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Abstract: The K12G mutation at yeast triosephosphate isomerase (TIM) results in a 5.5 × 105-fold decrease
in kcat/Km for isomerization of glyceraldehyde 3-phosphate, and the activity of this mutant can be successfully
“rescued” by NH4

+ and primary alkylammonium cations. The transition state for the K12G mutant TIM-
catalyzed reaction is stabilized by 1.5 kcal/mol by interaction with NH4

+. The larger 3.9 kcal/mol stabilization
by CH3CH2CH2CH2NH3

+ is due to hydrophobic interactions between the mutant enzyme and the butyl side
chain of the cation activator. There is no significant transfer of a proton from alkylammonium cations to
GAP at the transition state for the K12G mutant TIM-catalyzed reaction, because activation by a series of
RNH3

+ shows little or no dependence on the pKa of RNH3
+. A comparison of kcat/Km ) 6.6 × 106 M-1 s-1

for the wildtype TIM-catalyzed isomerization of GAP and the third-order rate constant of 150 M-2 s-1 for
activation by NH4

+ of the K12G mutant TIM-catalyzed isomerization shows that stabilization of the bound
transition state by the effectively intramolecular interaction of the cationic side chain of Lys-12 at wildtype
TIM is 6.3 kcal/mol greater than that for the corresponding intermolecular interaction of NH4

+ at K12G
mutant TIM.

Introduction

Triosephosphate isomerase (TIM) catalyzes the stereospecific,
reversible 1,2-hydrogen shift at dihydroxyacetone phosphate
(DHAP) to give (R)-glyceraldehyde 3-phosphate (GAP) by a
single-base (carboxylate side chain of Glu-165) proton transfer
mechanism through an enzyme-bound cis-enediolate intermedi-
ate (Scheme 1),1,2 which is stabilized by a hydrogen bond
between the enediolate oxyanion and the neutral imidazole side
chain of His-95.3 Although the chemical mechanism for catalysis
of deprotonation of R-carbonyl carbon by TIM is similar to that
observed for catalysis of this reaction by small Brønsted bases
in solution,4,5 the basicity of the Glu-165 carboxylate side chain
may be greatly enhanced by the protein catalyst.3,6 The second-
order rate constant kcat/Km ) 2.4 × 108 M-1 s-1 for TIM-
catalyzed isomerization of the free carbonyl form of GAP is 4
× 1010-fold larger than kB ) 6.5 × 10-3 M-1 s-1 for depro-
tonation of GAP by the small tertiary amine quinuclidinone.7,8

This shows that interactions with the protein catalyst stabilize
the transition state for general-base-catalyzed deprotonation of
GAP by ca. 14 kcal/mol.8

Two charged groups, one derived from substrate and the
second from the enzyme, are utilized in stabilization of the
transition state for TIM-catalyzed proton transfer. First, a
comparison of kcat/Km for isomerization of GAP with that for
enzyme-catalyzed deprotonation of glyceraldehyde shows that
interactions between TIM and the substrate phosphodianion
group stabilize the transition state by 12 kcal/mol.8,9 Second, a
comparison of kcat/Km for isomerization of GAP by wildtype
and K12G mutant TIM shows that interactions with the side
chain of Lys-12 stabilize the transition state by 7.8 kcal/mol.3

There is good evidence that this stabilization is due to
electrostatic interactions between the tethered cationic side chain
of Lys-12 and the enediolate-like transition state for the
isomerization reaction and that this includes interactions with
both the phosphodianion group and the developing negative
charge at the enolate oxyanion (Figure 1).3,10-12

Solvent water strongly attenuates electrostatic interactions
between dissolved ions. For example, Gibbs free energies of
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ca. 0 kcal/mol at a standard state of 1 M have been reported for
the formation of alkylammonium cation•phosphate anion pairs
in water.13,14 One explanation for the much larger 7.8 kcal/mol
interaction between the cationic side chain of Lys-12 of TIM
and the anionic transition state for the isomerization of GAP is
that the effectively intramolecular reaction of the side chain at
TIM is favored entropically in comparison to the bimolecular
reaction of alkylammonium cations as a result of the freezing
of translational, rotational, and other motions of the tethered
side chain. This reduces the entropic cost for formation of the
transition state of the enzymatic reaction, compared with
formation of the transition state for the corresponding bimo-
lecular reaction in water.15,16

We address here the importance of intramolecularity in the
enhancement of the effect of the cationic side chain of Lys-12
at the active site of TIM, by examining “rescue” of the impaired
catalytic activity of K12G mutant TIM by added ammonium
cations (NH4

+ and RNH3
+). These cations are highly effective

at restoring activity to K12G mutant TIM; however, their effect,
at a standard state of 1 M, on the stability of the transition state
for TIM-catalyzed isomerization of GAP is smaller than the
7.8 kcal/mol effect determined for the tethered cationic side
chain of Lys-12. Our data provide apparent effective molarities
(EMs) for the cationic side chain of Lys-12 at TIM ranging
from 730 to 44 000 M that depend upon the choice of the
activator cation.17,18 We present arguments that NH4

+ is the ap-
propriate reference activator cation for calculation of the entropic
advantage of the intramolecular alkylammonium side chain of
Lys-12 at wildtype TIM.

