C, 2-2H]-
GA and [1-13C, 2,2-di-2H]-GA form by nonspecific protein-catalyzed reactions (Scheme
4B). The binding of phosphite dianion to 1172A TIM activates the enzyme for catalysis of
the reactions of [1-13C]-GA to form the products shown in Scheme 4A. This might cause the
partitioning of the reaction intermediate to change from the exclusive formation of [1-13C,
2-2H]-GA in the unactivated reaction, to the formation of a full complement of reaction
products (Scheme 4A) for the phosphite-activated reaction. We consider this unlikely,
because of the negligible or small effects of HPO32" on the yields of the products of the
wildtype, L232A and 1172V mutant 766T1M-catalyzed reactions.
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TbbTIM-Catalyzed Reactions of [1-13C]-GA in D,0O

Table 5 reports second-order rate constants (Aqq/ Km)e (Scheme 5) for wildtype and mutant
TbbTIM-catalyzed reactions of [1-13C]-GA in the absence of phosphite dianion. These rate
constants were calculated from the observed second-order rate constant using eq 8, where 7
is the yield of the products from reaction at the enzyme active site (Scheme 4A). Only the
products from Scheme 4A were detected for the robust L232A mutant enzyme-catalyzed
reaction (f = 1.0), for which a value of (kcat/ Km)e = 1.2 M1 s"1 was determined. The value
of (Acat! Kin)e = 0.03 M1 s°1 for the 1172V mutant TIM-catalyzed reaction was calculated
from (Keat/ Km)obs = 0.063 ML s"Land 7 = 0.45 (eq 8, Table 3). Finally, the 1172A mutant
shows no detectable [2-13C]-GA or [2-13C, 2-2H]-GA from isomerization of [1-13C]-GA.
The upper limit of (keat/ Kim)e < 0.003 M1 s1 was calculated from (Aqa! Kim)obs = 0.045 M1
s'1 (Table 4) assuming that no more than 1/2 of the observed 15% yield of [1-13C, 2-2H]-GA
forms by a reaction at the enzyme active site (# < 0.075, eq 8).

Kear) - _ Keat
Km) K,

Phosphite Activation of TbbTIM-Catalyzed Reactions of [1-13C]-GA in D,O

The effect of increasing [HPO3%] on (ks Kin) for the reactions of [1-13C]-GA catalyzed by
wildtype (H), 1172V (@) and L232A (@) 7b6TIM is shown in Figure 3A. Figure 3B shows
the effect of increasing [HPO3%] on (ks Kin) for reactions catalyzed by the 1172A mutant.
These data were fit to eq 9 derived for Scheme 5.20 In Scheme 5, [1-13C]-GA undergoes a
TIM-catalyzed reaction (E) with the second-order rate constant (Aza/ Km)e. TIM also
undergoes conversion to the activated complex EsHPO3% (Kj) that catalyzes the reaction of
[1-13C]-GA with the second-order rate constant (Acat/ Km)e-npi-2° The values of (Acat/ Kim)e
from Table 5 were used in nonlinear least squares fitting of the data to eq 9 to obtain the
values for (Azat/ Kim)e.Hpi and Ky reported in Table 5.

|HPOs>|
Ko+ [HPO32‘]

K4
Ka+ [HPO32‘]

kcat
K_m C)]
EeHP,

172V Mutant

This conservative mutation results in only a two-fold decrease in (Azqt/ Km)e and (Acat/
Km)e-npi (Scheme 5) for deprotonation of [1-13C]-GA by E and by EsHPO32", respectively,
and no change in the 900-fold enzyme activation by phosphite dianion (Table 5). We
conclude that the 1172V mutation has a similar small effect on the kinetic parameters for the
TbbTIM-catalyzed reactions of the substrate pieces and on At/ K, for catalysis of
isomerization of the whole substrates GAP and DHAP (Table 1). It is interesting that the
corresponding 1170V mutation has in one case been noted as the cause of a TIM-deficiency
in humans that gives rise to a genetic disease.52 Evidently, there are drastic physiological
consequences associated with the minor effects of this mutation on the kinetic parameters
for TIM.

