
Enzyme Architecture: Optimization of Transition State Stabilization
from a Cation−Phosphodianion Pair
Archie C. Reyes, Astrid P. Koudelka, Tina L. Amyes, and John P. Richard*

Department of Chemistry, University at Buffalo, SUNY, Buffalo, New York 14260-3000, United States

*S Supporting Information

ABSTRACT: The side chain cation of R269 lies at the
surface of L-glycerol 3-phosphate dehydrogenase (GPDH)
and forms an ion pair to the phosphodianion of substrate
dihydroxyacetone phosphate (DHAP), which is buried at
the nonpolar protein interior. The R269A mutation of
GPDH results in a 110-fold increase in Km (2.8 kcal/mol
effect) and a 41 000-fold decrease in kcat (6.3 kcal/mol
effect), which corresponds to a 9.1 kcal/mol destabilization
of the transition state for GPDH-catalyzed reduction of
DHAP by NADH. There is a 6.7 kcal/mol stabilization of
the transition state for the R269A mutant GPDH-catalyzed
reaction by 1.0 M guanidinium ion, and the transition state
for the reaction of the substrate pieces is stabilized by an
additional 2.4 kcal/mol by their covalent attachment at
wildtype GPDH. These results provide strong support for
the proposal that GPDH invests the 11 kcal/mol intrinsic
phosphodianion binding energy of DHAP in trapping the
substrate at a nonpolar active site, where strong electro-
static interactions are favored, and obtains a 9 kcal/mol
return from stabilizing interactions between the side chain
cation and transition state trianion. We propose a wide
propagation for the catalytic motif examined in this work,
which enables strong transition state stabilization from
enzyme−phosphodianion pairs.

The large 11−13 kcal/mol binding energy of the
phosphodianion group of substrates for triosephosphate

isomerase (TIM),1 orotidine 5′-monophosphate decarboxylase
(OMPDC),2 and L-glycerol 3-phosphate dehydrogenase
(GPDH)3 (Scheme 1) is used to drive an energetically
demanding change in structure, which locks their substrates
in a protein cage.4−6 We are interested in understanding the
mechanism by which this investment in binding energy is
returned as stabilization of the transition state for these
enzymatic reactions.7−9 Figure 1A shows the surface of yeast
OMPDC (ScOMPDC) from an X-ray crystal structure of the
complex with the tight-binding inhibitor 6-hydroxyuridine 5′-
monophosphate (BMP).5 The phosphodianion gripper loop
(Pro202-Val220) and pyrimidine umbrella (Glu152-Thr165),
shaded red, trap BMP in a protein cage, and the guanidinium
ion side chain of R235, shaded black, forms an ion pair with the
substrate phosphodianion.5 The R235A mutation at ScOMPDC
results in an 1200-fold increase in Km and a 15-fold decrease in
kcat for decarboxylation of OMP, corresponding to a 5.6 kcal/
mol destabilization of the transition state.10 There is strong
activation of the R235A mutant enzyme by the added

guanidinium cation (Gua+), and 1 M Gua+ stabilizes the
decarboxylation transition state by 3.0 kcal/mol.11

Figure 1B shows the surface of human L-glycerol 3-phosphate
dehydrogenase (hsGPDH), from an X-ray crystal structure of
the nonproductive ternary complex with substrate dihydrox-
yacetone phosphate (DHAP) and the oxidized nicotinamide
cofactor NAD+.6 The loop (Leu292-Leu297, shaded red) locks
the ligand in a protein cage, while the guanidinium ion side
chain of R269 (shaded black) forms an ion pair with the
substrate phosphodianion. There are no direct interactions
between the phosphodianion and “capping” loop of GPDH.
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Scheme 1

Figure 1. Representations, from X-ray crystal structures, of the
surfaces of enzyme-ligand complexes: the loops that trap the ligand in
a catalytic cage are shaded red, and the guanidine side chains at the
protein surface are shaded black. (A) The complex between
ScOMPDC and 6-hydroxyuridine 5′-monophosphate (BMP) (PDB
entry 1DQX). (B) The nonproductive ternary complex of
dihydroxyacetone phosphate (DHAP) and NAD+ with hsGPDH
(PDB entry 1WPQ).

