2610 Biochemistry2005,44, 2610-2621

Hydron Transfer Catalyzed by Triosephosphate Isomerase. Products of
Isomerization of R)-Glyceraldehyde 3-Phosphate in@
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ABSTRACT. The product distributions for the reactions &){glyceraldehyde 3-phosphate (GAP) in@

at pD 7.5-7.9 catalyzed by triosephosphate isomerase (TIM) from chicken and rabbit muscle were
determined by*H NMR spectroscopy. Three products were observed from the reactions catalyzed by
TIM: dihydroxyacetone phosphate (DHAP) from isomerization with intramolecular transfer of hydrogen
(49% of the enzymatic products), R)¢2H]-DHAP from isomerization with incorporation of deuterium
from D,O into C-1 of DHAP (31% of the enzymatic products), andjR2{H]-GAP from incorporation of
deuterium from RO into C-2 of GAP (21% of the enzymatic products). The similar yields dRj£H]-

DHAP and [2R)-?H]-GAP from patrtitioning of the enzyme-bound enediol(ate) intermediate between hydron
transfer to C-1 and C-2 is consistent with earlier results, which showed that there are similar barriers for
conversion of this intermediate to thehydroxy ketone and aldehyde products (Knowles, J. R., and
Albery, W. J. (1977)Acc. Chem. Res. 1005-111). However, the observation that the TIM-catalyzed
isomerization of GAP in BO proceeds with 49% intramolecular transfer of thelabel from substrate

to product DHAP stands in sharp contrast with th6% intramolecular transfer of th#d label from
substrate to product GAP reported for the TIM-catalyzed reaction &){3]-DHAP in H,O (Herlihy,

J. M., Maister, S. G., Albery, W. J., and Knowles, J. R. (19B&)chemistry 155601-5607). The data
show that the hydron bound to the carboxylate side chain of Glu-165 in the-@hédiol(ate) complex

is not in chemical equilibrium with those of bulk solvent.

Triosephosphate isomerase (Ti\¢ptalyzes the stereospe- Scheme 1
cific reversible 1,2-hydrogen shift at dihydroxyacetone H__O
phosphate (DHAP) to giveR)-glyceraldehyde 3-phosphate E'COZ"H o —
(GAP) by a single-base (Glu-165) proton-transfer mechanism N
through an enzyme-bound cis-enediol(ate) intermediate OPOs

(Scheme 1) 1, 2). The enzyme’s low molecular weight GAP

(dimer, 26 kDa/subunit), high cellular abundan&, @nd H. OH H'i OH
the centrality of proton transfer at carbon in metabolic E-COpH- || E-CO,™ o
processes4, 5 have made TIM a prominent target for o®

studies on the mechanism of enzyme action. Consequently, OPOZ* OPOg*
the emergence of new experimental methods for the inves- DHAP

tigation of enzymatic reaction mechanisms, such as the use
of tritium in tracer levels to monitor hydron transfet)( This work has shown that TIM approaches “perfection” in
Fourier transform infrared spectrosco),(NMR spectros- its catalysis of the isomerization of triose phosphafe28),
copy (/—10), X-ray crystallography11—13), site-directed  and it has provided a detailed description of the chemical
(14) and random mutagenesissj, computational modeling  events that occur at the enzyme active site.
(16—20), and the design and use of transition state analogue  The chemical mechanism for proton transfer at the active
inhibitors @1, 22 can be traced through studies on TIM. sjte of TIM (2) is similar to that observed for the corre-
sponding nonenzymatic isomerization reaction in wedy. (
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1 Abbreviations: TIM, triosephosphate isomerase; GAR:dlyc- 95 (29-31). The isomerization reaction is completed by
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magnetic resonance. enzymatic rate acceleration for the isomerization of GAP
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catalyzed by TIM can be attributed to interactions between of 5500-6000 units/mg at pH 7.5 and 2%C. Glycerol
the enzyme and the remote nonreacting phosphodianion3-phosphate dehydrogenase from rabbit muscle (170
group of the substrate, which are utilized to stabilize the units/mg) was purchased from Boehringer. The plasmid
transition state for deprotonation ofcarbonyl carbon by  pBSX1cTIM containing the wild-yype gene for TIM from
14 kcal/mol @2). It is clear that the tight binding of the  chicken muscle49) andE. coli strain DF502 (stref tpi-,
transition state is the result of interactions of the substrate and his) whose DNA lacks the gene for TIMb() were
phosphodianion group with a “mobile loop” of ca. 10 amino generous gifts from Professor Nicole Sampdarcoli DF502
acid residuesl(0, 17, 33-37) and with the positively charged was transformed with pBSX1cTIM, and triosephosphate
Lys-12 in the active site38, 39. However, there is no  isomerase was overexpressed and purified according to
consensus about thphysical mechanism by which the  published procedure86).2 After passage down two DEAE-
interactions between TIM and the substrate phosphodianioncellulose columns (Whatman DE52), the enzyme was judged
group are “harnessed” to stabilize the transition state for to be homogeneous by gel electrophoresis and had a specific
proton transfer. activity for turnover of GAP in 100 mM triethanolamine
'H NMR spectroscopy is a powerful analytical method buffer at pH 7.5 of 6000 units/mg at 2& and 9000 units/
for monitoring proton transfer from carbon in,®. It has Mg at 30°C (51).
been successfully used in determination of the carbon acidity Commercially available chemicals were reagent grade or
of a variety of simple functional groups, including thiolesters better and were used without further purification. Deuterium
(40), esters41), amides 42), nitriles @3), and ketones44), oxide (99.9% D) and deuterium chloride (35% w/w, 99.9%
and in a study of enzymatic catalysis of the deprotonation D) were purchased from Cambridge Isotope Laboratories.
of a thiolester 45). This technique provides very useful Sodium deuterioxide (40 wt %, 99.9% D), triethanolamine
information about both the extent and the position of hydrochloride, and tetramethylammonium hydrogensulfate
incorporation of deuterium into carbon acids. It is therefore were purchased from Aldrich. NADH (disodium salt),
very well suited for studies on the mechanism of action of dihydroxyacetone phosphate (lithium saft),-glyceralde-
TIM, because in BO the enediol(ate) intermediate should hyde 3-phosphate diethyl acetal (barium salt), the dicyclo-
partition between reaction to form an aldehyde (GAP) and hexylammonium salt of R)-glyceraldehyde 3-phosphate
a ketone (DHAP) labeled with deuterium at tgposition.  diethyl acetal, and Dowex 50W (Horm, 100-200 mesh,