1172A Mutant

The 1172A mutation results in a >23-fold decrease in (kzat/ Km)e, @ 280-fold decrease in
(Kcat! Km)e.Hpi @nd a 20% decrease in Ky compared to the wildtype enzyme-catalyzed
reactions of [1-13C]-GA (Table 5). A comparison of the limit for (kear! Km)g With (Acat!
Km)e.Hpi Shows that the binding of HPO32™ to the 1172A mutant results in at least 70-fold
activation of the mutant TIM for deprotonation of [1-13C]-GA (Figure 3B and Table 5).
Since (ks Km)e is an upper limit, phosphite activation might be as large as the 900-fold
activation observed for the wildtype 766TIM-catalyzed reaction (Table 5).
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L232A Mutant

The L232A mutation results in a 17-fold increase in (keai/ Kin)e, @ 16-fold decrease in Ky for
breakdown of the enzyme-phosphite complex, and a 24-fold /ncrease in (ksat! Km)gsHpil Kq»
compared to wildtype 766TIM. This shows that the mutant enzyme is a substantially more
robust catalyst of the reactions of [1-13C]-GA than is wildtype 766TIM. The larger effect of
the mutation on (kqat/ Kim)e (17-fold increase) compared to (Aqat/ Km)e-Hpi (1.6-fold increase)
shows that the mutation results in an 11-fold decrease in the magnitude of enzyme activation
by the binding of HPO3%™ to form EsHPO3%" (Scheme 5). We conclude that the catalytic role
of L232A is to ensure gptimal dianion activation of TIM by a mechanism that causes a
corresponding reduction in enzymatic activity towards deprotonation of a substrate that
lacks the dianion.3!

The mechanism for the activation of TIM by dianions

The very different effects of 1172A and L232A mutations on the kinetic parameters for
reactions of the substrate pieces (Table 5) is an unexpected result that provides a stringent
test for models to explain the role of HPO32" in the activation of TIM for catalysis of the
reactions of [1-13C]-GA. We have proposed the mechanism in Scheme 6 to rationalize the
activation of TIM by HPO32".5.18:31.38 T\ is shown to exist in two forms: a dominant loop
open enzyme Eg that is inactive, and a rare active loop-closed enzyme (Ec, K; << 1,
Scheme 6) that shows specificity for binding HPO32™ or GAT (the transition state for
deprotonation of glycolaldehyde). The binding of HPO3? and GAT to the open enzyme Eq
is proposed to be relatively weak, because a substantial portion of the ligand binding energy
is used to drive the change in conformation from Eq to Ec. Once the energetic price for this
conformational change is paid upon binding of the first ligand, the full intrinsic binding
energy is observed in binding of the second ligand to form the ternary complex
EceHPO32*GA". In the simplest case, the role of phosphite dianion is to hold TIM in the
active closed form, without affecting the reactivity of TIM towards catalysis of
deprotonation of GA ((kca/ Km)e = (Kcat/ Kim)EeHPi)-

) _ (kcat/Km)E,Hpi /Kd
(AGlm)HPi = —RTIn (W) (10)
) I\ (e Koy
(AGC) = —RTIn (K_C) =—RTIn (m) (11)

Figure 5A was constructed using the kinetic parameters for wildtype 766TIM (Table 5). The
6.4 kcal/mol intrinsic phosphite dianion binding energy is the binding energy for association
of HPO42~ with the transition state complex [EsGAT]. It is calculated as the difference in the
barriers to the activated reaction (defined by (Acat/ Km)e.Hpi/ Kg) and to the unactivated
reaction (defined by (4cat/ Km)e, €q 10). The difference between the intrinsic binding energy
(6.4 kcal/mol) and the observed binding energy determined from Kjy (2.3 kcal/mol) is the
binding energy (4.1 kcal/mol) that is utilized to drive the conversion of Eg to Ec (AGg, eq
11) The barrier to this conformational change is added to the barrier for the reactions of GA
catalyzed by the free enzyme, but not to the barrier for the reaction catalyzed by EceHPO32"
(Scheme 6).

