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We report that 80% of the enzymatic rate acceleration for the
prototypical proton transfer from carbon catalyzed by triosephos-
phate isomerase can be directly attributed to the remote phos-
phodianion group of the substrate (R)-glyceraldehyde 3-phosphate,
and that the intrinsic binding energy of this functional group in
the transition state for enzyme-catalyzed enolization is 14 kcal/
mol.

Triosephosphate isomerase (TIM) catalyzes the reversible
stereospecific aldose-ketose isomerization of (R)-glyceraldehyde
3-phosphate (GAP) to dihydroxyacetone phosphate (DHAP) by
a single-base (Glu-165) proton-transfer mechanism through acis-
enediol(ate) intermediate (Scheme 1).1-5 TIM is a paradigm for
enzymatic catalysis of proton transfer at carbon, and catalyzes
isomerization of the free carbonyl form of GAP to DHAP at the
diffusion-controlled limit withkcat/Km ) 2.4 × 108 M-1 s-1.2,3

We consider here the possibility that the large enzymatic rate
acceleration for TIM6 is due mainly to utilization of the intrinsic
binding energy of thenonreacting phosphate group of the
substrate.7

Electrostatic interaction of the substrate phosphodianion with
TIM is essential for optimal substrate binding and enzymatic
activity.8 For example, the K12M active site mutation drastically
decreases the ability of TIM to bind both DHAP and its
monoanionic analogue dihydroxyacetone sulfate.8b However, there
has been no quantification of the contribution of the substrate
phosphodianion group to the enzymatic rate acceleration. The
activity of TIM toward isomerization of (R)-glyceraldehyde (GA)
to give dihydroxyacetone (DHA) would not be detected by
conventional enzyme assays, but we have found that the very
slow reaction of GA in the presence of a large amount of TIM
can be monitored by1H NMR spectroscopy at 500 MHz. Figure
1 (b) shows the timecourse for the disappearance of 90% of 11
mM GA in the presence of 0.17 mM (4.5 mg/mL) rabbit muscle
TIM and 24 mM imidazole buffer (pD 7.0) in D2O at 25°C and
I ) 0.1 (NaCl).9 1H NMR analysis showed that GA exists as
94.6% hydrate and 5.4% free carbonyl under these conditions
(Khyd ) 17.5) and the reaction was followed by monitoring the
disappearance of the C-1 proton of GA hydrate at 4.84 ppm (d,

J ) 5 Hz).11 The data givekobsd ) 4.6 × 10-6 s-1 for
disappearance of GA, which is 50-fold larger thankobsd) 9.0×
10-8 s-1 determined in the absence of TIM under the same
conditions. Essentially all of the observed reaction of GA can be
attributed to the presence of the protein catalyst withkenz ) 4.5
× 10-6 s-1. Product analysis by1H NMR showed that ca. 60%
of the products correspond to those of isomerization to give both
H-DHA and D-DHA and deuterium exchange into substrate to
give D-GA (Scheme 2). These product data will be discussed in
a full report.

Figure 1 (9) shows the timecourse for the disappearance of
11 mM GA in the presence of 0.17 mM (4.5 mg/mL) rabbit
muscle TIM, 18 mM imidazole buffer (pD 7.0), and 8 mM of
the potent competitive inhibitor 2-phosphoglycolate (PGA,Ki ≈
5 µM)12,13 in D2O at 25°C and I ) 0.1 (NaCl). The data give
kobsd) 1.6× 10-6 s-1 for disappearance of GA, which is 10-fold
larger thankobsd ) 1.6 × 10-7 s-1 determined in the absence of
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Figure 1. Logarithmic timecourses for the disappearance of 11 mM (R)-
glyceraldehyde catalyzed by 0.17 mM rabbit muscle TIM at pD 7.0 in
D2O at 25°C and I ) 0.1 (NaCl). Values ofkobsd (s-1) were obtained
from the least-squares slopes (solid lines). Key: (b) In the presence of
24 mM imidazole buffer. (9) In the presence of 18 mM imidazole buffer
and 8 mM 2-phosphoglycolate (Ki ≈ 5 µM).12,13

Scheme 1

Scheme 2
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TIM under the same conditions, so thatkenz ) 1.5× 10-6 s-1 in
the presence of saturating PGA. Therefore, the isomerization of
GA at the active site of TIM isso slowthat its rate is comparable
with that of nonspecific protein-catalyzed degradation of GA that
occurs outside the enzyme active site.1H NMR analysis showed
that only 2% of the products of the reaction of GA in the presence
of TIM and saturating PGA correspond to those of isomerization
to give DHA.14 The net first-order rate constant for reaction of
GA at the active site of triosephosphate isomerase can be calcu-
lated askTIM ) (4.5-1.5)× 10-6 ) 3.0× 10-6 s-1 (Scheme 2).