We have shown in our earlier work thdad NMR 4% cross-linked) were purchased from Sigma. Imidazole was
spectroscopy can be used to monitor not only the velocity Purchased from Fluka. _
of turnover of the “unnatural” substrat®)tglyceraldehyde D,L-Glyceraldehyde 3-phosphate diethyl acetal was con-

by TIM in D,O, but also the velocity of formation of the Vverted to the free aldehyde,(-GAP) by treatment with a
isomerization product dihydroxyacetone that proceeds with suspension of Dowex 50W (Hform, 100-200 mesh, 4%
intramolecular transfer of hydrogen and with incorporation Cross-linked) in water at 99100 °C for 5-10 min. The
of deuterium from solvent at C-1, along with the velocity of resulting aqueous solution of.-GAP (pH~2) was stored
formation of R)-glyceraldehyde labeled with deuterium at at—20°C. Before use in routine enzyme assays the solution
C-2 (32). The success of these studies Bjrglyceraldehyde ~ Was adjusted to the appropriate pH by the addition of 1 M
prompted the work reported here on the TIM-catalyzed NaOH, after which it was stored at20 °C. A similar
isomerization of the physiological substraR-glyceralde-  Procedure was used to prepare-GAP in DO, except that
hyde 3-phosphate (GAP) in-D. Our initial goal was to the Dowex 50W was exchanged with several aliquots 49 D
determine the effect of the phosphodianion group at GAP before use.
on the partitioning of the enediol(ate) intermediate 0D Solutions of GAP in RO were prepared by passage of
between formation of hydrogen- and deuterium-labeled ca. 2 mL of a 56-80 mM solution of the dicyclohexylam-
products. However, the results of our experiments were monium salt of its diethyl acetal inD down a short column
entirely unexpected and have a broader significance than wa®f Dowex 50W that had been exchanged wif©DThe free
envisioned at the outset of this work. acid was eluted with BD, and the eluant (ca. 8 mL) was
We report here that the TIM-catalyzed isomerization of collected and its volume reduced te-2 mL by evaporation
GAP in D,O gives a 49% yield of DHAP that forms by under reduced pressure. A-205xL portion of 13 M DCI
intramolecular transfer of hydrogen from substrate to product Was added, and the hydrolysis of the diethyl acetal to give
and smaller yields of [R)-2H]-DHAP (d-DHAP) and [2R)- the free aldehyde at room temperature was monltorédey
2H]-GAP (d-GAP) labeled with deuterium from solvent at NMR until it was ca. 99% complete, at which tirid NMR
C-1 and C-2, respectively. This stands in sharp contrast with @n2lysis showed that2% of the product GAP had under-
the earlier observation that the reaction of tritium-labeled 9ON€ conversion to methylglyoxa4). The resulting solution
[1(R)-3H]-DHAP in H,O proceeds with up to only ca. 6% of GAP in D,O was stored at-20 °C and was adjusted to
intramolecular transfer of the tritum label to the GAP the appropriate pD immediately before use by the addition
product #6—48). Our results require a reevaluation of earlier Of 1 M NaOD. _ o _
conclusions about the dynamics of exchange of the hydron Buffered solutions of imidazole in {D were prepared by

at the carboxylic acid side chain of Glu-165 at the FiM  dissolving neutral imidazole and NaCl inO followed by
enediol(ate) complex with those of bulk solvent. addition of a measured amount of a stock solution of DCI

to give the required acid/base ratio bt= 0.1 (NacCl).
MATERIALS AND METHODS

. - 2 We are grateful to Professor Nicole Sampson for gifts of the
TIM from rabbit muscle (lyophilized powder) was pur-  pjasmid pBSX1cTIM and. coli strain DF502 and for expert help with
chased from Sigma and had a specific activity toward GAP the expression and purification of recombinant chicken muscle TIM.
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FiIGURE 1: Representative partitH NMR spectra of the remaining substrate and the triose phosphate products during the reaction of GAP
(10 mM) catalyzed by rabbit muscle TIM (0.074 units/mL) in@buffered by 21 mM imidazole at pD 7.9 and 26 (I = 0.15, NaCl).

(A) The doublet § = 6 Hz) at 4.900 ppm is due to the C-1 proton of GAP hydrate. The broad singlet at 4.899 ppm is due to the C-1 proton
of [2(R)-2H]-GAP hydrate. (B) The singlet at 4.440 ppm is due to the;GH group of the keto form of DHAP. The upfield-shifted triplet

(Jup = 2—3 Hz) at 4.415 ppm is due to the CHDOD group of the keto form oR]®H]-DHAP. The doublet{ = 7 Hz) at 4.374 ppm

is due to the CHOPO;2~ group of the keto forms of both DHAP and R)¢2H]-DHAP. (C) The singlet at 3.451 ppm is due to the £HD

group of DHAP hydrate. The upfield-shifted broad singlet at 3.432 ppm is due to the CHDOD grouiRpfHI{DHAP hydrate.

