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ABSTRACT: The pressure to optimize the enzymatic rate acceleration for
adenylate kinase (AK)-catalyzed phosphoryl transfer has led to the evolution of an
induced-fit mechanism, where the binding energy from interactions between the
protein and substrate adenosyl group is utilized to drive a protein conformational
change that activates the enzyme for catalysis. The adenine group of adenosine
contributes 11.8 kcal mol−1 to the total ≥14.7 kcal mol−1 adenosine stabilization of
the transition state for AK-catalyzed phosphoryl transfer to AMP. The relative
third-order rate constants for activation of adenylate kinase, by the C-5 truncated
adenosine 1-(β-D-erythrofuranosyl)adenine (EA), for catalysis of phosphoryl
transfer from ATP to phosphite dianion (HP, kcat/KHPKAct = 260 M−2 s−1),
fluorophosphate (47 M−2 s−1), and phosphate (9.6 M−2 s−1), show that substitution of −F for −H and of −OH for −H at HP
results, respectively, in decreases in the reactivity of AK for catalysis of phosphoryl transfer due to polar and steric effects of the −F
and −OH substituents. The addition of a 5′-CH2OH to the EA activator results in a 3.0 kcal mol−1 destabilization of the transition
state for AK-activated phosphoryl transfer to HP due to a steric effect. This is smaller than the 8.3 kcal mol−1 steric effect of the 5′-
CH2OH substituent at OMP on HP-activated OMPDC-catalyzed decarboxylation of 1-(β-D-erythrofuranosyl)orotate. The 2′-OH
ribosyl substituent shows significant interactions with the transition states for AK-catalyzed phosphoryl transfer from ATP to AMP
and for adenosine-activated AK-catalyzed phosphoryl transfer from ATP to HP.

■ INTRODUCTION
Adenylate kinase (AK) catalyzes reversible phosphoryl group
transfer between two molecules of adenosine 5′-diphosphate
(ADP) to form adenosine 5′-triphosphate (ATP) and adenosine
5′-monophosphate (AMP, Scheme 1). The enzyme is present at
high levels in mammalian tissues, where it acts to maintain an
equilibrium between the adenine nucleotides ATP, ADP, and
AMP. The enzyme functions over short periods of stress, when
there is a requirement for high energy output, to convert ADP
from myosin-catalyzed hydrolysis of ATP to AMP and ATP so
that both high-energy phosphates of ATP contribute to muscle
motion.1,2 This role in the organism’s “fight or flight” response
places adenylate kinase under intense evolutionary pressure to
optimize catalytic activity. The exertion of this pressure has led
to a distinctive and highly efficient catalytic motif,3,4 where the
AK protein−substrate binding interactions are utilized to drive a
change in enzyme conformation, from an inactive open form EO
to a closed complex EC, which traps the substrate in a protein
cage (Scheme 2).5 This substrate-driven conformational change
organizes the AK protein side chains at positions that optimize
their stabilizing interactions with the enzyme-bound transition
state.6,7

The induced-fit mechanism was proposed more than 60 years
ago to rationalize enzyme specificity in the catalysis of reactions
of substrates that provide binding energy to drive a protein
conformational change (Scheme 2).8,9 We have shown that such
substrate-driven conformational changes are the defining

property of many enzymes that follow this mechanism,10−12

where the use of substrate binding energy in the formation of the
Michaelis complex ensures that the enzymatic transition state
binds with a higher affinity than substrate.

Enzymes that catalyze a diverse set of proton transfer,13,14

hydride transfer,14,15 and decarboxylation14,16 reactions of
phosphorylated substrates use the intrinsic phosphodianion
binding energy to drive thermodynamically unfavorable protein
conformational changes.10,11,17 The dianion binding energy so
utilized is not expressed at the Michaelis complex, but is only
expressed at the transition state and provides for specificity in
binding of enzymatic transition states with a higher affinity than
substrate.10−12 This is often required to avoid tight and
effectively irreversible substrate binding.18 Two of these
enzymes, orotidine monophosphate decarboxylase (OMPDC)
and triosephosphate isomerase (TIM), have received prominent
attention in mechanistic studies: OMPDC because of the
enzyme’s extraordinary rate acceleration19,20 and TIM because
the fierce evolutionary pressure to optimize the enzymatic rate
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acceleration has resulted in an enzyme that has achieved close to
perfection in catalytic efficiency.21,22 The similar induced-fit
mechanisms for these enzymes are consistent with the notion
that this mechanism is enforced for metabolic enzymes that
show the highest catalytic proficiency.