Figure 5B illustrates the effects of the 1172A mutation on the catalyzed reactions of HPO32-
and GA. The 170-fold smaller value of (Acat/ Km)e.Hpil Ky compared with wildtype TIM
corresponds to a 3.0 kcal/mol increase in the barrier for conversion of enzyme and reactants
to the transition state complex EceHPO32"*GAT. The mutation also results in an apparent 0.3
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kcal/mol increase in the observed binding energy for HPO32", so that the overall barrier for
conversion of Ec*HPO32" to EceHPO32*GAT is 3.3 kcal/mol larger than for wildtype TIM.
These changes are seen by comparing the right hand sides of Figure 5A and 5B. The left-
hand side of Figure 5B was drawn with the assumption that the 1172A mutation results in
the same decrease in the second-order and third-order rate constants (Agat/ Km)e and (Acat/
Km)e.Hpil Ky, respectively. However, we have only determined an upper limit for (AKea/ Km)e
<0.003 M1 51 (Table 5). The green bar in Figure 5B shows the uncertainty in the barrier to
the unactivated reaction. It has been drawn using the upper limit for (k.q/ Kim)e and a lower
limit for this rate constant obtained by making the assumption that the intrinsic HPO32-
binding energy cannot be larger than the 6.4 kcal/mol binding energy for wildtype 766TIM
(Figure 5A).

Figure 5C illustrates the effects of the L232A mutation on the catalyzed reactions of the
substrate pieces HPO32" and GA.3! The critical observation is the 17-fold increase in (kgqil
Km)e for the [supposedly crippled] L232A mutant enzyme-catalyzed reaction of [1-13C]-
GA. We propose that the larger value of (A.qt/ Kim)g for the L232A mutant compared to
wildtype enzyme reflects the smaller fraction of the ligand binding energy used to drive the
change from Eg to Ec, due to a 1.7 kcal/mol lower barrier to this conformational change.
The barrier for conversion of Eg to Ec (AGc = 4.1 kcal/mol) for wildtype 766TIM is given
by the sum of the red and black bars in the lower left hand corner of Figure 5C. This
decrease in AG¢ would result in the increase in (keat/ Kin)e (17-fold), decrease in Ky (16-
fold) and increase in (keat/ Kim)e!/ Kg (24-fold). However, the magnitude of the activation of
TIM for deprotonation of GA by the binding of HPO32" is determined by the value of AGc,
and will therefore decrease.

The telling difference between the 1172A and L232A mutations is that the former mutation
results in similar (100-200)-fold decreases in At/ Ky for the catalyzed reaction of the whole
substrate GAP (Table 1) and in (kzat/ Km)e.Hpil Kq for the reaction of the substrate pieces
(Table 5), while the latter results in a 6-fold decrease in At/ Kin and a 24-fold increase in
(Kcat! Kim)e-Hpil Kg. In other words, mutations at the different sides of the hydrophobic clamp
(Figure 2A and 2B) can result in an increase or a decrease in the enzymatic activity towards
the catalyzed reactions of substrate pieces. We have not determined the X-ray crystal
structures for these mutant enzymes that are required for a full structure-based explanation
of the effects of the mutations determined in this work. However, the large body of existing
structural data for TIM provides support for the following partial rationalization of these
effects.