Buffered solutions of triethanolamine in,& or D,O were conversion to DHAP that was coupled to the oxidation of
prepared by a similar procedure by neutralization of trietha- NADH using glycerol 3-phosphate dehydrogenase.
nolamine hydrochloride with NaOH or NaOD. Solution pH A value ofK,, = 0.49 mM was determined for the turnover
or pD was determined at 2% using an Orion Model 720A  of GAP by rabbit muscle TIM in 20 mM triethanolamine
pH meter equipped with a Radiometer pHC4006-9 combina- buffer at pD 7.9 and 28C (I = 0.1, NaCl).
tion electrode that was standardized at pH 7.00 and 10.00 at *H NMR Analyses!H NMR spectra at 500 MHz were
25 °C. Values of pD were obtained by adding 0.40 to the recorded in RO at 25°C using a Varian Unity Inova 500
observed reading of the pH metéi?]. spectrometer that was shimmed to give a line widtk 6f7
Commercial rabbit muscle TIM was exhaustively dialyzed Hz for each peak of the doublet due to the C-1 proton of
against 60 mM triethanolamine buffer (pD 7565= 0.1, GAP hydrate. Spectra (64 transients) were obtained using
NaCl) in DO at 4 °C. Stock solutions of rabbit and a sweep width of 6000 Hz, a pulse angle of98nd an
recombinant chicken muscle TIMs were diluted 10 000-fold acquisition time of 7 s, with zero-filling of the data to 128
into 25 mM imidazole (pD 7.9] = 0.1, NaCl) or 60 mM K. To ensure accurate integrals for the protons of interest, a
triethanolamine (pD 7.3,= 0.1, NaCl) buffer in RO before relaxation delay between pulses of 127>87;) was used
use. Glycerol 3-phosphate dehydrogenase was exhaustivelysee below). Baselines were subjected to a first-order drift
dialyzed against 20 mM triethanolamine buffer (pH 7.5) at correction before determination of integrated peak areas.
4 °C. Chemical shifts are reported relative to HOD at 4.67 ppm.
Enzyme Assayall enzyme assays were carried out at 25  The following relaxation time$; were determined in D
°C. Changes in the concentration of NADH were calculated at 25°C: (a) the protons due to GAP hydrate (11 mM) in
using an extinction coefficient of 6220 Mcm™* at 340 nm. unbuffered solution at pD 7.9 & 0.17, NaCl),T; = 2-5
One unit is the amount of enzyme that converigniol of s; (b) the protons due to the free keto and hydrate forms of
substrate to product in 1 min under the specified conditions. DHAP (33 mM) in unbuffered solution at pD 7.9 € 0.1,
Glycerol 3-phosphate dehydrogenase was assayed byNaCl), T; = 1-2 s; (c) the protons due to methylglyoxal
monitoring the enzyme-catalyzed oxidation of NADH by monohydrate (10 mM) in 48 mM imidazole buffer at pD
DHAP at 340 nm. The assay mixture contained 100 mM 7.5 ( = 0.1, NaCl), T, = 6—14 s; (d) the C-4,5 protons of
triethanolamine (pH 7.5, = 0.1, NaCl), 0.2 mM NADH, imidazole (25 mM) at pD 7.91(= 0.1, NaCl), T, = 11 s.
and ca. 1 mM DHAP. Baseline separation was obtained for almost all of the
TIM was assayed by coupling the isomerization of GAP signals due to GAP hydrate and the products of the reactions
to the oxidation of NADH using glycerol 3-phosphate of GAP in D,O in the presence of TIM. The exception was
dehydrogenaség), monitored at 340 nm. For routine assays the doubletJ = 6 Hz) at 4.900 ppm due to the C-1 proton
the assay mixture contained 100 mM triethanolamine (pH of GAP hydrate and the broad singlet at 4.899 ppm due to
7.5,1 = 0.1, NaCl), 0.2 mM NADH, ca. 6 m\b,L.-GAP (3 the same proton at the hydrate of H]-GAP (d-GAP),
mM GAP, ~7K, (53)), and 0.3 units of glycerol 3-phosphate  which lies 0.001 ppm upfield from the midpoint of the two
dehydrogenase in a volume of 1 mL. The concentration of peaks of the doublet due to GAP hydrate (Figure 1A).
GAP in these assays and in the turnover of GAP by TIM in Therefore, the integrated area of the doublet due to the C-1
D,O monitored by'H NMR was obtained from the change proton of GAP hydrate was determined by multiplying the
in absorbance at 340 nm upon its complete TIM-catalyzed area of only the most downfield peak of the doublet by 2.
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The area of the singlet due to the C-1 protondeGAP the reaction timet was calculated from the time at the
hydrate was then determined as the difference between themidpoint of these analyses.
combined integrated areas aif the signals due to the C-1 The observed peak areds,s for the reactant GAP and

protons of GAP hydrate andl-GAP hydrate and that the productsd-GAP, DHAP, d-DHAP, and methylglyoxal
calculated for the doublet due to GAP hydrate. Identical determined by integration dH NMR spectra obtained at
results were obtained when the integrated area of the singletvarious reaction times were normalized according to eq 1 to
was obtained directly using the minima in the valleys give As, WwhereAgq and Psido are the observed peak areas
between the peaks as the cutoffs for the integral. of the signal due to the internal standard at tinaad att =

Hydration of the Carbonyl Groups of Reactant and 0, respectively. For experiments with rabbit muscle TIM the

Products.The carbonyl groups of GAP, DHAP, and meth- (A
ylglyoxal are extensively hydrated in,D. A value Offyyq A= Aobs( ! 0)
= 0.40 for the fraction of DHAP present as the C-2 hydrate Astd
in 21 mM imidazole buffer in BO at pD 7.9 and 25C (I _

= 0.15, NaCl) was determined b¥H NMR from the A = (Acap)d/0.95 @)
integrated areas of the singlets due to the C-1 protons of

1)

DHAP hydrate at 3.45 ppm and free DHAP at 4.44 ppm. - Acar/0-95 3)
This is similar tofnyg = 0.45 in DO at pD 7 and 25°C GAP A,

determined in an earlier stud$4). A value offpyq = 0.95

for the fraction of GAP present as the C-1 hydrate in Ay_cap/0.95

unbuffered DO at pD 7.9 and 25C (I = 0.1, NaCl) was ficap= T (4)
determined by'H NMR from the integrated areas of the

doublet due to the C-1 proton of GAP hydrate at 4.90 ppm Appippl2

and the triplet due to the C-2 proton of free GAP at 4.38 fonap=—n— (5)
ppm. This is in good agreement witlyq ~ 0.96 in DO at a

neutral pD determined in an earlier stu@p). Methylglyoxal

exists as a mixture of the C-1 monohydrate and the C-1,C-2 f — Ad-pHap (6)
bishydrate in aqueous solutioBg). A value of fuononya = d-DHAP A,

0.60 for the fraction of methylglyoxal present as the C-1

monohydrate in 48 mM imidazole buffer in,D at pD 7.5 {Avc — (Auc)o/0.60

and 25°C (I = 0.1, NaCl) was determined Bfd NMR from fue = A, (7)

the integrated areas of the singlets due to the C-3 protons of
the monohydrate at 2.18 ppm and the bishydrate at 1.27 ppminternal standard was either the singlet at 7.13 ppm due to
TIM-Catalyzed Isomerization of GAP in,O Monitored the C-4,5 protons of the imidazole buffer or the triplet at
by H NMR The turnover of GAP (1812 mM, >20K,,) by 1.07 ppm due to the methyl group of ethanol that was present
rabbit or chicken muscle TIM in 2484 mM imidazole (pD ~ @s & byproduct of the hydrolysis of GAP diethyl acetal. For
7.9) or 48 mM triethanolamine (pD 7.5) buffer inO at 25 experiments with chicken muscle TIM the internal standard
°C and | = 0.15 (NaCl) was followed by!H NMR was the signal at 3.08 ppm due to the methyl groups of added
spectroscopy. For experiments with chicken muscle TIM the tetramethylammonium hydrogensulfate. -
reaction mixture also contained 2 mM tetramethylammonium _ The disappearance of GAP was followed by monitoring
hydrogensulfate as an internal standard. the decrease in the normalized areap of the doublet J
. . = 6 Hz) at 4.900 ppm due to the C-1 proton of GAP hydrate,
th:rrlg;(t:ct)iézerr?gtjlljtrlgnact)f“(zagrzc))/’mrié t(:Ht%rIT”t\i/laneSSVZCs:mrjerzoor]:je d calculated using eq 1. The fraction of GAP remaining at time
; ) t was calculated using eq 3, where 0.95 is the fraction of
using one of the following two procedures. (1) In the oAp present as the C-1 hydrate afdl is the normalized

experiment with chicken muscle TIM, identical 750 peak area for aingleproton oftotal GAP att = 0, calculated
aliquots of the reaction mixture containing buffer and using eq 2.