With this in mind, we targeted adenylate kinase for study, to
test our hypothesis that the pressure to optimize the enzymatic
rate acceleration led to the utilization of protein−adenosyl
group binding interactions to drive a protein conformational
change, which activates the enzyme for catalysis of phosphoryl
transfer.10 This hypothesis was supported by our recent report
that: (1) the binding interactions between human adenylate
kinase isozyme 1 (HAdK1) and the adenosyl group of substrate
AMP provide a ≥14.7 kcal mol−1 stabilization of the transition
state for phosphoryl transfer from ATP to AMP (Scheme 1).23

(2) Greater than 8.7 kcal mol−1 of this transition state
stabilization is recovered, after severing the covalent connection
between the adenosyl and phosphate substrate fragments of
AMP, as activation of HAdK1-catalyzed phosphoryl transfer
from ATP to the substrate piece phosphite dianion by the
second nonreacting piece 1-(β-D-erythrofuranosyl)adenine
(EA) (Scheme 3).23

The substrate binding pockets for enzymes that catalyze the
reactions of phosphate monoester substrates may be divided
into catalytic and dianion activation sites. The specificity of the
dianion binding site for activation by five inorganic tetrahedral
dianions was characterized in an earlier study on the reactions
catalyzed by TIM, OMPDC, and glycerol 3-phosphate
dehydrogenase.24,25 Our experimental results on adenylate
kinase likewise show that the AMP-binding pocket is divided

into a catalytic site for dianion substrates and an activation site
for the adenosyl group that uses the ligand binding energy to
activate the enzyme for catalysis at the second site. We report
here experiments to characterize the specificity of HAdK1 for
catalysis of phosphoryl transfer from ATP to several tetrahedral
dianions and the enzyme specificity for activation by adenosine
and several deoxyadenosines.

■ EXPERIMENTAL SECTION
Materials. The following reagent-grade chemicals were

obtained from Sigma-Aldrich: triethanolamine (TEA) hydro-
chloride, potassium chloride, imidazole, pyruvate (sodium salt),
phosphoenolpyruvate (PEP, monosodium salt hydrate), D-
ribose 5′-phosphate (disodium salt) (R5P), adenosine 5′-
monophosphate (AMP, monosodium salt), adenosine 5′-
diphosphate (ADP, monosodium salt), adenosine 5′-triphos-
phate (ATP, disodium salt), the reduced form of β-nicotinamide
adenine dinucleotide (NADH, disodium salt dihydrate),
adenosine (Ado), 5′-deoxyadenosine (5′-dAdo), 2′-deoxyade-
nosine monohydrate (2′-dAdo), and isopropyl β-D-1-thioga-
lactopyranoside (IPTG). Cordycepin (3′-deoxyadenosine, 3′-
dAdo) was obtained from the Cayman Chemical Company.
Sodium chloride, magnesium chloride hexahydrate, dithiothrei-
tol, and tris(hydroxymethyl)aminomethane (Tris, free base)
were from Fisher. Sodium phosphite pentahydrate was from
Riedel−de Haen̈. Sodium fluorophosphate was from Alfa Aesar.
Sodium hydrogen phosphate was from Fluka. Luria−Bertani
broth was from IBI Scientific. Ampicillin (sodium salt) and
chloramphenicol were from VWR. Bovine serum albumin
(BSA) and bovine pancreas DNAse I were from Roche
Diagnostics. Rabbit muscle adenylate kinase was purchased
from Creative Enzymes. Rabbit muscle pyruvate kinase (PK)
and porcine heart lactate dehydrogenase (LDH) were from
Calzyme. Pierce protease inhibitor tablets were obtained from
Thermo Scientific. Escherichia coli BL21 (DE3) competent cells
were from Lucigen. 1-(β-D-Erythrofuranosyl)adenine (EA) was
purchased from Apex Molecular.
Methods. The protocol for the following experiments is

described in an earlier publication:23 (i) The preparation of
HAdK1. (ii) The assays for the activity of LDH and PK. (iii) The
coupled enzyme assay to monitor AK-catalyzed phosphoryl

Scheme 1. Adenylate Kinase-Catalyzed Phosphoryl Transfer from ATP to AMP

Scheme 2. Induced Fit Mechanism for the Utilization of
Intrinsic Substrate Binding Energy (ΔGint) to Drive an
Enzyme-Activating Conformational Change from EO to EC

Scheme 3. Adenylate Kinase-Catalyzed Phosphoryl Transfer from ATP to Phosphite Dianion That Is Activated by 1-(β-D-
Erythrofuranosyl)adenine (EA)23
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transfer from 1 mM ATP to AMP. (iv) The coupled enzyme
assay to monitor EA-activated AK-catalyzed phosphoryl transfer
from 1 mM ATP to phosphite dianion, where the velocity of
conversion of NADH to NAD is equal to the velocity of
conversion of ATP to ADP. This assay was also used to monitor
the conversion of ATP to ADP in the nucleoside-activated AK-
catalyzed phosphoryl transfer from 1 mM ATP to fluorophos-
phate and phosphate dianion. It was shown in a control
experiment for a standard pyruvate kinase assay that there is no
detectable activation of pyruvate kinase-catalyzed conversion of
PEP to pyruvate by 4 mM EA plus 10 mM phosphite dianion.
The reactions were monitored at 25 °C by following the change
in absorbance at 340 nm using either a temperature-controlled
Cary 3500 Multicell Peltier UV−vis spectrophotometer or a
Cary 3E spectrophotometer equipped with a temperature-
controlled Peltier block multicell changer. The concentrations of
phosphite and phosphate dianion at pH 7.5 were calculated from
the total concentrations of the mono- and dianion, using a pKa of
6.4 for HPO3