The ligand-driven conformational change of TIM results in a ca 2 A shift of the carboxylate
side chain of Glu-167 from a “swung-out” position to an active “swung-in” position (Figure
2A) that places the carboxylate anion in a hydrophobic box and aligns the functional group
to deprotonate the bound substrate (Figure 2B).21.22 A correlation has been observed
between the magnitude of the falloff in the catalytic activity of mutant forms of TIM and the
shift in the position of this side chain. For example, the 370-fold and 23-fold decreases,
respectively, in At/ K for the E165D43:53 and S96P*3 mutants of ¢TIM are associated with
0.7 A (E165D*%) and 0.4 A (S96P#°) shifts in the position of the carboxylate side chain. The
P168A mutation of 766TIM results in a 35-fold decrease in A/ Kiy, for isomerization of
GAP; and, the X-ray crystal structure for the mutant enzyme shows that the side chain for
Glu-167 remains in the swung-out position at the enzymesPGA complex.>* We suggest,
similarly, that the loop closure by 1172A mutant TIM may not induce the full change in the
position of the carboxylate side chain from the inactive “swung-out” to the active “swung-
in” position.
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Part of the barrier to conversion of Eg to E¢ (AGc) is probably desolvation of the solvent
exposed active-site of TIM that accompanies ligand binding and the closure of loop 6.5 The
1172A mutation creates space at the active site that might be occupied by water, with the
possible effect of: (a) Solvating the anionic side chain of Glu-167. This would result in a
decrease in side-chain reactivity for deprotonation of carbon, that leads to a decrease in (Azat/
Km)e and (Aeat/ Kim)e.Hpil Kg- (b) A decrease in the contribution of the barrier to desolvation
of the enzyme active site to AG¢ for the enzyme conformational change. The 1172A
mutation results in decreases in the values of both (Agat/ Kim)e-Hpi/ Kg and (Azat/ Km)e (Table
5) that are consistent with a decrease in the reactivity of TIM towards deprotonation of
carbon. The value of K; is defined by ratio of these rate constants (eq 11);31 but, the effect
of this mutation on the rate constant ratio is uncertain, because it has only been possible to
set limits for (kgat/ Kim)E-

The 17-fold effect of the L232A mutation on (ks Kin)e for the reaction of [1-13C]-GA
might reflect a decrease in barrier to desolvation of Eq during its conversion to Ec. This
would require that the effect of the mutation be expressed largely on K¢ (eq 11), and that the
effect on side chain basicity/reactivity be relatively small. This is difficult or impossible to
reconcile with the proposed function of desolvation of Eg, which is to increase the side-
chain basicity/reactivity. We suggest that the L232A mutation results in a decrease in AG¢
because the mutation relieves steric interactions between the basic side chain of Glu-167 and
the hydrophobic side chain of Leu-232. We advise a healthy skepticism to this proposal,
because the factors that control the rate and equilibrium constants for the complex ligand-
driven conformational change are poorly understood. This process involves the movement
of many atoms, the rotation of both peptide and side chain bonds, and the cleavage and
formation of several hydrogen bonds, any of which might be perturbed by the 1172A
mutation.*29

Catalysis of isomerization of the whole substrate

The L232A mutation results in a contrasting six-fold decrease in Aq,t/ Ky, for the TIM-
catalyzed isomerization of the whole substrates GAP or DHAP (Table 1) and 17-fold and
24-fold increases, respectively, in (keat! Kin)e and (Acat!/ Km)e.Hpil Kq for the reactions of GA
and of GA + HPO32" (Table 5). This shows that there are substantial differences in the
processes that control the kinetic parameters for the reactions of the whole substrate and
substrate pieces. We note that the increase in the concentration of Ec relative to Eg that was
proposed to rationalize the effect of the mutation on (Azat/ Kim)e for the reaction of GA is
unlikely to result in an increase in Aat/ Ky, for isomerization of the whole substrate, because
this rate constant is at the diffusion-controlled limit.>®> A diffusion-limited reaction by the
mechanism shown in Scheme 6 would require that conversion of the first-formed Eq*GAP
complex to the active Ec*GAP complex and then to product be faster than dissociation of
GAP from Eg*GAP.