Experimental Section

Materials. Wildtype and K12G mutant TIM from Saccharomy-
ces cereVisiae were prepared and purified as described previously.3

Glycerol 3-phosphate dehydrogenase from rabbit muscle (GPDH)

was purchased from United States Biochemical, and bovine serum
albumin (BSA) was from Roche.

D,L-Glyceraldehyde 3-phosphate diethyl acetal (barium salt),
NADH (disodium salt), tetramethylammonium hydrogen sulfate,
and n-propylamine hydrochloride were from Sigma. Ammonium
chloride was from JT Baker. Ethylamine hydrochloride was from
Fluka. Triethanolamine hydrochloride, 2-fluoroethylamine hydro-
chloride, and imidazole were from Aldrich. Methylamine hydro-
chloride, n-butylamine hydrochloride, and 2-methoxyethylamine
were from TCI America. Imidazole was recrystallized from benzene.
Water was obtained from a Milli-Q Academic purification system.
All other commercially available chemicals were reagent grade or
better and were used without further purification.

Preparation of Solutions. Solution pH was determined at 25
°C using an Orion model 720A pH meter equipped with a
Radiometer pHC4006-9 combination electrode that was standard-
ized at pH 7.00 and 10.00. Solutions of the following ammonium
cations were prepared by dissolving the cationic form in water and
adjusting the solution to pH 7.3 ( 0.2 using 1.0 M NaOH: 1.0
M NH4

+, 1.0 M CH3NH3
+, 1.0 M CH3CH2NH3

+, 1.0 M CH3-
CH2CH2NH3

+, 1.0 M CH3CH2CH2CH2NH3
+, 0.125 M FCH2-

CH2NH3
+, and 0.50 M (CH3)4N+. A solution of 1.0 M MeOCH2-

CH2NH3
+ was prepared by adjusting a solution of the free amine

base to pH 7.5 using concentrated HCl. Solutions of D,L-glyceral-
dehyde 3-phosphate were prepared by hydrolysis of the diethyl
acetal and stored at -20 °C, as described previously.3,19,20

Enzyme Assays. All enzyme assays were carried out at 25 °C.
Changes in the concentration of NADH were calculated using an
extinction coefficient of 6220 M-1 cm-1 at 340 nm. Enzymes were
dialyzed at 4 °C against 20 mM triethanolamine (TEA) at pH 7.5,
and dilute solutions of TIM were stabilized by the inclusion of
0.01% (0.1 mg/mL) BSA. The subunit concentration of K12G
mutant yeast TIM in stock solutions was determined from the
absorbance at 280 nm using an extinction coefficient of 2.55 ×
104 M-1 cm-1 that was calculated using the ProtParam tool available
on the ExPASy server.21,22 GPDH was assayed by monitoring the
oxidation of NADH by DHAP at 340 nm, as described previously.20

The concentration of GAP in stock solutions of D,L-GAP was
determined from the amount of NADH consumed during quantita-
tive TIM-catalyzed isomerization of GAP to form DHAP that was
coupled to the oxidation of NADH using GPDH.

The activities of wildtype and K12G mutant yeast TIM were
determined by coupling the isomerization of GAP to the reduction
of the product DHAP by NADH catalyzed by GPDH. The standard
assay mixture (1.0 mL) contained 100 mM TEA at pH 7.5, 0.2
mM NADH, 5 mM D,L-glyceraldehyde 3-phosphate (D,L-GAP), and
ca. 1 unit of GPDH at I ) 0.10 (NaCl). A low background velocity
Vo, due to both the nonenzymatic isomerization of GAP and the
isomerization catalyzed by TIM that was present in the commercial
preparation of GPDH, was determined over a period of 2-4 min.
An aliquot of TIM was then added, and the total initial velocity
Vobsd was determined by monitoring the reaction for an additional
5-10 min. The initial velocity of the TIM-catalyzed reaction was
then calculated as Vi ) Vobsd - Vo, where Vo was generally e2% of
the initial velocity Vobsd.

Rescue of K12G TIM by Ammonium Cations. The effect of
added NH4

+ or RNH3
+ on the K12G mutant yeast TIM-catalyzed

isomerization of GAP at 25 °C was examined using assay mixtures
(1.0 mL) that contained 20 mM TEA buffer (pH 7.5, unless
indicated otherwise), 20-80 mM RNH3

+, 0.2 mM NADH, 2-12
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Figure 1. Structure of the active site of TIM, taken from the X-ray crystal
structure of McDermott and co-workers (PDB entry 1NEY),12 showing the
distances between the ε-NH3

+ of Lys-12 and the functional groups of the
enzyme-bound substrate DHAP.
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mM D,L-GAP, ca. 1 unit of GPDH, and 0.06-1.5 µM K12G TIM
at I ) 0.1 (NaCl), following the assay procedure described above.
At the end of each assay, the protein was removed by ultrafiltration
and the pH of the filtrate was determined and found to be within
0.01 unit of the initial pH of the TEA buffer.