2−,26 and 7.2 for HOPO3
2−.27

All enzyme assays were carried out in solutions of ionic
strength of 0.15 (I = 0.15) that were prepared by the addition of
measured amounts of NaCl to the assay mixture. Assays for
HAdK1-catalyzed phosphoryl transfer from 1 mM ATP to
phosphite, fluorophosphate, or phosphate dianion in the
presence of increasing activator concentrations were in 1.0 mL
solutions that contain 25 mM TEA at pH 7.5 (I = 0.15, NaCl),
30 mM KCl, 3 mM MgCl2, 0.5 mM PEP, 1 mM ATP, 0.1 mg/
mL BSA, 0.2 mM NADH, 5−25 mM total monoanion + dianion
substrate, 2−10 mM of the specified activator, one unit each of
LDH and PK, and the following concentration of adenylate
kinase for experiments with the given dianion and activator:
rabbit muscle AdK (RAdK), EA + phosphite (1−4 μM RAdK);
RAdK, EA + fluorophosphate (1 μM RAdK); HAdK1, EA +
phosphite (2 μM HAdK1); HAdK1, EA + fluorophosphate (4
μM HAdK1); HAdK1, EA + phosphate (70 μM HAdK1);
HAdK1, adenosine + phosphite (30 μM HAdK1); HAdK1, 5′-
deoxyadenosine + phosphite (12 μM HAdK1); HAdK1, 3′-
deoxyadenosine + phosphite (40 μM HAdK1); HAdK1, 2′-
deoxyadenosine + phosphite (40 μM HAdK1); HAdK1, ribose
5-phosphate (20 μM HAdK1); HAdK1, adenine + ribose 5-
phosphate (20 μM HAdK1). The observed initial reaction
velocity, vobs, for oxidation of NADH in this coupled enzyme
assay was determined by monitoring at 340 nm the
disappearance of <5% of the limiting reagent NADH for a
period of 30 min. All experimental points were performed in
triplicate. The kinetic parameters reported in the Tables were
obtained from the linear or nonlinear least-squares fits of the
experimental data to the appropriate kinetic equation
determined using Prism 8 for MacOS from GraphPad Software.

■ RESULTS
The initial velocity, vobs, at 25 °C for AK-catalyzed phosphoryl
transfer from 1.0 mM ATP (Km = 0.06 mM for the enzyme from
rabbit muscle)28 to different acceptors to form ADP and
phosphorylated product was determined by coupling the
formation of ADP to PK-catalyzed phosphoryl transfer from
PEP to ADP to form pyruvate and ATP, followed by LDH-
catalyzed reduction of pyruvate by NADH. The reaction was
monitored by following the decrease in absorbance at 340 nm.
Figure S1 in the Supporting Information (SI) shows the
Michaelis−Menten plot of vobs/[E] against [AMP] for
commercial rabbit muscle adenylate kinase (RAdK)-catalyzed
phosphoryl transfer from 1.0 mM ATP to AMP; and, Figure S2
shows the plot of vobs/[E] against [2′-dAMP] for HAdK1-
catalyzed phosphoryl transfer from 1 mM ATP to 2′-dAMP. The
solid lines for Figures S1 and S2 show the nonlinear least-squares
fits of these data to the Michaelis−Menten equation using the
kinetic parameters reported in Table 1. The table also lists
kinetic parameters for HAdK1-catalyzed phosphoryl transfer
from 1.0 mM ATP to AMP, and an upper limit for kcat/Km for
phosphoryl transfer from 1.0 mM ATP to phosphite dianion
determined in earlier work.23

Figure 1 shows the linear increase, with increasing [R5P], in
vobs/[E] for HAdK1-catalyzed phosphoryl transfer from 1 mM

ATP to ribose 5′-phosphate. The solid line in Figure 1 shows the
fit of the experimental data to eq 1 to give kcat/Km = 0.014 M−1

s−1 (Table 1). There is no detectable activation of the reaction of
the substrate piece R5P by the addition of the missing fragment,
as shown by the identical values of vobs/[E] determined for the
HAdK1-catalyzed reaction of R5P in the presence and absence
of 5 mM adenine.

v
E

v
E

k
K

R5Pobs o cat

m[ ]
=

[ ]
+ [ ]

(1)

Table 1. Kinetic Parameters for Phosphoryl Transfer from 1 mM ATP to Different Phosphoryl Acceptors, Determined at pH 7.5
and 25 °C in 25 mM TEA Buffer and I = 0.15 (NaCl)

enzyme phosphoryl acceptor kcat (s−1)a Km (M)a kcat/Km (M−1s−1)

RAdK AMPb 100 ± 2 (8.6 ± 0.6) × 10−5 1.2 × 106

HAdK1 AMPc 475 6.8 × 10−5 7.0 × 106

2′-dAMPd 92 (1.05 ± 0.06) × 10−3 8.8 × 104

HPc no reaction detected ≤1.0 × 10−4

R5Pe not saturated 0.014 ± 0.01
aThe uncertainty in the kinetic parameters is the standard error from the nonlinear least-squares fits of the kinetic data to the Michaelis−Menten
equation. bDetermined from data reported in Figure S1. cPublished data.23 dDetermined for data reported in Figure S2. eDetermined for data
reported in Figure 1.