Communication

pubs.acs.org/JACS

© 2015 American Chemical Society 5312 DOI: 10.1021/jacs.5b02202
J. Am. Chem. Soc. 2015, 137, 5312−5315

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.5b02202
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


This suggests that the loop functions to sequester DHAP from
solvent at the relatively nonpolar active site cage.7 The
similarity between the positioning of capping loops relative to
the side chain cation for OMPDC and GPDH prompted the
prediction of a similar role for these side chain cations in
catalysis.12 We report results, which confirm this prediction,
and a discussion of the origin of catalytic power of the motif
shown in Figure 1.
Wildtype GPDH from human liver (hsGPDH) was cloned

and overexpressed.12 The enzyme was assayed at pH 7.5 (100
mM triethanolamine buffer) and I = 0.12 (NaCl) by
monitoring the oxidation of NADH by DHAP.3 Standard
protocols were followed (Supporting Information) in con-
structing, expressing, and purifying the R269A mutant of
hsGPDH from Escherichia coli that also contained host
ecGPDH. The crude protein mixture obtained from an
ammonium sulfate fractionation was twice purified over a Q-
sepharose ion-exchange column. The host ecGPDH apparently
eluted first, and the mutant hsGPDH eluted from the second
Q-sepharose column with a constant apparent specific activity
of 0.001 units/mg.
GPDH-catalyzed reduction of DHAP follows an ordered

kinetic mechanism, with the NADH cofactor binding first to
the enzyme.13 The Michaelis−Menten plot of initial velocity
data (v/[E] against [DHAP]) for R269A mutant hsGPDH-
catalyzed reduction of DHAP carried out using either 0.10 or
0.20 mM NADH (Figure S2) shows an excellent fit to the
single set of kinetic parameters kcat and Km reported in Table 1:
this is consistent with Km ≪ 0.10 mM for NADH. A
comparison of the kinetic parameters for wildtype and R269A
mutant hsGPDH (Table 1) shows that the mutation results in a
4.6 × 106-fold decrease in kcat/Km, which is divided between
110-fold and 40 000-fold, respectively, changes in Km and kcat.
There is no detectable activation of wildtype GPDH by the

guanidinium ion (Gua+), but the activity lost upon the R269A
substitution is rescued, with unusual efficiency, by binding of
Gua+ from solution (Supporting Information).14,15 Figure 2
shows the effect of increasing [Gua+] on the second-order rate
constant (kcat/Km)obs for hsGPDH-catalyzed reduction of
DHAP. The values of (kcat/Km)obs for reactions in the presence
of different fixed [Gua+] were determined as the slopes of the
linear correlations from Figure 2A. Figure 2B shows the effect
of increasing [Gua+] on (kcat/Km)obs. The slope of the linear
correlation at [Gua+] < 0.05 M is equal to the third-order rate
constant (kcat/Km)Gua/Kd = 8.0 × 104 M−2 s−1 for activation
(Scheme 2). The slight downward curvature for reactions in the
presence of high [Gua+] (dashed line, Figure 2B) is due to
either weak saturation of hsGPDH by Gua+ or the specific salt
effect of replacing NaCl by Gua+·Cl−.