substrate GAP were placed in two separate NMR tubes. In' The formationd-GAP was followed by monitoring the
one_t_ube the enzyme-cata_llyzed reaction was initiated by theappearance of the singlet at 4.899 ppm due to the C-1 proton
addition of 10uL of TIM in buffered D,O, and the tube  of d-GAP hydrate. This singlet is shifted slightly upfield
was incubated at 25C. Meanwhile, théH NMR spectrum (0,001 ppm) from the midpoint of the doublet at 4.900 ppm
of the reaction mixture in the absence of TIM was recorded due to the C-1 proton of GAP hydrate, as a result of the
using the aliquot in the other tube. The progress of the presence of deuterium at C-2. The fraction of GAP converted
reaction of GAP in the presence of TIM was then monitored to d-GAP was calculated using eq 4, whekg cap is the

by *H NMR spectroscopy at 25C. (2) For the experiments  normalized area of the singlet due to the C-1 proton of
with rabbit muscle TIM, 75QuL of the reaction mixture  d-GAP hydrate calculated using eq 1, and 0.95 is the fraction
containing buffer and substrate GAP was placed in an NMR of d-GAP present as the C-1 hydrate.

tube and théH NMR spectrum was recorded at 26. This The formation of DHAP was followed by monitoring the
was immediately followed by the addition of 14 of TIM appearance of the singlets at 3.451 and 4.440 ppm due to
in buffered DO, and the progress of the reaction was then the two protons of the C¥DD groups of the hydrate and
monitored by'H NMR spectroscopy at 25C. Each NMR keto forms of DHAP, respectively. The formation df
spectrum was recorded over a period of-80 min, and DHAP was followed by monitoring the appearance of the
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broad singlet at 3.432 ppm and the triplétd = 2—3 Hz) = 2—3 Hz) at 4.415 ppm due to the CHDOD group of the

at 4.415 ppm due to the single proton of the CHDOD groups keto form of [1R)-?H]-DHAP (d-DHAP) labeled with
of the hydrate and keto forms dfDHAP, respectively. The  deuterium at C-1, and the doublét£ 7 Hz) at 4.374 ppm
fraction of GAP converted to DHAP od-DHAP was due to the CHOPQ?~ group of the keto forms of both
calculated from thesumof the normalized peak areas of the DHAP andd-DHAP. Figure 1C shows the singlet at 3.451
signals due to aingleproton of the hydrate and keto forms ppm due to the CKOD group of DHAP hydrate and the
of these productshpnapr/2 andAq—pnap, according to eqs 5  broad upfield-shifted singlet at 3.432 ppm due to the
and 6. For the experiment in the presence of triethanolamineCHDOD group ofd-DHAP hydrate labeled with deuterium
buffer, the signals due to the buffer obscured those due toat C-1. The latter signal is in fact a barely resolved triplet
the hydrates of DHAP andtDHAP. In this case, the fraction  with a very small § < 1 Hz) H-D geminal coupling.
of GAP converted to DHAP ail-DHAP was calculated from  However, we have found that it is not always possible to
the normalized peak areas of the signals due to a singleresolve the triplet due to the proton of a CHD grod)(
proton of only the keto forms of these products, with a The spectra in Figure 1 show that the incorporation of a
correction for presence of 40% hydrate. single deuterium at the G®D group of DHAP results in
The formation of methylglyoxal was followed by monitor- an isotope effect on the chemical shift of the remaining
ing the singlet at 5.17 ppm due to the C-1 proton of the proton and upfield shifts of 0.025 and 0.019 ppm for the
monohydrate. The fraction of GAP converted to methylg- signals due to the keto and hydrate forms, respectively. These
lyoxal was calculated from thicreasein the normalized isotope shifts lie within the range of those we have observed
area of this singlethwc — (Awc)o, USing eq 7, where 0.60is  for other deuterium-labeled methyl and methylene groups
the fraction of methylglyoxal present as the C-1 monohy- (40—43, 57-60).

drate. Figure 2 shows the change in the relative areas of the
RESULTS signals due to the C-1 proton(s) of the hydrates of the reactant
GAP and the products-GAP, DHAP, andd-DHAP during

The products of the TIM-catalyzed and nonenzymatic the reaction of GAP (10 mM) catalyzed by rabbit muscle
reactions of R)-glyceraldehyde 3-phosphate (GAP) in@ TIM in D,0O buffered by 21 mM imidazole at pD 7.9 and
are shown in Scheme 2. The disappearance of GAP and the&25 °C (I = 0.15, NaCl). The formation of methylglyoxal in
appearance of the various reaction products in the presencéhe competing nonenzymatic elimination reaction of GAP
of rabbit and chicken muscle TIM in @ at pD 7.5-7.9 (24) was followed by monitoring the singlet at 5.17 ppm
and 25°C were monitored byH NMR spectroscopy. due to the C-1 proton of methylglyoxal monohydrate (not