Figure 1. Increase in vobs/[E] with increasing concentrations of ribose
5-phosphate for HAdK1-catalyzed (20 μM) reactions of 1 mM ATP at
pH 7.5, I = 0.15 (NaCl), and 25 °C.
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We previously reported kinetic parameters for EA-activated
HAdK1-catalyzed phosphoryl transfer from ATP to phosphite
dianion (Table 2) and presented 31P-NMR spectral data which
confirm the structure of the isohypophosphate reaction
product.23Figure 2A shows the effect of increasing [EA] on

vobs/[E] for rabbit muscle adenylate kinase-catalyzed (RAdK)
reactions of 1 mM ATP with different fixed [HPO3

2−]. The solid
lines for Figure 2A show the nonlinear least-squares fits of these
kinetic data to eq 2, derived for Scheme 4 (KHP ≫ [HP]). The
slight curvature with increasing [EA] for the individual plots of
Figure 2A is consistent with the weak partial saturation of RAdK
by high [EA]. Values of the apparent second-order rate
constants (kcat/KAct)obs for reactions at different fixed
[HPO3

2−] were determined as the slopes of the linear
correlations at low [EA] ([Act] ≪ KAct, eq 2). Figure 2B
shows the linear plot of (kcat/KAct)obs determined for Figure 2A,
against [HPO3

2−]. The fit of this linear plot to eq 3 gives the

value of (kcat)XP·Act/KXPKact = 220 ± 10 M−2 s−1 reported in
Table 2.

v
E

k
K K

( ) Act XPO
( Act )

obs cat XP Act 3
2

XP Act[ ]
=
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k K
k
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2

XP Act
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Figures 3A and 4A show, respectively, the effect of increasing
[EA] on vobs/[E] for HAdK1-catalyzed reactions of 1 mM ATP
at increasing fixed [FPO3

2−] or [HOPO3
2−]. The nonlinear

least-squares fits of the experimental data to eq 2, derived for
Scheme 4, (KXP ≫ [XP]) gave values of (kcat/KAct)obs for
reactions at the different [XPO3

2−]. Figures 3B and 4B show,
respectively, linear plots of values from Figures 3A or 4A (eq 3),
against [FPO3

2−] and [HOPO3
2−]. The kinetic parameter

(kcat)XP·Act/KXPKAct for HAdK reported in Table 2 were
determined as the slopes of these linear plots. Figure S3A
shows the effect of increasing [EA] on vobs/[E] for RAdK1-
catalyzed reactions of 1 mM ATP at increasing fixed [FPO3

2−].
The nonlinear least-squares fits of the experimental data to eq 2,
derived for Scheme 4, (KXP ≫ [XP]) gave values of (kcat/KAct)obs
for reactions at the different [FPO3

2−]. Figure S3B shows the
linear plot of values from Figure S3A (eq 3) against [FPO3

2−].
The kinetic parameter (kcat)XP·Act/KXPKact for RAdK reported in
Table 2 were determined as the slopes of this plot.

Figure 5A shows the effect of increasing [5′-dAdo] on vobs/
[E] for HAdK1-catalyzed reactions of 1 mM ATP with different
fixed [HPO3

2−]. The nonlinear least-squares fits of the
experimental data to eq 2, derived for Scheme 4 (KXP ≫
[XP]), gave values of (kcat/K5′dAdo)obs for reactions at the
different [XPO3

2−]. Figure 5B shows the linear plot of values of
(kcat/K5′dAdo)obs from Figure 5A, against [HPO3

2−]. The fit of
this linear plot to eq 3 gives the value of (kcat)XP·Act/KXPKact
reported in Table 3. Figure S4A,B shows similar kinetic data for

Table 2. Third-Order Rate Constants (Scheme 4) for EA Activation of RAdK- and HAdK1-Catalyzed Phosphoryl Transfer from
ATP to Dianionsa

enzyme dianion substrate (kcat)XP·Act/KXPKAct (M−2 s−1)

Rabbit Muscle (kcat/Km)AMP = 1.2 × 106 M−1 s−1b HPO3
2−d 220 ± 10

FPO3
2−e 55 ± 3

Human (kcat/Km)AMP = 7.0 × 106 M−1 s−1c HPO3
2−c 260 ± 7

FPO3
2−f 47 ± 0.5

HOPO3
2−g 9.6 ± 1.0

aDetermined at pH 7.5 and 25 °C in 25 mM TEA buffer at I = 0.15 (NaCl). The uncertainty in the kinetic parameters is the standard error from
the least-squares fits of the kinetic data to eq 3. bTable 1. cPublished data.23 dDetermined for data from Figure 2. eDetermined for data from Figure
S3A,B. fDetermined for data from Figure 3A,B. gDetermined for data from Figure 4A,B.