Structures of K12G TIM Generated Using SYBYL. Structures
of K12G mutant TIM in the presence and absence of alkylammo-
nium cations were modeled using the molecular graphics software
SYBYL version 7.3 (Tripos Inc., St. Louis, MO). The starting point
for energy minimization was the X-ray crystal structure of yeast
TIM (containing the W90Y, W157F, and W168(FTR) mutations)
complexed with DHAP (Protein Data Bank entry 1NEY).12 The
K12G mutant was modeled by replacing the butylammonium side
chain of Lys-12 by hydrogen. Formal charges for the protein and
ligand were checked prior to assignment of Amber FF9923,24

charges for the protein and Gasteiger-Hückel charges for the
ligand. The automated docking package FlexiDock, a module of
SYBYL 7.3, was used to model the docking of CH3CH2NH3

+ on
the surface of the K12G mutant TIM•DHAP complex. The K12G
mutant TIM•DHAP•CH3CH2NH3

+ complex was generated by
holding the ethylammonium cation as a fixed, energy minimized,
aggregate during protein minimization by the Powell25 algorithm,
using the Tripos force field,26 and with a gradient termination of
10 000 iterations as the convergence criterion. The docking of
CH3CH2NH3

+ at the K12G mutant TIM•DHAP complex did not
significantly affect the coordinates of the protein complex.

Results

The slow nonenzymatic amine-catalyzed isomerization of
GAP to form DHAP was observed in earlier studies using
tertiary amines at pH 8.1-9.0.7 However, in the present work,
there was no change in the initial velocity for conversion of
GAP to DHAP in the absence of K12G TIM (Vo, see Experi-
mental Section) as the concentrations of ammonium cations were
increased from 0 to 0.10 M at pH 7.5, 25 °C, and I ) 0.10
(NaCl). This shows that, under our conditions, there is no
detectable catalysis of the nonenzymatic isomerization reaction
of GAP by either the free base or the conjugate acid of alkyl
amines at neutral pH.

Figure 2A shows the effect of increasing concentrations of
CH3CH2NH3

+ on the initial velocity of the K12G mutant TIM-
catalyzed isomerization of GAP at pH 7.5, 25 °C, and I ) 0.10
(NaCl). The slopes of these linear correlations give the apparent
second-order rate constant (kcat/Km)obsd at the particular concen-
tration of CH3CH2NH3

+. Families of plots similar to that in
Figure 2A were obtained for activation of K12G mutant TIM
by NH4

+, CH3NH3
+, CH3CH2CH2NH3

+, CH3CH2CH2CH2NH3
+,

MeOCH2CH2NH3
+, and FCH2CH2NH3

+. An increase in the
concentration of CH3CH2CH2NH3

+ from 0.020 to 0.10 M at
pH 7.5 has no effect (<10%) on the velocity of the wildtype
TIM-catalyzed isomerization of GAP, so that the activation by
CH3CH2CH2NH3

+ is specific for K12G mutant TIM.
Figure 2B shows the dependence of (kcat/Km)obsd (determined

as the slopes of the linear correlations in Figure 2A) for the
K12G mutant TIM-catalyzed isomerization of GAP on the
concentration of CH3CH2NH3

+. The values of (kcat/Km)obsd for
the K12G TIM-catalyzed reactions determined at pH 7.0 fall
on the same correlation line as those determined at pH 7.5,

where there is a 3-fold larger relative concentration of the basic
form of the amine. This shows that there is no detectable res-
cue of K12G mutant TIM by the basic form of the amine,
CH3CH2NH2, so that the observed activation is due exclusively
to rescue by CH3CH2NH3

+. These data show that substitution
of CH3CH2NH3

+ for the side chain of Lys-12 rescues the activity
of K12G mutant TIM.27-29 The following have no effect (<10%)
on the velocity of the K12G mutant TIM-catalyzed isomerization
of GAP at a constant ionic strength of 0.10, maintained with
NaCl: (a) an increase in the concentration of triethanolamine
buffer from 0.02 to 0.10 M; (b) an increase in the concentration
of (CH3)4N+ from 0 to 0.05 M.

Figure 3 shows the dependence of (kcat/Km)obsd for the K12G
mutant TIM-catalyzed isomerization of GAP on the concentra-
tion of several primary ammonium cations RNH3

+. The slopes
of these linear correlations give the third-order rate constants
for the activated reactions, (kcat/Km)am/Kd (M-2 s-1, Scheme 2),
that are reported in Table 1.

Figure 4A shows the space-filling representation of the surface
of yeast TIM complexed with DHAP in the region of Lys-12
that was prepared using the X-ray crystal structure data of
McDermott and co-workers (PDB entry 1NEY).12 The flexible
loop 6 is colored cyan, and the surface waters have been
removed for the sake of clarity. The side chain of Lys-12 extends
across the protein surface with the charged ε-NH3

+ group
oriented toward the phosphodianion group of bound DHAP.
Figure 4B and C show, respectively, model structures of the
K12G mutant TIM•DHAP complex and the same complex with
CH3CH2NH3

+ docked in the position of the excised side chain
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Figure 2. (A) Dependence of the initial velocity, normalized by the
concentration of enzyme, of K12G yeast TIM-catalyzed isomerization on
the concentration of GAP at various concentrations of added CH3CH2NH3

+

at pH 7.5, 25 °C, and I ) 0.10 (NaCl). The slopes of these linear correlations
give the apparent second-order rate constant (kcat/Km)obsd at the particular
concentration of CH3CH2NH3

+. Key: (9) [EtNH3
+] ) 0.0 M; (2) [EtNH3

+]
) 0.020 M; (1) [EtNH3

+] ) 0.040 M; ([) [EtNH3
+] ) 0.060 M; (b)

[EtNH3
+] ) 0.080 M. (B) Dependence of the apparent second-order rate

constant (kcat/Km)obsd for isomerization of GAP catalyzed by K12G yeast
TIM on the concentration of added CH3CH2NH3

+. Key: (b) at pH 7.5; (2)
at pH 7.0.
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of Lys-12 that were generated starting from the structure for
the TIM•DHAP complex using SYBYL (see Experimental
Section).