A value of Ki ) (Km)GA ) 15 mM for competitive inhibition
of TIM by the free carbonylform of (R)-glyceraldehyde can be
calculated from the observed decreases inVmax upon addition of
64 mM total GA in competitive inhibition experiments in H2O
with GAP as substrate of 10% at [S]) (Km)GAP and 20% at [S]
) 0.4(Km)GAP.15 This tentative value of (Km)GA ) 15 mM for GA
is consistent with the observation of good first-order kinetics for
the turnover of 11 mM GA (0.6 mM free carbonyl form) by TIM
(Figure 1), which requires (Km)GA . 0.6 mM for free GA in D2O.
The second-order rate constant for deprotonation of (R)-glycer-
aldehyde by TIM in D2O at pD 7.0 can be calculated from eq 1
as kcat/Km ) 0.34 ( 0.05 M-1 s-1 (average value from two
experiments).16

Figure 2 shows free energy reaction coordinate profiles for
proton transfer from C-2 of GAP (lower profile, data of Knowles
and co-workers2,3,17) and GA (middle profile, data from this work
in D2O)16 to TIM. This shows that the total intrinsic binding
energy of the phosphate group of GAP in the transition state for

proton transfer to TIM to give the enediol(ate) is∆∆Gq ) 14.1
kcal/mol. The difference in the free energies of binding of GA
and GAP to TIM is∆∆Gb < 4.2 kcal/mol (Figure 2), which is
close to the free energy of binding of inorganic phosphate to the
enzyme (Ki ≈ 5 mM at pH 7.7).12 Therefore, more than 70%
(> 10 kcal/mol) of the total intrinsic binding energy of the
phosphate group of GAP is “utilized” to increase the rate constant
for proton transfer from the enzyme-bound carbon acid by at least
107-fold.7

The value ofkcat/Km ) 0.34 M-1 s-1 for proton transfer from
C-2 of GA to triosephosphate isomerase is only 50-fold larger
than the second-order rate constantkB ) 6.5× 10-3 M-1 s-1 for
deprotonation of GA by the small general base catalyst 3-quinu-
clidinone (pKa ) 7.5) (Figure 2, upper profile).18 The specific
activity of TIM (FW 26 000)10 is 4-fold smaller than that of
3-quinuclidinone (FW 125)! Thetotal rate acceleration for
triosephosphate isomerase, calculated as the ratio of the second-
order rate constants for deprotonation of GAP by TIM and
3-quinuclidinone, is given by [(kcat/Km)/kB] ) 2.4 × 108/6.5 ×
10-3 ) 4 × 1010.2,6,19 Therefore, our data show that ca. 84% of
the enzymatic rate acceleration for TIM can bedirectlyattributed
to utilization of the intrinsic binding energy of the small substrate
phosphodianion group that is remote from the site of chemical
transformation.7

There is a large binding interaction of>17 kcal/mol for the
ribose 5′-phosphate group of orotidine 5′-phosphate in the
transition state for the reaction catalyzed by orotidine 5′-phosphate
decarboxylase.20 To the best of our knowledge, the present work
is the first demonstration that the binding energy of a single small
functional group at a substrate accounts for almost the entire
enzymatic rate acceleration. This highlights the importance of
charged groups such as phosphodianions in providing binding
energy that can be utilized for catalysis. Sugar isomerases catalyze
the isomerization of sugars lacking the charged phosphate group
with the assistance of a highly charged metal dication,21 but are
far less efficient than sugar phosphate isomerases.22,23

In summary, attempts to understand the rate acceleration for
TIM should focus on elucidation of the physical mechanism for
the differential expression of binding interactions of the protein,
particularly the essential residues of the flexible “loop”24 and the
active site Lys-128b with the substrate phosphodianion group at
both the ground-state Michaelis complex and the transition state
for enzyme-catalyzed deprotonation of triosephosphates.7
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Figure 2. Free energy reaction coordinate profiles for enolization of
GA (R ) H, this work) and GAP (R) PO3

2-, Knowles and co-
workers2,3,17) catalyzed by TIM and of GA catalyzed by 3-quinuclidinone
(B, this work). The standard state is 1 M at 298 K.
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