Figure 2. (A) Increase in vobs/[E] with increasing [EA] for RAdK-
catalyzed reactions of 1 mM ATP with phosphite dianion at pH 7.5, I =
0.15 (NaCl), and 25 °C. Key: ◆ 23 mM [HPO3

2−] and 2 μM RAdK; ▼
19 mM [HPO3

2−] and 2 μM RAdK; ▲ 14 mM [HPO3
2−] and 2 μM

RAdK; ■ 9.2 mM [HPO3
2−] and 1 μM RAdK; ● 4.6 mM [HPO3

2−]
and 1 μM RAdK. (B) Effect of increasing [HPO3

2−] on the values of
(kcat/KAct)obs determined for (A).

Scheme 4. Kinetic Mechanism for the Activation of HAdK1-
Catalyzed Phosphoryl Transfer from ATP to Dianions
XPO3

2− by EA, Ado, and 5′-dAdo
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adenosine-activated HAdK1-catalyzed phosphoryl transfer from
ATP to phosphite. The fit of the linear plot of (kcat/KAdo)obs
against [Ado] to eq 3 gives the value of (kcat)XP·Act/KXPKact

reported in Table 3. Figures S5 and S6 show, respectively, the
effect of increasing [2′-dAdo] and [3′-dAdo] on vobs/[E] for
HAdK1-catalyzed reactions of 1 mM ATP with 23 mM
[HPO3

2−] at pH 7.5, I = 0.15 (NaCl) and 25 °C. There is no
significant activation of phosphoryl transfer from ATP to
phosphite dianion by 2′-Ado and 3′-Ado, but rather a ca. 10%
decrease in vobs/[E] is observed as the nucleoside concentration
is increased from 0.0 to 10 mM (Table 3).

■ DISCUSSION
We have chosen HAdK1 as the focus for these studies because
this is the major cytosolic adenylate kinase in humans. HAdK1 is
present in most human tissues, with the highest expression levels
in skeletal muscle, brain, and erythrocytes.29,30 We present a
brief comparison of results obtained for HAdK1 with results for
the more widely studied, commercially available, adenylate
kinase from rabbit muscle. The similar third-order rate constants

Figure 3. (A) Increase in vobs/[E] with increasing [EA] for HAdK1-catalyzed (4 μM) reactions of 1 mM ATP with FPO3
2− at pH 7.5, I = 0.15 (NaCl),

and 25 °C. Key: ● 25 mM [FPO3
2−]; ◆ 20 mM [FPO3

2−]; ▼ 15 mM [FPO3
2−]; ▲ 10 mM [FPO3

2−]; ■ 5 mM [FPO3
2−]. (B) Effect of increasing

[FPO3
2−] on the values of (kcat/KAct)obs determined for (A).

Figure 4. (A) Increase in vobs/[E] with increasing [EA] for HAdK1-catalyzed (70 μM) reactions of 1 mM ATP with HOPO3
2− at pH 7.5, I = 0.15

(NaCl), and 25 °C. Key: ● 17 mM [HOPO3
2−]; ◆ 13 mM [HOPO3

2−]; ▼ 10 mM [HOPO3
2−]; ▲ 6.6 mM [HOPO3

2−]; ■ 3.3 mM [HOPO3
2−]. (B)

Effect of increasing [HOPO3
2−] on the values of (kcat/KAct)obs determined for (A).

Figure 5. (A) Increase in vobs/[E] with increasing [5′-dAdo] for HAdK1-catalyzed (12 μM) reactions of 1 mM ATP with phosphite dianion at pH 7.5, I
= 0.15 (NaCl), and 25 °C. Key: ● 23 mM [HPO3

2−]; ◆ 19 mM [HPO3
2−]; ▼ 14 mM [HPO3

2−]; ▲ 9.2 mM [HPO3
2−]; ■ 4.6 mM [HPO3

2−]. (B)
Effect of increasing [HPO3

2−] on the values of (kcat/K5′dAdo)obs determined for (A).

Table 3. Third-Order Rate Constants (Scheme 4) for
Activation of HAdK1-Catalyzed Phosphoryl Transfer
Reactions by EA, Adenosine, and Deoxyadenosinesa

activator (kcat)XP·Act/KXPKAct

EA 260b

5′-dAdo 34 ± 1.7c

Ado 1.6 ± 0.35d

2′-dAdo not detectede

3′-dAdo not detectedf

aDetermined at pH 7.5 and 25 °C in 25 mM TEA buffer and I = 0.15
(NaCl). The uncertainty in the kinetic parameters is the standard
error from the least-squares fits of the kinetic data to eq 3. bPublished
data.23 cFigure 5. dFigure S4. eFigure S5. fFigure S6.
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for EA-activated reactions of phosphite and fluorophosphate
determined for catalysis by HAdK1 and RAdK show that this
activation is a general phenomenon for mammalian adenylate
kinases. The observation that substrate binding drives large
conformational changes for adenylate kinases from bacte-
ria3,31−35 suggests that EA-activated AK-catalyzed phosphoryl
transfer to phosphite dianion will be observed for most or all
adenylate kinases