The observed decrease in Aqat/ K, for isomerization of GAP catalyzed by the L232A mutant
may be due to an increase in the chemical barrier to isomerization that we cannot easily
rationalize. Alternatively, it might reflect an increase in the barrier to the formation and
breakdown of a reactive encounter complex between TIM and substrate, since a substantial
variation in these barriers has been observed for other enzyme-catalyzed reactions. For
example, the value of A,/ Kiy, for yeast orotidine 5'-monophosphate decarboxylase-catalyzed
decarboxylation of 5-fluoroorotidine 5'-monophosphate decreases with increasing solvent
viscosity in the manner predicted for an encounter-limited reaction.>® The value of Ay Ky =
2.6 x 10’ M1 571 for the catalyzed reaction in water is smaller than Ay Ky = 3.8 x 107 for
isomerization of the carbonyl form of GAP catalyzed by L232A 7b6TIM (Table 1). The
Y208F mutation of ¢TIM results in the loss of an intraloop hydrogen bond to the backbone
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amide of Ala-176. The mutation leads to a 2000-fold decrease in Ao/ Ky for isomerization

of
Wi

GAP, to a value that is well below the diffusion-controlled limit,>” but which decreases
th increasing solvent viscosity.>8 It was proposed that loop closure to trap the initial

substrate complex is rate-determining for the Y208F mutant TIM-catalyzed reaction. We
suggest, by analogy, that the decrease in A/ Kiy, observed for the L232A mutant TIM-
catalyzed reactions of GAP and DHAP reflects an increase in the Kinetic barrier to

co
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The orientation of the catalytic side chains at the active site of TIM from yeast [PDB entry
INEY]
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Figure 2.

(A) Models from X-ray crystal structures of the unliganded open (cyan, PDB entry 5TIM)
and PGH-liganded closed (green, PDB entry 1TRD) forms of TIM from Trypanosoma
brucei brucei in the region of the enzyme active site. Closure of loop 6 (residues 168 — 178,
Scheme 2) over the bound phosphodianion ligand results in movement of the hydrophobic
side chain of lle-172 toward the carboxylate side chain of the catalytic base Glu-167. This is
accompanied by movement of Glu-167 toward the hydrophobic side chain of Leu-232, that
maintains a nearly fixed position. (B) A structure that shows the positions of lle-172 and
Leu-232 at the active site “hydrophobic cage” for wildtype Trypanosoma brucei TIM in
complex with PGH (PDB entry 1TRD).
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Figure 3.

Dependence of the second-order rate constants (4cat/ Km) for the TIM-catalyzed turnover of
the carbonyl form of [1-13C]-GA in D,0 on the concentration of HPO32" at pD 7.0 and 25
°C (/=10.1, NaCl). The data were fit to eq 9 derived for the model shown in Scheme 5. (A)
(@) L232A THLTIM, (M) wildtype 7TH6TIM,39 (@) 1172V THLTIM. (B) 1172A THETIM.
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Figure4.