The efficacy of activation of R269A mutant hsGPDH by
Gua+ and the advantage from covalent attachment of the
activator to the enzyme are quantified, respectively, by two
parameters, ΔGGua

‡ and ΔGS
‡ (eqs 1−4, derived for Scheme

2).16,17 The first parameter, ΔGGua
‡ = −6.7 kcal/mol (Table 1),

is determined from the ratio of the third-order rate constant
(kcat/Km)Gua/Kd for rescue of R269A mutant hsGPDH by Gua+

and the second-order rate constant (kcat/Km)R269A for the
unactivated mutant enzyme-catalyzed reaction (eqs 1 and 2).
This ratio is equal to 1/Kd

‡ for release of Gua+ from the
transition state for the mutant enzyme-catalyzed reaction
(Scheme 2) and, therefore, defines the stabilization of the
transition state by interaction with 1.0 M Gua+ (Table 1).
The second parameter, ΔGS

‡, is determined from the ratio of
the second-order rate constant (kcat/Km)WT and the third-order
rate constant (kcat/Km)Gua/Kd for rescue of R269A mutant

Table 1. Effect of the R269A Mutation on the Kinetic Parameters and Activation Barriers for Reactions Catalyzed by Wildtype
hsGPDH at pH 7.5 (triethanolamine buffer), 25 °C, and I = 0.12 (NaCl)

Kinetic Parameters and the Effect of Gua+ on the Activation Barriersa

GPDH kcat (s
−1)b

ΔΔG‡

(kcal/mol)c Km (M)b
ΔΔG°

(kcal/mol)c
kcat/Km

(M−1 s−1)b
ΔΔG‡

(kcal/mol)c
(kcat/Km)Gua/Kd
(M−2 s−1)d

ΔG‡
Gua

(kcal/mol)e
ΔG‡

S
(kcal/mol)f

WTg 240 5.2 × 10−5 4.6 × 106

R269A (5.9 ± 0.4)
× 10−3

6.3 (5.7 ± 0.5)
× 10−3

2.8 1.0 ± 0.15 9.1 (8.0 ± 0.5) × 104 −6.7 2.4

aThe uncertainty in the kinetic parameters is the standard error from least-squares fits of the kinetic data. bKinetic parameter for hsGPDH-catalyzed
reactions at a saturating concentration of NADH. cEffect of the mutation on ΔG for the reaction in the previous column. dThird-order rate constant
for activation of hsGPDH by Gua+. eEquation 2. fEquation 4. gData from ref 12.

Figure 2. Effect of Gua+ on R269A mutant hsGPDH-catalyzed
reduction of DHAP by NADH for reactions at pH 7.5 (20 mM
triethanolamine buffer), 25 °C, saturating [NADH] = 0.2 mM, and I =
0.12 (NaCl). (A) The increase in v/[E] (s−1), with increasing
[DHAP], for reactions at different fixed [Gua+]: (◆) 2 mM Gua+;
(▼) 5 mM Gua+; (▲) 10 mM Gua+; (●) 15 mM Gua+; (○) 20 mM
Gua+. (B) The effect of increasing [Gua+] on the values of (kcat/Km)obs
from Figure 2A.
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hsGPDH by Gua+ (eqs 3 and 4). This rate constant ratio is
equal to the “effective molarity” (EM, eq 3) of the Gua+ side
chain of Arg269 at wildtype hsGPDH.18 Equation 4 shows the
relationship between the EM and ΔGS

‡, where the latter is the
apparent transition state stabilization provided by a covalent
connection between Gua+ and the R269A mutant hsGPDH.19

This connection, in effect, converts the mutant pieces to the
whole wildtype hsGPDH. Equation 5 partitions the 9.1 kcal/
mol overall effect of the mutation on the activation barrier for
hsGPDH-catalyzed reduction of DHAP into the portion rescued
by 1 M activator (−ΔGGua

‡ = 6.7 kcal/mol) and the advantage
to the intramolecular reaction (ΔGS

‡ = 2.4 kcal/mol).