It is interesting that there is no detectable saturation of
HAdK1 or RAdK (Figure 2) by 23 mM of the substrate piece
phosphite dianion and only weak saturation by 10 mM of the
activator piece EA. The tighter binding of the whole substrate
AMP (Km = 6.8 × 10−5 M, Table 1) reflects the entropic
advantage to the binding of a single whole substrate compared to
the substrate in pieces.36 This has been noted in other studies on
enzyme-catalyzed reactions of substrate pieces.14,37

The nine known isozymes of human AK show a large variation
in their kinetic parameters and substrate specificity.30 The
mechanistic significance of these variations is unclear but might
be probed through studies on the reaction of the substrate
pieces. For example, HAdK1 shows a high specificity for the
catalysis of phosphoryl transfer to AMP, but a much smaller
specificity for the catalysis of the reaction of different NTP
donors.30 This suggests that the high specificity of HAdK1 for
phosphoryl transfer to AMP is due to the many specific protein-
adenine transition state contacts that give rise to the ≥14.7 kcal
mol−1 intrinsic binding energy for the adenosine group of
AMP.23 We predict that AK isozymes with a broader specificity
for phosphoryl transfer to different NMPs will show a smaller
intrinsic binding energy for the nucleoside at the NMP site. We
are also interested in determining the intrinsic binding energy
for the adenine ring at the ATP site but have not yet developed
an assay for the reaction of ATP in pieces.
Intrinsic Binding Energies for Nucleoside Mono-

phosphates. It is informative to compare the large intrinsic
binding energies for nucleoside monophosphate substrates in
the stabilization of transition states for OMPDC-catalyzed
decarboxylation of OMP, and for HAdK1-catalyzed phosphoryl
transfer to AMP. The 31 kcal mol−1 transition state stabilization
for OMPDC-catalyzed decarboxylation of OMP is obtained
from ca. 10 kcal mol−1 interactions with the phosphodianion,
pyrimidine ring, and ribosyl ring fragments of OMP (Figure
6A).16,38 By comparison, the transition state binding energy of
AMP in HAdK1-catalyzed phosphoryl transfer may be
partitioned as follows (Figure 6B): (i) the 11.8 kcal mol−1

stabilization by interactions with the adenine ring, calculated
from the ratio of the values of kcat/Km for the HAdK1-catalyzed
reaction of AMP (7 × 106 M−1 s−1) and the truncated substrate

ribose 5-phosphate (0.014 M−1 s−1). (ii) The transition state
stabilization by the entire adenosine moiety is ≥14.7 kcal
mol−1.23 This gives a lower limit of (14.7−11.8) ≥ 3 kcal mol−1

for transition state stabilization from interactions with the
ribosyl ring, which probably sharply underestimates these
interactions. (iii) The stabilization from the interaction between
the protein catalyst and the AMP phosphodianion has not been
determined because there is no simple protocol for estimating
these protein−ligand interactions at the pentavalent transition
state for concerted phosphoryl transfer from ATP to AMP.39

The difference between the small observed binding energy for
the substrates OMP and AMP, respectively, of reactions
catalyzed by OMPDC and adenylate kinase; and, their much
larger intrinsic transition state binding energies represents, in
part, the substrate binding energy utilized to drive unfavorable
enzyme conformational changes (ΔGC, Scheme 2).10 It is
important to emphasize that this binding energy may also be
used to induce destabilizing electrostatic stress between protein
side chains and OMP bound to OMPDC12,18,40 or between the
terminal phosphate dianions of ATP and AMP bound to
adenylate kinase that is relieved at the enzymatic transition
states.18 There is evidence that the former destabilizing
interactions are small for OMPDC-catalyzed decarboxyla-
tion,41,42 but the binding energy utilized to introduce electro-
static stress at the ternary Michaelis complex for adenylate
kinase has not been evaluated.

The activation barrier to turnover of OMP bound at the caged
complex to OMPDC can be calculated from the experimental
rate constant kcat. This barrier has been successfully modeled in
computational studies.40,43,44 By comparison, we know of no
reports of successful computational studies to model the
observed substrate binding energy at the Michaelis complex to
OMPDC, presumably because of the difficulty associated with
modeling the barrier to the enzyme conformational change that
accompanies substrate binding (Scheme 2). Computational
studies on adenylate kinase have focused on modeling the
complex conformational transitions associated with ligand
binding.31−33,45 To the best of our knowledge, there are no
reports of successful computational studies to model the values
of either kcat or Km for adenylate kinase-catalyzed phosphoryl
transfer reactions.
Adenylate Kinase-Catalyzed Reactions of Substrate

Pieces. Catalytic Site. We previously showed that EA, an AMP
fragment, activated adenylate kinase for catalysis of phosphoryl
transfer from ATP to phosphite dianion (Scheme 3), and
identified the isohypophosphate reaction product by 31P-
NMR.23 The kinetic data shown in Figures 3 and 4, respectively,
provide evidence that EA activates adenylate kinase for catalysis