Discussion

There have been many reports of rescue of the activity of
mutant enzymes by small molecule analogues of the excised

amino acid side chain.27 The data in Figures 2 and 3 show that
primary ammonium cations RNH3

+ can effectively replace the
excised cationic side chain of Lys-12 and restore catalytic
activity to K12G mutant TIM. Table 1 reports the third-order
rate constants (kcat/Km)am/Kd (M-2 s-1) for activation and rescue
of the K12G TIM-catalyzed isomerization of GAP by several
different RNH3

+ (Scheme 2). These third-order rate constants
were determined as the slopes of the plots of (kcat/Km)obsd against
[RNH3

+] shown in Figure 3. There is no detectable curvature
in these plots for concentrations of cation activators up to 0.08
M. This shows that there is no significant formation of the binary
E•RNH3

+ or the ternary E•RNH3
+•GAP complexes under these

conditions so that K12G TIM has only a weak affinity for
RNH3

+.
The nature of the K12G mutation at TIM and of rescue of

the mutant enzyme by RNH3
+ are illustrated in Figure 4. Figure

4A shows the yeast TIM•DHAP complex12 in which the closed
flexible loop 6 (cyan) is wrapped around the phosphodianion
group of DHAP.32 The side chain of Lys-12 lies on the protein
surface, and its ε-NH3

+ group is anchored to the protein by a
hydrogen bond with the carboxylate side chain of Glu-97 (Figure
1). The ε-NH3

+ group is 3.1 Å distant from both the bridging
oxygen of the phosphodianion group and the carbonyl group
of bound DHAP (Figure 1). The cationic side chain of Lys-12
interacts with the substrate phosphodianion group in the ground
state, and the electrostatic interactions strengthen greatly on
proceeding to the enediolate-like transition state where Lys-12
also interacts with the developing negative charge at the enolate
oxygen.3 Figure 4B shows that the K12G mutation partly
exposes the substrate to bulk solvent, while Figure 4C illustrates
the docking of exogenous CH3CH2NH3

+ with K12G TIM at
the position of the excised side chain of Lys-12.

The location of the side chain of Lys-12 at the surface of
TIM, where it is strongly solvated by water, favors effective
rescue of K12G mutant TIM by added ammonium cations. By
comparison, there should be a less effective rescue of mutants
involving the side chains of charged residues buried inside
protein cavities, where the wildtype amino acid side chains are
“desolvated” in comparison to the side chain analog in water.
In this case, the unfavorable barrier for desolvation of the side
chain analog will contribute directly to the barrier for rescue.
A careful examination of the relative effectiveness of rescue of
mutations in different protein environments has the potential
to provide insight into the catalytic importance of “desolvation”
of catalytic side chains at the respective wildtype enzymes.

Substituent Effects on Rescue. The third-order rate constant
(kcat/Km)am/Kd for activation of the K12G mutant TIM-catalyzed
isomerization of GAP increases from 150 to 800 to 4100 M-2

s-1 when a H at NH4
+ is replaced first by a methyl group to

give CH3NH3
+ and then by an ethyl group to give CH3CH2NH3

+

(Table 1). This is consistent with stabilization of the transition
state by hydrophobic interactions between the enzyme and the
side chain R of the ammonium cation activator RNH3

+, resulting
in an increase in the affinity of the cation for K12G mutant
TIM (decrease in Kd and Kd

‡, Scheme 3). Lengthening of the
side chain at RNH3

+ to 3 and then to 4 carbons results in first
a decrease in (kcat/Km)am/Kd to 2100 M-2 s-1 and then an increase
to 9100 M-2 s-1 (Table 1). These changes reflect subtle effects
of the chain length of RNH3

+ on the stability of the protein•
RNH3

+ complex. There is a strong specificity for rescue by

(32) Pompliano, D. L.; Peyman, A.; Knowles, J. R. Biochemistry 1990,
29, 3186–3194.

Figure 3. Dependence of (kcat/Km)obsd for the K12G mutant TIM-catalyzed
isomerization of GAP on the concentration of RNH3

+ at pH 7.5, 25 °C,
and I ) 0.10 (NaCl). Key: (9) NH4

+; (2) CH3NH3
+; ([) CH3CH2CH2NH3

+;
(∆) FCH2CH2NH3

+; (b) CH3CH2NH3
+; (O) MeOCH2CH2NH3

+; (1)
CH3CH2CH2CH2NH3

+. The slopes of these linear correlation give the third-
order rate constants (kcat/Km)am/Kd for activation of K12G TIM by RNH3

+

(Table 1).