Figure 1 shows representative partidl NMR spectra of shown). Methylglyoxal is the only significant product of the
the remaining substrate and the triose phosphate productsionenzymatic reaction of GAP because, in the presence of
during the reaction of GAP (10 mM) catalyzed by rabbit low concentrations of buffer at neutral pH, the enediolate
muscle TIM in DO buffered with 21 mM imidazole at pD  phosphate formed by deprotonation of GAP or DHAP
7.9 and 25C (I = 0.15, NaCl). Figure 1A shows the doublet undergoes elimination of phosphate ca. 100-fold faster than
(J = 6 Hz) at 4.900 ppm due to the C-1 proton of GAP protonation at carbon2d). This was further confirmed in
hydrate and the singlet at 4.899 ppm due to the C-1 protonthis work by'H NMR analysis of the reaction af,L.-GAP
of the hydrate of [2R)-°H]-GAP (d-GAP) labeled with (11 mM) in 24 mM imidazole buffer in BD at pD 7.9 and
deuterium at C-2. Figure 1B shows the singlet at 4.440 ppm 25°C. Under these conditions there was no detectablé/)
due to the CHOD group of the keto form of dihydroxy-  formation of DHAP during the reaction of up to 80% of the
acetone phosphate (DHAP), the upfield-shifted tripleb( startingp,L-GAP.
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3B shows the change in the fractional yield®afy the triose
phosphate products that arise from the enzymatic reaction
of GAP in this experiment,f§e, which were normalized
using the sum of the observed fractionsdesGAP, DHAP

t=15hr andd-DHAP according to eqs-810. There is no significant
(fa-care = fo-one (8)
fi-cap T forar T fa-oHap
(fonap)e = foine 9)
focap T forar 1+ fa-phap
fi—oHap
t=2.7hr (fa—prar)E = f (10)

d—GAP + fDHAP + fd*DHAP

change in the fractional yield of DHAP with time (Figure

3B, O), so that DHAP does not undergo significant TIM-

catalyzed deuterium exchange during the reaction of GAP.

The observed increase in the fractional yielddsbHAP

(Figure 3B M) and decrease in the fractional yielddbGAP

(Figure 3B, ®) with time is a result of TIM-catalyzed
t=4.1hr isomerization ofd-GAP to give the thermodynamically
favored product-DHAP.

Table 1 gives the initial fractional yields of the triose
phosphate products of the TIM-catalyzed reactions of GAP,
fe, determined by making a short extrapolation of the
normalized product yield$d)e to zero reaction time (Figure
3B).

wwwwwwwwwwwwww LRRARN

T
4.912 4.904 4.896 ppm 3.450

3.430 ppm
Ficure 2: Change with time in the relative areas of heNMR DISCUSSION

signals due to the C-1 protons of the hydrates of the reactant and  p single NMR analysis provides the relative concentrations
the products during the reaction of GAP (10 mM) catalyzed b . .
rabbFi)t muscle TIM%0.074 units/mL) in £ t()uffered)by 21ym|v| Y of the remaining reactant GAP and the four products of its

imidazole at pD 7.9 and 2 (I = 0.15, NaCl). The disappearance €nzymatic and nonenzymatic reactions igCD(Scheme 2
of the doublet at 4.900 ppm due to the C-1 proton of GAP hydrate and Table 1). These analyses are straightforward, direct, and
i35 jgzcomrﬁ:]agil?gtgyﬂt]gecagper%%?éeo?ftﬁienglgtguitt éig(%'?l é’fgl' antighly reproducible, with the major source of error being
hy dratg,pDH AP hydrate, anc?[RI—ZH]-DH D f]y drate, respectively. the ca. 5% uncertainty in the integrated NMR peak areas.
They are simpler and faster, and they provide a more
The fraction of substrate GAP remaining (eq 3) and the complete set of product data, than the analyses used in earlier
fractional formation of the products (eqs-4) of the TIM- studies of TIM employing tritium at tracer levels as the
catalyzed and spontaneous reactions of GAP at varioussecond hydrogen isotope. For example, the earlier studies
reaction times were determined from the ratio of the required in some cases the synthesis of tritium-labeled
normalized integrated area of the relevant signals due to thesubstrate and in all cases separation of thelabeled
reactant or product (eq 1) and of the signal due single reactant, products, and solvent prior to determination of the
proton oftotal GAP att = 0 (A, eq 2), as described in  tritium enrichment of the product and/or remaining reactant
Materials and Methods. The sum of the observed fractions (46—48).
of GAP, d-GAP, DHAP, d-DHAP, and methylglyoxal IH NMR spectroscopy is a less sensitive method for
decreased by less than 10% during the reaction of up to 80%monitoring hydron transfer than the radiochemical analyses
of the starting GAP, which shows that all of the significant that monitor the fate of a tritium label at substrate or solvent.
reaction products were identified B NMR. The formation For example, our work employed an initial concentration of
of the triose phosphate products from the enzymatic reactionsubstrate GAP (1612 mM) that is far in excess dn, =
of GAP was accompanied by the formation of-42% 0.49 mM determined for its TIM-catalyzed reaction i
methylglyoxal (Table 1) from the background nonenzymatic at pD 7.9 (see Materials and Methods). This is significant,
reaction. The large yield of 42% methylglyoxal observed for because it was found that the fraction of the TIM-catalyzed
the reaction in the presence of 48 mM triethanolamine buffer reaction of [1R)-*H]-DHAP that proceeds with intramo-
at pD 7.5 reflects the greater reactivity of triethanolamine lecular transfer of the tritium label from substrate to product
as compared to that of imidazole as a base catalyst of theGAP in H,O, determined after 50% reaction, increases from
nonenzymatic elimination reaction of GAR4). 1.2% for reactions conducted at low initial substrate con-
Figure 3A shows the decrease with time in the fraction of centrations (0.030.3 mM, 0.013-0.13 K;)) to 2.2% at
remaining GAP during the reaction of GAP (10 mM) intermediate concentrations (6:3.0 mM, 0.13-0.43 Ky,)
catalyzed by chicken muscle TIM in.D buffered by 84 and then falls to 1.7% at high concentrations {1700 mM,
mM imidazole at pD 7.9 and 25C (I = 0.15, NaCl). Figure 0.43-3 Kn) (49).
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Table 1: Product Distributions for the Reaction &-Glyceraldehyde 3-Phosphate Catalyzed by Triosephosphate Isomerag@?in D

fractional yield of produét

TIM (amt (units/mL)¥ buffer system DHAP d-DHAP d-GAP methylglyoxal
chicken (0.038) 84 mM imidazole frd 0.34 0.21 0.13 0.20
pD 7.9 fe® 0.50 0.31 0.19
rabbit (0.038) 83 mM imidazole frd 0.34 0.21 0.14 0.24
pD 7.9 fe® 0.49 0.31 0.20
rabbit (0.074) 21 mM imidazole frd 0.34 0.22 0.14 0.09
pD 7.9 fe® 0.48 0.32 0.20
rabbit (0.031) 48 mM triethanolamine  f;d 0.28 0.17 0.15 0.42
pD 7.5 fe® 0.47 0.28 0.25
av fef 0.49+ 0.01 0.31+ 0.02 0.21+ 0.03

Kex/(Kc-1)n = 1.049 (ke

_)p/(kc—2)p = 1.48'

aFor reactions at 28C andl = 0.15 (NaCl).P Product yields were determined By NMR spectroscopy: Activity for isomerization of GAP
in H,O at pH 7.5 and 23C. 9 Yields of the products of both the enzymatic and nonenzymatic reactions of GAP, determined by extrapolation of
the values offe/(1 — feap) to zero time, wherdp is the observed fraction of the product (eqs7 and 1— feap is the fraction of GAP that has
undergone reactiori.Yields of the products obnly the enzymatic reaction GAP, determined by extrapolation of the normalized yigld$e(s
8—10) to zero time (Figure 3B).Average value ofg for the reactions catalyzed by rabbit and chicken muscle TIM in the presence of the various
buffers at pD 7.9 and 7.5.Rate constant ratio for partitioning of the THv¥enediol(ate) complex labeled with hydrogen at Glu-165 between hydron
exchange with solvent f® and intramolecular transfer of the substrate-derived hydrogen to product DHRee constant ratio for partitioning
of the TIM—enediol(ate) complex labeled with deuterium at Glu-165 between deuterium transfer to C-1deOji4P and to C-2 to givel-GAP.