Figure 6. (A) Partitioning of the intrinsic transition state binding energy of substrate OMP for OMPDC-catalyzed decarboxylation of OMP into
interactions with the three substrate fragments.16,38 (B) Partial partitioning of the transition state binding energy of substrate AMP for adenylate
kinase-catalyzed phosphoryl transfer into interactions with the corresponding substrate fragments.
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of phosphoryl transfer from ATP to FPO3
2− and HOPO3

2−. We
were unable to identify the products of these putative
phosphoryl transfer reactions. We assume, by analogy to the
reaction of HPO3

2− (Scheme 3), that the reactions give,
respectively, fluoropyrophosphate and pyrophosphate.

The 5.5-fold larger value of kact = (kcat)XP·Act/KXPKAct (Scheme
4) for phosphoryl transfer from ATP to phosphite dianion (pKa
= 6.4)26 compared to fluorophosphate dianion (pKa = 4.8)27

gives a value of βnuc = 0.3 for a two-point Brønsted plot (Figure
7). The Brønsted parameter of 0.3 will overestimate the bond

order of the partial transition state bond between the dianion
nucleophile and the transferred γ-phosphoryl group of ATP,46 if
there is an unfavorable steric interaction between HAdK1 and
the fluorine of fluorophosphate. In any case, the results are
consistent with an open reaction transition state.39 By
comparison, phosphate dianion (pKa = 7.2)27 is more basic
than phosphite dianion, but much less reactive toward HAdK1-
catalyzed phosphoryl transfer (kact = 9.6 M−2 s−1). We suggest
that this falloff in activity is due to an unfavorable interaction
between the −OH at phosphate dianion and the EA activator.
Similarly, the sulfur for oxygen substitution at AMP to give

AMPS results in a 100-fold falloff in kcat/Km for adenylate kinase-
catalyzed phosphoryl transfer to the pro S oxygen of AMPS to
form SP-adenosine 5′-O-(1-thiodiphosphate) ((SP) ADPαS),47

but only a 1.4-unit decrease in the pKa of the reacting functional
group.48 We propose that the falloff in the activity of AMPS
compared with AMP is likewise partly due to the steric effect of
sulfur, which is larger than oxygen, on adenylate kinase-catalyzed
phosphoryl transfer.

Activation Site. Chart 1 shows that the −CH2OH substituent
at C-4′ of EA and 1-(β-D-erythrofuranosyl)orotate (EO),
respectively, results in substantial decreases in kact (M−2 s−1) for
activation of HAdK1- and OMPDC-catalyzed reactions, where
EA and EO serve different functions as activator and substrate
for these enzyme-catalyzed reactions. The -CH2OH substituent
effects correspond to a 3.0 and 8.3 kcal mol−1 destabilization,
respectively, of the transition states for the two enzyme-
catalyzed reactions. This is consistent with a more severe steric
crowding between the nucleoside 4′-CH2OH and phosphite
dianion at the transition state for the OMPDC-catalyzed
decarboxylation compared with the HAdK1-catalyzed phos-
phoryl transfer reaction. The small 1.2 kcal mol−1 effect of the
nucleoside 5-CH3 group on the stability of the transition state
for EA-activated phosphoryl transfer from ATP to phosphite
dianion (Chart 1) is consistent with only weak steric interaction
between the 5′-CH3 group and the phosphite dianion at the
transition state for the HAdK1-activated reaction.

There is no detectable activation of HAdk1-catalyzed
phosphoryl transfer from ATP to phosphite dianion by either
2′-dAdo (Figure S5) or 3′-dAdo (Figure S6). By comparison,
the value of kcat/Km = 7.0 × 106 M−1 s−1 for HAdK1-catalyzed
phosphoryl transfer from 1 mM ATP to AMP is nearly 80-fold
larger than kcat/Km = 8.8 × 104 M−1 s−1 for phosphoryl transfer to
2′-dAMP. The value of kact = 0.02 M−1 s−1 calculated assuming
similar 2′-OH substituent effects on kcat/Km = 7.0 × 106 M−1 s−1

for HAdK1-catalyzed phosphoryl transfer to AMP and on kact =
1.6 M−1 s−1 for activation by adenosine (Chart 1) would have
been too small to measure by our experimental methods. We
conclude that the interactions between HAdK1 and the 2′- and
3′-OH of Ado are used to activate the enzyme for catalysis of

Figure 7. Third-order rate constants kact and substrate pKas for
activation of HAdK1-catalyzed phosphoryl transfer by EA. Substitution
of −F for −H at HP results in a 6-fold falloff in kact and reduction in
substrate basicity that is consistent with βnuc = 0.3 on a two-point
Brønsted plot for phosphoryl transfer. Substitution of −OH for −H at
HP causes an increase in dianion basicity that should enhance
nucleophilic reactivity; the large 27-fold falloff in kact is consistent with a
large steric effect of the −OH on enzyme activation.