Scheme 2

Table 1. Third-Order Rate Constants and Derived Rate Constant
Ratios for Rescue of K12G Mutant Yeast TIM by NH4

+ and
RNH3

+ a

RNH3
+ pKa

(kcat/Km)am/Kd

(kcat/Km)am/Kd

(kcat/Km)K12G

(kcat/Km)WT

(kcat/Km)am/Kd

M-2 s-1 b M-1 c Md

NH4
+ 9.3e 150 13 44 000

CH3NH3
+ 10.6e 800 67 8300

CH3CH2NH3
+ 10.7e 4100 340 1600

CH3CH2CH2NH3
+ 10.6e 2100 180 3100

CH3CH2CH2CH2NH3
+ 10.6e 9100 760 730

MeOCH2CH2NH3
+ 9.7f 7400 620 890

FCH2CH2NH3
+ 9.2f 3100 260 2100

(CH3)4N+ no effect at 0.05 M (CH3)4N+

a For isomerization of GAP at pH 7.5, 25 °C, and I ) 0.10. (NaCl).
b Third-order rate constants for activation by the ammonium cation,
calculated as the slopes of the linear correlations in Figure 3 with the
intercept fixed at (kcat/Km)K12G ) 12 M-1 s-1 for reaction in the absence
of RNH3

+. c Calculated using (kcat/Km)K12G ) 12 M-1 s-1 for the
unactivated K12G TIM-catalyzed isomerization of GAP (ref 3). This is
equal to 1/Kd

‡ (see eq 1). d Calculated using (kcat/Km)WT ) 6.6 × 106 M-1

s-1 for wildtype yeast TIM-catalyzed isomerization of GAP (ref 3). This is
the apparent EM of the side chain of Lys-12, using the given ammonium
cation as the reference activator in the intermolecular reaction (see eq 3).
e Data from the literature.30 f Data from the literature.31
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primary ammonium cations. There is no significant rescue of
the K12G TIM-catalyzed isomerization of GAP by the quater-
nary ammonium ion (CH3)4N+ or by the conjugate acid of
triethanolamine, a tertiary ammonium cation.

Table 1 includes limited data relevant to the effect of changing
the pKa of RNH3

+ on the activation of K12G mutant TIM. Sim-
ilar third-order rate constants (kcat/Km)am/Kd were determined for
rescue of K12G mutant TIM by CH3CH2CH2CH2NH3

+ and
MeOCH2CH2NH3

+, whose side chains are nominally of the
same length but whose pKa values differ by 0.9 units. Replace-
ment of the CH3 group of CH3CH2CH2NH3

+ by F to give
FCH2CH2NH3

+ results in a 1.4 unit decrease in pKa and a small
ca. 50% increase in (kcat/Km)am/Kd, while replacement of the
terminal H of CH3CH2NH3

+ by F to give FCH2CH2NH3
+ results

in a 1.5 unit decrease in pKa but a ca. 30% decrease in (kcat/
Km)am/Kd. In short, there is no strong dependence of (kcat/Km)am/
Kd for rescue of K12G mutant TIM on the pKa of RNH3

+. These
results are consistent with the conclusion that the Brønsted
parameter R for rescue by ammonium cations is close to zero.
Therefore, there is little or no formal proton transfer from the
cationic activator to the developing enolate oxygen in the
transition state, so that the ammonium cation is fully protonated
at the transition state for the TIM-catalyzed isomerization of
GAP. The results are inconsistent with the prediction of a
computational study that full proton transfer from the ε-NH3

+

group of Lys-12 to the substrate phosphodianion group precedes
enolization of the substrate,33 because the coupling of this proton
transfer to catalysis would require a Brønsted coefficient of R
) 1.0 for activation of K12G mutant TIM by ammonium
cations.

TIM in Pieces. The side chain of Lys-12 at wildtype TIM
sits at the surface of the protein where it is exposed to solvent
(Figure 4A).12,34 Deletion of this side chain “in silico” leaves

a gap at the K12G mutant, and it would appear that there is
no impediment to the “binding” of NH4

+ and RNH3
+. The

ability of primary ammonium cations to activate and rescue
K12G mutant TIM and the advantage of covalent attachment
of the cationic activator to the enzyme can be quantified by
two parameters that are related by the overall effect of the
K12G mutation on the TIM-catalyzed isomerization of GAP
(Table 1).

First, the ratio of the third-order rate constant (kcat/Km)am/Kd

for rescue of K12G mutant TIM by RNH3
+ and the second-

order rate constant (kcat/Km)K12G for the unactiVated K12G mutant
TIM-catalyzed isomerization provides a measure of the stabi-
lization of the transition state for the mutant enzyme-catalyzed
reaction by a standard state of 1 M activator cation (Scheme 3
and Table 1). Equation 1 shows the simple relationship between
this ratio and the association constant 1/Kd

‡ for binding of
RNH3

+ to the transition state for the K12G mutant TIM-
catalyzed isomerization of GAP. Equation 2 defines the stabi-
lization of the transition state by interactions with the cationic
activator at a standard state of 1 M, ∆GRNH3

‡.

Second, the ratio of the second-order rate constant (kcat/Km)WT

for the wildtype TIM-catalyzed reaction and the third-order rate
constant (kcat/Km)am/Kd for rescue of K12G mutant TIM by
RNH3

+ gives the effective molarity (EM, eq 3) of the am-
monium side chain of Lys-12 at the wildtype enzyme (Table
1).17 Equation 3 shows that the EM is also given by the product
of the oVerall effect of the K12G mutation and the dissociation
constant for RNH3

+ from the transition state, Kd
‡ (Scheme 3).