¢
0.8 |

100 200 300
Time (min)

Ficure 3: Product data for the reaction of GAP (10 mM) catalyzed
by chicken muscle TIM (0.038 units/mL) in D buffered by 84
mM imidazole at pD 7.9 and 25C (I = 0.15, NaCl), determined
by IH NMR spectroscopy. (A) The decrease with time in the
fraction of remaining GAP, calculated using eq 3. (B) The change
with time in the fractional yields of only the triose phosphate
products of the enzymatic reaction of GAP, normalized using the
sum of the observed fractions of @¢2H]-GAP, DHAP, and [1R)-
2H]-DHAP according to eqs-810. Short extrapolations of these
data to zero time (solid lines) gave the initial product yields of the
enzymatic reaction of GAHg, reported in Table 1. Key:[Q) yield

of DHAP; (m) yield of [1(R)-?H]-DHAP; (®) yield of [2(R)-2H]-
GAP.

0.0
0

“Simple” Comparisons with Earlier WorkThis is the first
report of the product distribution for the thermodynamically
favorable Keq = 22) (61) TIM-catalyzed isomerization of
GAP in D;O. On the whole, the results of our experiments
can be rationalized within the framework of the free energy
profile developed by Knowles and co-workers in the classic
studies of TIM that used tracer levels of tritium at substrate
or solvent waterZ, 46, 62-65). However, our results are
very surprising in one respect (see below).

Scheme 3
H op
Ecoy+ P E-CO H.H OP) ke H=
H={=0D e > o
oD
OPOg* OPO,? OPO,2
GAP DHAP
kCX l
H op
H__O :
(kc2)p H__OD) (kepp °
D OD =«—— E-CO,D: — 0
oD
2- 2-
OPO; opog OPO;
J-GAP d-DHAP

(a) Partitioning of the TIM-Enediol(ate) Intermediate
between Hydron Exchange with Seht D,O and Intramo-
lecular Transfer offH Label from Substrate to Produch
value of Ke/(kc-1)n = 1.04 for partitioning of the TIM-
enediol(ate) complex labeled at Glu-165 witH derived
from substrate GAP between hydron exchange with solvent
D0 (kex, Scheme 3) and intramolecular transfer of thie
label to product DHAP {--1)u, Scheme 3) can be calculated
from the observed 49% yield of DHAP (Table 1). This result
is startling, because it was shown in earlier studies of the
TIM-catalyzed reaction of [R)-*H]-DHAP labeled with
tritium at tracer levels that the specific radioactivity of the
product GAP at ca. 50% reaction is only-3% that of the
starting DHAP and increases to only 6% after complete
reaction of the substrated§—48). The lower specific
radioactivity of the product at early reaction times is due to
discrimination against the reaction of R){3H]-DHAP, as
a result of a primary kinetic isotope effe&, 66), and there
is a corresponding increase in the tritium enrichment of
substrate with time. The 6% intramolecular transfer of tritium
from substrate DHAP to product GAP in,@8 (46) is
substantially smaller than the 49% intramolecular transfer
of hydrogen from substrate GAP to product DHAP ig(D
observed here.

Part or all of the difference in the extent of intramolecular
transfer of the substrate-derived hydron observed for the
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TIM-catalyzed reactions of GAP inf® and of [LR)-*H]-
DHAP in H,O is directly related to the use of a different

Biochemistry, Vol. 44, No. 7, 20022617

DHAP to give the TIM-enediol(ate) intermediate in the
forward and reverse directions, 4.6/%0.60, is significantly

substrate in these two sets of experiments. It was shownsmaller than the equilibrium isotope effect of around unity
earlier, and confirmed here (see below), that reaction of the expected for deprotonation of DHARY).2 In fact, these

intermediate to form DHAP is ca. 3-fold faster than its
reaction to form GAP&4). Therefore, there should be a ca.
3-fold increase in the ability of hydron exchange at the
intermediate to compete with intramolecular transfer of the
IH label when the formation of GAP from DHAP is
monitored in BO than when the reverse formation of DHAP
from GAP is monitored in this solvent. This prediction is
confirmed in the following paper in this issue, which reports
a smaller 18% intramolecular transfer'sf to product GAP
during the isomerization of DHAP catalyzed by TIM in©®
(67).

Along with a different substrate, these two sets of
experiments also use a different isotopic label at both
substrate (tritium or hydrogen) and solvent(Hor D,O).

data are consistent with significant intramolecular transfer
of 'H from substrate GAP to give DHAP itH,0, because
this will result in anapparentdiscrimination against the
incorporation of tritium into the product DHAP that is
unrelated to the intrinsic kinetic isotope effect on the proton-
transfer step. For example, the observation that the specific
radioactivity of the product DHAP is 13% that of the solvent
is consistent with a smaller tritium discrimination isotope
effect of ca. 4 and a reaction in which 51% of the HM
enediol(ate) intermediate undergoes hydron exchange with
bulk solvent, and 49% undergoes intramolecular transfer of
the substrate-derivetH label to form DHAP, as is observed
here in BO.