= ‡
k K K
k K K

( / ) /
( / )

1cat m Gua d

cat m R269A d (1)

−Δ =‡ ‡G RT Kln(1/ )Gua d (2)

= =
‡k K K

k K
k K K
k K

EM
( / )

( / )
( / )
( / )

cat m WT d

cat m Gua

cat m WT d

cat m R269A (3)

= Δ = Δ + Δ − Δ‡ ‡ ‡ ‡RT G G G Gln(EM) ( )S R269A Gua WT
(4)

Δ − Δ = Δ − Δ =‡ ‡ ‡ ‡G G G G 9.1 kcal/molR269A WT S Gua (5)

Scheme 3 shows the effects of R235A11 and R269A
mutations on catalysis by OMPDC and hsGPDH, respectively.

The ion pair between the phosphodianion and the side chain
cation of R235 provides a 5.6 kcal/mol stabilization of the
transition state for OMPDC decarboxylation, for a case where
the side chain interacts essentially exclusively with the
phosphodianion at the transition state (Figure 3A).10,20 There
is a larger 9.1 kcal/mol stabilizing interaction between the side
chain cation of R269 and the transition state for hsGPDH-
catalyzed reduction of DHAP, perhaps because the side chain is
sufficiently close (5.7 Å from the carbonyl oxygen of DHAP at
the nonproductive complex shown in Figure 3B),6 to interact
with both the phosphodianion and the C-2 oxygen, which is
partly negatively charged at the transition state for hydride
transfer from NADH to the carbonyl oxygen.
We propose that the catalytic motif from Figure 1 has been

widely propagated. Triosephosphate isomerase (TIM) is
strongly activated for catalysis by a phosphite dianion.21,22

TIM uses the surface cationic side chain of Lys12, which lies
adjacent to a dianion gripper loop, to stabilize the transition
state for isomerization of DHAP.23 The K12G mutation results
in an 8 kcal/mol destabilization of the enediolate trianion-like

transition state,24 from loss of interactions with the side chain
cation, and the lost activity is efficiently rescued by alkyl
ammonium ions.16 The complex between a substrate analog
and a (MgF3)

− mimic of phosphorylated β-phosphoglucomu-
tase shows a positioning of the capping loop and the surface
side chain of Arg49, which is strikingly similar to that for
OMPDC and GPDH (Figure S3).25 The related enzyme α-
phosphoglucomutase has been shown to use phosphodianion
binding energy in activation for catalysis.26

The results of recent studies on the mechanism of action of
ketosteroid isomerase emphasize the dominant role of
electrostatic interactions in stabilization of the transition state
for enzyme-catalyzed proton transfer.27,28 Our results empha-
size the important role of electrostatic interactions in
stabilization of the transition state for an enzyme-catalyzed
hydride transfer reaction, while illustrating the power of
enzymes to achieve a large rate enhancement from a single
focused interaction. They provide a textbook example of a
catalytic motif, which strongly enhances electrostatic inter-
actions at nonpolar enzyme active sites compared to the polar
solvent water.7,29,30 The weak aqueous interaction between
Gua+ and HPO4

2− (0.6 kcal/mol),31 or between Gua+ and an
OMP trianion (1.0 kcal/mol),11 is enhanced dramatically for
the interacting surface side chains of R235 and R269 and the
buried transition states for the OMPDC- and GPDH-catalyzed
reactions.
Our results emphasize the return to OMPDC and GPDH

from investment of the intrinsic dianion binding energy to
construct nonpolar caged complexes (Figure 1). This provides
these enzymes the benefit of 5.6 and 9.1 kcal/mol stabilization
of the respective transition states by strong ion pairing
interactions (Scheme 3) between a surface side chain cation
and transition state trapped at the protein interior, where the
ion pair is strengthened by reduction of the medium dielectric
constant compared to water.7,32 Cage formation activates TIM
through an enhancement in the basicity of the carboxylate side
chain of E167, which abstracts a proton from enzyme-bound
substrate.33 We note the possibility of a similar return from
utilization of any set of enzyme−substrate binding interactions
to drive the formation of an active caged Michaelis complex,
and suggest that this return might be obtained by protein
engineers interested in the de novo design of proteins with
enzyme-like activity.34
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