A minimal mechanism to rationalize the yields of the products of wildtype and mutant TIM-
catalyzed reactions of GAP in D,0. The -H derived from substrate is exchanged with a pool
of two -D at the enzyme, the intermediate —OD and the -D at N-3 of the imidazole side chain
of His-95. Fast transfer between four basic sites; the carboxylate of Glu-165, the two oxygen
anions of the isomeric intermediates, and the N-3 imidazolate of His-95 scrambles a total of
three hydrons. The steps that result in scrambling are not shown, but are subsumed in the
macroscopic rate constant Ayx. A mechanism, referred to as the criss-cross mechanism, has
been proposed to explain the effects of the H95Q mutation on the product yields for
reactions of GAP in 3H-labeled water.12 In this mechanism (not shown) the -H derived from
substrate exchanges with a single hydron at the intermediate —OD, and there is no
scrambling of hydrons at the C-1 and C-2 hydroxyl groups of the intermediate. In cases
where a >2/3 yield of deuterium labeled products is obtained, the substrate-derived hydron
either undergoes fast irreversible exchange with deuterium at TIM, or reversible exchange
that scrambles a pool of >2 -D at the enzyme active site.50
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Free energy profiles for turnover of GA by free TIM (Ep) and by TIM that is saturated with
HPO32- (Ec*HPO32") constructed using the kinetic parameters reported in Table 5. The
profiles show the activation free energy changes calculated using the Eyring equation at 298
K for reactions catalyzed by wildtype and mutant forms of 766TIM. (A) Reactions
catalyzed by wildtype 766TIM. The difference between the total intrinsic phosphite binding
energy of -6.4 kcal/mol and AG® = -2.3 kcal/mol for binding of HPO32" to the inactive open
enzyme Eg to give the active closed liganded enzyme Ec*HPO32" is attributed to AG¢ = 4.1
kcal/mol for the conformational change that converts Eq to Ec. (B) Reactions catalyzed by
1172A mutant 766TIM. The overall barrier for conversion of Ec*HPO32" to the transition
state for reaction of GA is 3.3 kcal/mol higher than for the reaction catalyzed by wildtype
TOOTIM. The green bars show the uncertainty in the barrier to the unactivated reaction of
GA, that was drawn using the upper limit of (k! Km)e < 0.003 M1 s'1 (Table 5) and a
lower limit calculated with the assumption that the total 6.4 kcal/mol intrinsic phosphate
dianion binding energy is equal to that for wildtype 764TIM. (c) Reactions catalyzed by
L232A mutant 766TIM. The red bars show the proposed effect of the L232A mutation on
the barrier for the conformational change from Eg to Ec (AAGc). A comparison of the
reaction profiles for wildtype TIM (upper dashed lines) and the L232A mutant (lower
dashed lines) shows the effect of this change in AG¢ on the kinetic parameters for the
reaction of the substrate pieces.
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Table 4

Kinetic Data for the Reaction of [1-13C]-GA Catalyzed by the 1172A mutant of 766TIM in D,0 in the
Absence and Presence of Phosphite Dianion in D50 at 25 °c.?

[HPOFZ], mM  [TIMLM i (e K)o MASHE (kulKry) (M- sy

0 31x10%  75x107 0.040

0 34x10%  1.1x106 0.055

0 7.3x10%  1.8x10° 0.041

25 40x10% 23x10°6 0.096 0.055

5 34x10% 25x10° 0.12 0.071

5 6.9x10% 53x10° 0.13 0.071

5 33x10% 24x10° 0.12 0.067
7.5 40x10%  41x10% 0.17 0.096
10 1.7x10% 2.0x10° 0.19 0.11
10 34x10%  36x10° 0.18 0.10
10 40x10% 4.6x10° 0.19 0.11
12.5 40x10% 53x10° 0.22 0.12
15 17x10%  24x10° 0.23 0.13
15 21x10%  3.1x10° 0.24 0.14
15 40x10% 5.6x10° 0.23 0.13
17.5 40x10% 59x10° 0.24 0.14
20 1.5x10% 2.40x10° 0.26 0.15
20 17x10% 27x10° 0.26 0.15
20 1.7x10% 25x10° 0.25 0.14
20 40x10*  6.4x10°6 0.26 0.15

aFor reactions of 20 mM [1—13C]—GA at pD 7.0 and /= 0.1 (NaCl).
bObserved first-order rate constant for the reaction of [1-13C]-GA calculated using eq 1.
DObserved second-order rate constant for the TIM-catalyzed reaction of [1—13C]-GA calculated using eq 2.

dSecond-order rate constant for the reactions of [1—13C]-GA, calculated (eq 8) from (Acat/ Km)obs and the average product yield 7z = 0.57 + 0.04
calculated from the product data reported in Table 3.
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