(2) The observation that there is mietectableprimary

The effect of these differences on partitioning of the geuterium isotope effect okuy for turnover of [2R)-2H]-

intermediate between hydron exchange with solvent and GAp (d-GAP) by TIM in H,O (2, 66) would appear to be
intramolecular transfer of the substrate-derived hydron arejconsistent with a reaction in which there is significant

considered in the following paper in this issug);

(b) Partitioning of the TIM-Enediol(ate) Intermediate
between Formation of d-DHAP and d-GAR. value of
(kc-1)o/(Kc-2)p = 1.48 for partitioning of the TIM-enediol-
(ate) intermediate labeled at Glu-165 with deuterium from
solvent DO between hydron transfer to C-1 to fod¥DHAP
and to C-2 to formd-GAP (Scheme 3) can be calculated
from the ratio of the yields of these two products from the
reaction of GAP in RO (Table 1). This partitioning ratio is
consistent with results from the earlier study of the TIM-
catalyzed reaction of GAP in tritiated water, where it was

intramolecular transfer of deuterium frodrGAP to give the
productd-DHAP. This is becausk., for the reaction of GAP

is limited by proton transfer to the enediol(ate) to form
DHAP (2, 66), so that if there were substantial intramolecular
transfer of deuterium during the reactiondGAP in HO,
then a primary deuterium isotope effect should be observed.
However, the observed isotope effect of unitan be
rationalized alongside the 49% intramolecular transfer of
hydrogen for the reaction of GAP in,D observed here,
because there should besmallerfractional intramolecular
transfer of deuterium during the reactiond{GAP in HO.

shown that conversion of the reaction intermediate to prOdUCt The equi“brium deuterium isotope effect on proton transfer

DHAP is ca. 3-fold faster than the formation of B¢H]-
GAP by incorporation of tritium from solvent at C-2 of the
starting GAP 64). There is only a small 1.3-fold tritium
discrimination isotope effect against the formation oHR2(
3H]-GAP (63), so that partitioning of the intermediate to form
DHAP is ca. 3-fold faster than its partitioning to form GAP,
with (ke—1)n/(Kc—2)n =~ 3 for formation of'H-labeled DHAP

from DHAP to give the TIM-enediol(ate) complex is
expected to be around unity (see above), so that the primary
deuterium isotope effect on proton transfer to the enediol(ate)
to form DHAP is expected to be very similar tv/K)p =

2.9 determined for the turnover a-DHAP (66) in the
reverse direction. This should lead to a ca. 3-fold decrease
in the partitioning of the enediol(ate) between intramolecular

and GAP from the intermediate. The somewhat smaller ratio hydron transfer and hydron exchange with solvent for the

of (kc-1)o/(kc-2)o = 1.5 for formation ofd-DHAP and
d-GAP in D,O reported here can be attributed to the larger
primary deuterium isotope effect on proton transfer to C-1
to form d-DHAP than on proton transfer to C-2 to form
d-GAP (2, 66).

“Complex” Comparisons with Earlier WorkThe follow-
ing results from the breath-taking earlier work of Knowles

reaction ofd-GAP compared with GAP, reducing the fraction
of d-GAP that reacts with intramolecular transfer of deute-
rium to ca. 24%. Therefore, 76% of the reactiondeGAP

in H,O would proceed with hydron exchange to give DHAP
with an isotope effect of unity, and 24% of the reaction would
proceed with intramolecular transfer of deuterium to give
d-DHAP with an isotope effect of ca. 3. The net effect would

and co-workers are consistent with the results reported herepe a relatively small ca. 20% decrease in the reaction

(1) The observation that the specific radioactivity of the
product [1R)-*H]-DHAP formed by TIM-catalyzed isomer-
ization of GAP in tritiated water is 13% of the specific
radioactivity of the solvent is consistent with a 7.7-fold
tritium discrimination isotope effect on protonation of the
enediol(ate) intermediate to form R)-*H]-DHAP (64). By
comparison, a significantly smaller primary tritium isotope
effect of (V/K)r = 4.6 for conversion of DHAP to the
enediol(ate) intermediate can be calculated from the deute
rium isotope effect of V/K)p = 2.9 determined for the
isomerization of [1R)-°H]-DHAP (66), using the Swain
Schaad relationship/(K)t = [(V/K)p]*4* (68). The ratio of
these apparent tritium isotope effects for the reaction of

velocity, which would be difficult to detect.

Dynamics of Hydron Exchange at TIMIhe observation
of up to 6% intramolecular transfer of tritium from the
substrate [IR)-*H]-DHAP to product GAP during TIM-
catalyzed isomerization in J@ (46—48) appears to
be consistent with an enzyme active site and a bound
enediol(ate) intermediate that is exposed to interaction with

3 A value of ca. 1.0 is expected for the equilibrium tritium isotope
effect on hydron transfer from theecarbonyl carbon of bound substrate

to the carboxylate anion side chain of Glu-165, because fractionation
factors around unity have been reported for batbharbonyl protons

(Table 8 of ref 69) and carboxylic acid protons (Table 9 of ref 69).
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Scheme 4 not easily accounted for by an increase kp-¢)n, because
H op binding of the enediolate phosphate to TIM stabilizes the
VLN Rl H OO (ke H intermediate relative to reactant and thereby lowers the
g H;/EOD s oD - o activation barrier to its formatior2@, 71). This stabilization
OPOZ OPO.2 P02 is expected to result in a correspondithgcreasean (kc—1)w
GAP 8 DHAli for protonation of the intermediate (Schemes 3 and 4).
ke A simple strategy for enzymatic catalysis of proton transfer
H at carbon is to sequester the substrate at an active site with
H_O Dz OP an effective dielectric constant that is lower than that of
@ H.__0D) Stani _
D - 0 solvent water. For TIM, this will favor the rapid deproto-
D OD <=—— /ND S . . . p p
oD nation of its carbon acid substrates by enhancing the Brgnsted
OPOz* 0POLZ OPOz* basicity of the carboxylate anion side chain of Glu-183,(
d-GAP d-DHAP 73) and by strengthening stabilizing electrostatic and hydrogen-

bonding interactions between the enzyme and the enediol-

bulk solvent. This was implicit in the conclusion drawn in (ate) intermediate and/or transition state for its formation,
earlier studies that the substrate-derived hydron at therelative to the corresponding interactions in the polar solvent
carboxylic acid side chain of Glu-165 in the THnediol- water (74—76). Our results provide strong evidence that the
(ate) complex is “essentially at equilibrium” with those of enediol(ate) phosphate intermediate is bound to TIM in an
bulk solvent R). However, the results reported here require active site that is largely sequestered from bulk solvent. They
a revision of this conclusion, because a catalytic acid that are consistent with substantial shielding of the active site
partitions nearly equally between hydron exchange with from bulk solvent, which will have the effect of reducing
solvent O and proton transfer to the enediol(ate) to form the effective dielectric constant of the active site to below
DHAP (Kex/(kc-1)n = 1.04, Scheme 3 and Table 1) cannot that of water and toward the lower values estimated for the
be close to equilibrium with respect to hydron exchange with interiors of proteins {7—81). The following observations
bulk solvent. provide additional strong support for the conclusion that the