The observed EM depends partly or entirely on the entropic
advantage of the effectively intramolecular interaction of the
ε-NH3

+ side chain of Lys-12 at wildtype TIM compared with
the bimolecular activation of K12G mutant TIM by RNH3

+

(Scheme 3). Table 1 reports the various values of EM for the
cationic side chain of Lys-12 that were calculated from the data
for several different ammonium cation activators.

(33) Guallar, V.; Jacobson, M.; McDermott, A.; Friesner, R. A. J. Mol.
Biol. 2004, 337, 227–239.

(34) Kursula, I.; Wierenga, R. K. J. Biol. Chem. 2003, 278, 9544–9551.

Figure 4. Space-filling representations of the surface of TIM complexed with DHAP in the region of Lys-12, generated as described in the Experimental
Section. The flexible loop 6 is shown in cyan; the alkylammonium side chain of Lys-12 at the wildtype enzyme is colored black (carbon), white (hydrogen),
and dark blue (nitrogen); and the substrate DHAP is colored black, white, red (oxygen), and orange (phosphorus). (A) Wildtype yeast TIM (PDB entry
1NEY).12 (B) K12G mutant TIM. (C) K12G mutant TIM with CH3CH2NH3

+ docked in the position of the excised side chain of Lys-12. The surface waters
have been removed for the sake of clarity.
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Equation 4 defines the connection energy ∆GS
‡ as the

difference between the activation barriers for the isomerization
reaction catalyzed by K12G TIM in the presence of 1 M RNH3

+,
∆GK12G

‡ + ∆GRNH3
‡, and by the wildtype enzyme, ∆GWT

‡. There
is a simple direct correspondence between this connection
energy and EM (eq 4). Equation 5 shows that there is an inverse
relationship between the EM calculated for a given reference
cation activator and its transition state dissociation constant Kd

‡,
because their ratio is equal to the constant 5.5 × 105-fold overall
effect of the K12G mutation on kcat/Km for isomerization of
GAP. Equation 6, the logarithmic equivalent of eq 5, partitions
the constant 7.8 kcal/mol overall effect of the K12G mutation
on the activation barrier for isomerization of GAP into the part
that can be rescued by 1 M activator, -∆GRNH3

‡, and the ob-
served advantage to the intramolecular reaction, ∆GS

‡.
Connection Energy. The connection energy ∆GS

‡ (eq 4) is
the empirical transition state stabilization obtained by connecting
the two enzyme pieces K12G and RNH3

+.16 In the simplest
case, this connection energy would be largely an entropy term
and a function of the change in the overall translational and
rotational entropy observed when a free ammonium cation
activator in a bimolecular reaction is immobilized at the enzyme
active site. However, ∆GS

‡ may also include an enthalpic
component, in the case where there is an enthalpic advantage
or disadvantage to the intermolecular reaction that does not
contribute to the barrier for the wildtype enzyme-catalyzed
reaction. For example:

(1) The unfaVorable enthalpic barrier for desolvation of the
side chain analog upon binding to the mutant enzyme may add
to the barrier to intermolecular rescue, but by definition it cannot
contribute to the barrier for the wildtype enzyme-catalyzed
reaction because the price for desolvation of the side chain is
paid during protein folding. In the limiting case, where the

barrier to desolvation is so large that rescue becomes poor or
negligible, Kd

‡ will be very large and hence there will be a
correspondingly large advantage to the reaction of the tethered
protein side chain (large EM, eq 5). Such large EMs will include
the unfavorable enthalpic barrier to the intermolecular reaction
and will therefore oVerestimate the entropic advantage to the
intramolecular reaction.

(2) Stabilizing enthalpic binding interactions between the
activator and the enzyme may reduce the barrier to intermo-
lecular rescue, but by definition they cannot affect the barrier
to the wildtype enzyme-catalyzed reaction because the interac-
tions between the side chain and the protein are already present
at the ground state enzyme. In the limiting case where the
activator binds very tightly to the enzyme, Kd

‡ will be very small
and hence there will be a correspondingly small advantage to
the reaction of the tethered protein side chain (small EM, eq
5). Such small EMs will include the favorable enthalpic barrier
to the intermolecular reaction and will, therefore, underestimate
the entropic advantage to the intramolecular reaction.

Figure 5 shows that the advantage of tethering NH4
+,

CH3NH3
+, and CH3CH2NH3

+ to the enzyme, ∆GS
‡, becomes

progressively smaller as the transition state protein•activator
complex is stabilized enthalpically by interactions between TIM
and the alkyl side chain of the activator (decrease in Kd

‡). We
propose that the limiting value of ∆GS

‡ ) 6.3 kcal/mol for
activation of TIM by NH4

+ provides a fair estimate of the
entropic advantage of the effectively intramolecular interaction
of the side chain of Lys-12 at wildtype TIM over the inter-
molecular interaction of an ammonium cation activator and the
K12G mutant. The larger connection energy of ∆GS

‡ ) 6.3 kcal/
mol for NH4

+ compared with ∆GS
‡ ) 5.3 kcal/mol for CH3NH3

+

calculated from the data in Table 1 might reflect the larger
energetic cost of “desolvation” of NH4

+ compared with the
simple primary ammonium cation. However, the further decrease
to ∆GS

‡ ) 4.4 kcal/mol for activation by CH3CH2NH3
+ suggests

that these effects are likely related to stabilization of the
TIM•activator complex by interactions between the mutant
enzyme and the alkyl group of RNH3

+, rather than to the effects
of solvation. We cannot rigorously evaluate the contribution of
the barrier to desolvation of NH4

+ to Kd
‡ for activation by NH4

+

but suggest that this is small. In aqueous solution NH4
+

participates in five hydrogen bonds with water molecules in the
first hydration layer.35 The price of desolvation of the first water
during the binding of NH4

+ to K12G mutant TIM should be
recovered through formation of a hydrogen bond to the
carboxylate side chain of Glu-97 (Figure 1). It is not known

(35) Jorgensen, W. L.; Gao, J. J. Phys. Chem. 1986, 90, 2174–2182.

Scheme 3

(kcat/Km)am/Kd

(kcat/Km)K12G
) 1

Kd
‡

(1)

∆GRNH3
‡ ) -RT ln(1/Kd

‡) (2)

EM )
(kcat/Km)WTKd

(kcat/Km)am
)

(kcat/Km)WTKd
‡

(kcat/Km)K12G
(3)

∆GS
‡ ) (∆GK12G

‡ + ∆GRNH3
‡ ) - ∆GWT

‡ ) RT ln EM
(4)

(kcat/Km)WT

(kcat/Km)K12G
) EM/Kd

‡ ) 5.5 × 105 (5)

∆GK12G
‡ - ∆GWT

‡ ) ∆GS
‡ - ∆GRNH3

‡ ) 7.8 kcal/mol
(6)

Figure 5. A comparison of the binding energy of primary ammonium
cations to the transition state for K12G mutant TIM-catalyzed isomerization
of GAP, -∆GRNH3

‡, and the apparent transition state stabilization obtained
from connecting these activators to the mutant enzyme, ∆GS

‡. The sum of
these terms is equal to the overall stabilization of the transition state for
the wildtype TIM-catalyzed isomerization of GAP by interaction with the
cationic side chain of Lys-12, ∆GK12G

‡ - ∆GWT
‡ ) 7.8 kcal/mol (eq 6).
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whether loss of the further water molecules of solvation from
NH4

+ is required for effective rescue. However, the small and
apparently “normal” ca. 1 kcal/mol effect of the methyl
substituent on -∆GRNH3

‡ for activation by CH3NH3
+ (Figure

5) suggests that the requirement for desolvation that ac-
companies binding of NH4

+ is no greater than that for the
desolvation of CH3NH3

+. If there is a significant barrier to the
desolvation of NH4

+ in the intermolecular reaction that is not
observed in the reaction of wildtype TIM, then the apparent
6.3 kcal/mol advantage to connection of the cationic activator
to TIM (Figure 5) will overestimate the advantage of the
intramolecular interaction of the ε-NH3

+ of the side chain of
Lys-12.

Other Enzymes. Orotidine 5′-monophosphate decarboxylase
(OMPDC) catalyzes the decarboxylation of orotidine 5′-mono-
phosphate (OMP) to give uridine 5′-monophosphate (UMP)
through an unstable vinyl carbanion intermediate.36,37 The
guanidinium cation side chain of Arg-235 (numbering for
the enzyme from yeast) forms a bidentate ion pair with the
phosphodianion group of the bound intermediate analog 6-hy-
droxyuridine 5′-monophosphate, and its position adjacent to the
phosphate gripper loop 7 of OMPDC resembles the positioning
of Lys-12 adjacent to loop 6 of TIM (Figure 4A).38 The R235A
mutation at yeast OMPDC results in a ∆GR235A

‡ - ∆GWT
‡ )

5.8 kcal/mol destabilization of the transition state for OMPDC-
catalyzed decarboxylation of OMP,18 which is smaller than the
7.8 kcal/mol effect of the K12G mutation at TIM.3 One reason
for the difference is that Arg-235 at OMPDC lies further from
the developing negative charge in the transition state at C-6 of
the pyrimidine ring of OMP, compared with the relatively close
proximity of Lys-12 at TIM and the developing negative charge
at the enediolate formed from deprotonation of GAP or DHAP.

There is a larger stabilization of the transition state for
R235A mutant OMPDC by 1 M guanidinium cation, ∆GGua

‡

) -2.8 kcal/mol, compared with ∆GRNH3
‡ ) -1.5 kcal/mol

for the activation of K12G mutant TIM by 1 M NH4
+ (Figure

5), despite the apparently smaller stabilizing interaction of
the guanidinium cation side chain of Arg-235 at OMPDC
(5.8 kcal/mol effect of the R235A mutation) than that of the
alkylammonium cation side chain of Lys-12 at TIM (7.8 kcal/
mol effect of the K12G mutation). This difference is due
partly or entirely to the larger favorable enthalpy change for
binding of the bidentate guanidinium cation to the [OMPDC•
OMP] complex (Kd ) 0.05 M)18 than for binding of NH4

+

to the TIM•GAP complex (Kd . 0.1 M, Vide infra). However,
there is a smaller connection energy of ∆GS

‡ ) 5.8 + ∆GGua
‡

) 3.0 kcal/mol (see eq 4) for covalent tethering of the R235A
OMPDC and guanidinium cation pieces compared with ∆GS