It is interesting to compare the partitioning of the enediol- TIM-catalyzed isomerization of triose phosphates occurs at
(ate) phosphate intermediate between hydron exchange an@n active site that is largely sequestered from solvent water.
intramolecular transfer of a hydrogen label when the (1) “Pulsing” by incubation of TIM in a small volume of
intermediate is formed in solution with its partitioning at the highly radioactive tritiated water, followed by a large dilution
active site of TIM. The enediolate phosphate that forms by into a “chase” solution of DHAP in unlabeled water, results
the nonenzymatic deprotonation of triose phosphates in waterin TIM-catalyzed formation of trittum-labeled DHAP and
undergoes mainly elimination of phosphate to form, ulti- GAP (82). The total tritium incorporation into these triose
mately, methylglyoxalZ4). However, the addition of buffer ~ phosphates shows saturation at high initial concentrations
catalysts such as the tertiary amine 3-quinuclidinor€,(p  of DHAP in the chase and corresponds to a limiting value
= 7.5) results in substantial Brgnsted catalysis of proton of 1—3 mol of tritum/mol of TIM, depending upon the
transfer to the enediolate phosphate and an increase in theource of TIM. No incorporation of tritium into DHAP or
partitioning of this intermediate toward formation of the GAP is observed when DHAP is added-2 s after the
isomerization product24). The deprotonation of GAP in  “chase” with unlabeled water. These data provide strong
water by 3-quinuclidinone (Scheme 4) gives an enedielate evidence for a “pool” of hydrons at the binding pocket of
3-quinuclidinone cation complex that is estimated to undergo TIM that remain bound long enough to allow for the binding
irreversible diffusional separation to free ions whkhy = of DHAP, its enzyme-catalyzed deprotonation, and repro-
1.6 x 109 s (70), which is much faster than its collapse tonation of the enediol(ate) intermediate to give tritium-
by proton transfer from the 3-quinuclidinone cation to C-1 labeled DHAP and GAPS8Q).
to give DHAP with c-1)n ~ 7 x 10° st (24). The (2) The —NOH proton of the enediolate phosphate
diffusional separation of the complex in,O will result in analogue phosphoglycolohydroxamic acid bound to yeast
the formation of products containing deuterium, so that  TIM exhibits a chemical shift of 14.9 ppm, which is
= kg = 1.6 x 10" s71, The resulting rate constant ratio deshielded by ca. 6.2 ppm from its value in DMSEB)
kex/(kc—1)n ~ 23 for partitioning of the intermediate leads to  This proton also has an unusually small fractionation factor
the expectation that the isomerization of GAP inCD of ¢ = 0.38 B3). These data provide evidence for the
catalyzed by 3-quinuclidinone will proceed with only ca. 4% formation of a low-barrier hydrogen bon@&4, 85 at an
intramolecular transfer of hydrogen to product DHAP enzyme active site of low effective dielectric constant that
(Scheme 4). This is much smaller than the 49% intramo- favors the formation of such hydrogen bond%,(79.
lecular transfer of hydrogen for the TIM-catalyzed isomer-  (3) Binding of the enediolate phosphate analogue phos-
ization of GAP in BO and corresponds to a ca. 20-fold phoglycolohydroxamic acid to yeast TIM results in a 44-
decreasen ked(kc—1)n for partitioning of the enediol(ate) fold decrease in the rate constant for exchange of #d N
between hydron exchange and proton transfer to C-1 uponproton of the active site residue His-95 with those of solvent
binding to the isomerase. water at 30°C (83). This is consistent with shielding of His-

The ca. 20-fold decrease Ry /(kc-1)n upon binding of 95 at the TIM-enediol(ate) complex from its interaction with
the enediolate phosphate to TIM is consistent with an enzymebulk solvent.
active site in which the catalytic acid/base is substantially (4) TIM contains a “mobile loop” of ca. 10 highly
shielded from hydron exchange with bulk solvent, because conserved and largely hydrophobic residues (Pro-146-
such shielding is expected to result in a decreadgirit is 176) that serves as a “lid” for the active site7( 33-36).
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These residues are thought to move as a rigid enti#y, (

and there is abundant evidence that substrate binding is
accompanied by a large protein motion as the mobile loop
moves to cover the phosphodianion group of the substrate

and “close” the active sitel@, 17, 37, 86-88). This should

at least partially sequester the bound substrate/intermediate

from interaction with the bulk solvent.

(5) Comparison of the X-ray crystal structures determined

for wild-yype yeast TIM and the K12M/G15A double mutant

revealed that the Lys to Met mutation results in the inability
of TIM to bind the enediolate phosphate analogue pho-
phoglycolohydroxamic acid and provided evidence that this

effect is electrostatic rather than steric in origB8), The
K12M mutation results in at least a2 10°-fold reduction

in keafKm for isomerization of GAP, which corresponds to a
>7 kcal/mol decrease in the stability of the transition state
for isomerization 88). These observations are consistent with
a low effective dielectric constant at the active site of TIM
that favors a strong electrostatic interaction between the
cationic side-chain of Lys-12 and the phosphodianion group

of the substrate.

(6) The pH dependence of binding of the enediolate

phosphate analogue phosphoglycolic add, (89, 90 to

rabbit muscle TIM is consistent with the titration of a group

with an apparentlg, of 6.5 91). However, the demonstration
that this inhibitor binds as itgianion rather than its dianion

to a form of TIM that contains one more proton than does

the free enzyme then implieKp~ 6.5 for the carboxylate
side chain of Glu-165 in the TIMphosphoglycolate complex
(92). This is substantially higher tharkp = 3.9 estimated
for Glu-165 at the free enzyme from the pirhte profile
for inactivation of yeast TIM by 3-chloroacetol sulfa@lj.

A simple explanation for this upward perturbation in th& p

of the active site carboxylate side chain is that binding of 16-
the reaction intermediate is accompanied by a substantial
decrease in the local dielectric constant of the enzyme active

site.

(7) X-ray crystallographic and kinetic studies of the E165D
and H95N mutants of chicken muscle TIM, and the E165D/
S96P and H95N/S96P double mutants, showed that the 18.
enzymatic activity is surprisingly sensitive to variations in
the presence and position of several ordered water molecules
in the active site that occur when the hydroxymethyl group 19.
of serine is replaced by the relatively bulky side chain of

proline 03—95). These effects are subtle and difficult to

rationalize but are consistent with the notion that the catalytic

efficiency of TIM stems from an active site that is highly
organized and largely sequestered from bulk solvent.
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