‡

) 6.3 kcal/mol for covalent tethering of the K12G TIM and
NH4

+ pieces.
The difference in these values of ∆GS

‡ for OMPDC and TIM
reflects the wholly empirical nature of ∆GS

‡ and hence the
difficulty in assessing the quality of the reference bimolecular
reaction of the activator cation used in its determination via
eqs 3 and 4. The true entropic advantage of the intramolecular
reaction of the whole enzyme will be smaller than these apparent
advantages when there is a barrier to the bimolecular reference

reaction, such as desolvation of the activator cation, that does
not contribute to the barrier for the intramolecular reaction. The
entropic advantage of the intramolecular reaction will be larger
than these apparent advantages when there is a driving force
for the bimolecular reference reaction that does not contribute
to the intramolecular reaction, such as stabilizing hydrophobic
interactions of the activator with the protein. There can be little
such stabilization of the complex between NH4

+ and K12G TIM,
and we therefore propose that ∆GS

‡ ) 6.3 kcal/mol for
connection of the K12G TIM and NH4

+ pieces provides a fair
estimate of the entropic advantage to the reaction of the whole
enzyme. The rescue of R57G mutant ornithine transcarbamy-
lase39 and of R127A mutant carboxypeptidase40 by guanidine
derivatives has been reported. It would be useful to extend the
present work and to determine values for ∆GS

‡ and ∆GGua
‡ for

the reactions of these enzyme pieces.

Conclusions and Speculation

The 7.8 kcal/mol stabilization of the transition state for the
TIM-catalyzed isomerization of GAP by the cationic side chain
of Lys-12 is critical for the observation of robust catalysis.3

TIM is by some criteria a “perfect” enzyme1,41 so that 7.8 kcal/
mol may be approaching an upper limit for stabilization of a
transition state trianion by electrostatic interaction with a side
chain monocation. The ε-NH3

+ group of Lys-12 at the surface
of TIM is directed toward both the phosphodianion and carbonyl
groups of bound DHAP (Figure 4A) while the reacting
functional groups of the substrate are buried in the protein
interior,12,34 where the local dielectric constant is expected to
be smaller than that of water.42-44 This reduction in the local
dielectric constant will have the effect of enhancing stabilizing
electrostatic interactions in the transition state for both the
intramolecular and intermolecular reactions.45 The relatively
large 1.5 kcal/mol stabilization of the transition state for
isomerization of GAP catalyzed by K12G mutant TIM by 1.0
M NH4

+ is consistent with such an enhancement of electrostatic
stabilization.

There are several related proposals in the literature that
attempt to explain the large advantage of enzymes over small
molecules as catalysts of chemical reactions. It has been
suggested that the catalytic residues at enzyme active sites are
“preorganized for reactions”46 or “optimally aligned” for
catalysis12 and that “electrostatic stabilization” of the transition
state for enzymatic reactions is favored because of the small
energetic cost of “reorganization” at the preorganized environ-
ment of an enzyme active site.47 These models each predict a
greater stabilization of the transition states for enzymatic re-
actions by effective intramolecular electrostatic interactions
between charged amino acid side chains and the enzyme-bound
transition state, compared with the stabilization observed in the
corresponding intermolecular reaction of the amino acid side
chain analog.

(36) Amyes, T. L.; Wood, B. M.; Chan, K.; Gerlt, J. A.; Richard, J. P.
J. Am. Chem. Soc. 2008, 130, 1574–1575.

(37) Toth, K.; Amyes, T. L.; Wood, B. M.; Chan, K.; Gerlt, J. A.; Richard,
J. P. J. Am. Chem. Soc. 2007, 129, 12946–12947.

(38) Miller, B. G.; Hassell, A. M.; Wolfenden, R.; Milburn, M. V.; Short,
S. A. Proc. Natl. Acad. Sci. U.S.A. 2000, 97, 2011–2016.

(39) Rynkiewicz, M. J.; Seaton, B. A. Biochemistry 1996, 35, 16174–16179.
(40) Phillips, M. A.; Hedstrom, L.; Rutter, W. J. Protein Sci. 1992, 1, 517–

521.
(41) Albery, W. J.; Knowles, J. R. Biochemistry 1976, 15, 5627–5631.
(42) Antosiewicz, J.; McCammon, J. A.; Gilson, M. K. Biochemistry 1996,

35, 7819–7833.
(43) Sham, Y. Y.; Muegge, I.; Warshel, A. Biophys. J. 1998, 74, 1744–

1753.
(44) Georgescu, R. E.; Alexov, E. G.; Gunner, M. R. Biophys. J. 2002,

83, 1731–1748.
(45) Richard, J. P.; Amyes, T. L. Bioorg. Chem. 2004, 32, 354–366.
(46) Cannon, W. R.; Benkovic, S. J. J. Biol. Chem. 1998, 273, 26257–

26260.
(47) Warshel, A. J. Biol. Chem. 1998, 273, 27035–27038.
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Our best estimate for the entropic advantage to reaction of
the ε-NH3

+ of the side chain of Lys-12 at wildtype TIM,
compared to the bimolecular reaction of an ammonium cation,
is 6.3 kcal/mol. The summation of such large entropic advan-
tages for a pair or trio of catalytic side chains would go a long
way toward rationalizing the large rate accelerations observed
for some enzyme catalysts.15,16 One obvious challenge to
designing proteins with enzyme-like catalytic activities will be
the engineering of amino acid side chains that exhibit the high
effective molarities of catalytic side chains observed for catalysis

by OMPDC,18 TIM (this work), mandelate racemase,48 and,
presumably, other enzyme catalysts.
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