Chart 1. Third-Order Rate Constants, kact, for Activation of HAdK1- and OMPDC-Catalyzed Reactions of Truncated Substratesa

aThe activator is shown on the left and the substrate on the right. The values of ΔΔG† give the effect of the change in activator or substrate on ΔG†

for the optimal reactions of EA or EO.
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phosphoryl transfer from ATP to phosphite dianion, presumably
by stabilizing the active closed form of HAdK1 (Scheme 2). We
have likewise shown that binding interactions between OMPDC
and the 2′- and 3′-OH of OMP are utilized to activate OMPDC
for catalysis of decarboxylation of OMP.38,49

Intrinsic Adenine Binding Energy. There is an 11.8 kcal
mol−1 stabilization of the transition state for enzyme-catalyzed
phosphorylation of AMP by ATP by the adenine ring (Figure 6),
but there is no detectable activation of HAdK1-catalyzed
phosphoryl transfer from ATP to the truncated substrate R5P by
5 mM adenine. We propose that steric interactions between the
HAdK1-bound adenine and R5P substrate pieces inhibit the
binding of adenine in the conformation that shows strong
interactions with the closed form of HAdK1.

■ SUMMARY
The binding interactions between the phosphodianion of OMP
and OMPDC provide a 12 kcal mol−1 stabilization of the
transition state for decarboxylation at the orotate ring,24,37 while
the binding interactions between the adenosine of AMP and
HAdK1 provide a ≥14.7 kcal mol−1 stabilization of the transition
state for phosphoryl transfer from ATP to AMP (Table 1). A
substantial fraction of this stabilizing binding energy is observed
for both OMPDC24,37,50 and HAdK1 (Table 2) in the absence
of a covalent connection between the activator and reacting
substrate pieces. The dianion activation site at OMPDC24 and
the dianion substrate site at HAdK1 (Table 2) each accept
several tetrahedral dianions as activators or substrates.

The similarity in the results of studies on the reactions of
substrate pieces catalyzed by enzymes that stabilize the
transition states for distinct decarboxylation and phosphoryl
transfer reactions of nucleoside monophosphate substrates is a
consequence of a striking similarity in the enzyme architec-
ture,3,4,10,11,51 which enables utilization of the binding energy of
nonreacting substrate fragments to drive large protein
conformational changes.10 A significant difference is the effect
of the addition of a 4′-CH2OH substituent at EO and EA on the
stability of the transition state for reactions of the substrate
pieces (Chart 1). The much larger 4′-CH2OH substituent effect
on the OMPDC- compared with the HAdK1-catalyzed reaction
is consistent with the notion that the closed-caged complex of
substrate to OMPDC is tighter and more confined than for
HAdK1 so that the 4′-CH2OH introduces more severe steric
crowding at the complex to OMPDC.

The binding interactions between the phosphodianion of
OMP and the Q215, Y217, and R235 side chains of OMPDC are
used to drive closure of a phosphodianion gripper loop over
enzyme-bound orotate ring.51 This conformational change is
activating because the interactions between the gripper side
chains and the phosphodianion-truncated substrate EO have
essentially no effect on the stability of the transition state for the
decarboxylation of the orotate ring.52,53 We have concluded that
the phosphodianion-driven loop closure at OMPDC has the
effect of placing the protein side chains at the orotate ring at
positions that provide optimal stabilization of the decarbox-
ylation transition state.6,7,10,11

The 11.8 kcal mol−1 adenine ring binding energy (Figure 6) is
utilized to drive an enzyme conformational change,3,4 which
places the protein side chains at positions around the bound
ATP and AMP substrates that provide for optimal stabilization
of the transition state for enzyme-catalyzed phosphoryl transfer.
The side chains and other structural elements that function to
drive this conformational change have not yet been identified.6,7

Studies on the effect of site-directed substitutions at adenylate
kinase on enzyme activity for catalysis of phosphoryl transfer
reactions of whole and truncated substrates, that follow
protocols described in studies on TIM,54−56 OMPDC,16,49,57

and glycerol 3-phosphate dehydrogenase15,58,59 have the
potential to provide original insight into the origin of the
catalytic rate acceleration for HAdK1.

■ CONCLUSIONS
This work builds upon the results from earlier studies that
highlight certain limitations for calculations directed toward the
de novo design of active protein catalysts. These calculations
assume that the binding energy from nonreacting substrate
fragments is used exclusively for the stabilization of the
Michaelis complex to substrate. They have been useful in
guiding the design of active catalysts that provide large and, by
some criteria, enzyme-like, transition state stabilization.60−63

However, these catalysts are primitive in comparison to enzymes
that catalyze rapid and specific metabolic reactions. We have
shown that the most proficient enzyme catalysts of metabolic
reactions, such as AK, TIM, and OMPDC, use binding
interactions with nonreacting fragments to construct the active
catalyst “on the fly” by driving the conversion of inactive open
proteins to active closed forms (Scheme 2). We suggest that an
important goal for protein engineers, who are working to mimic
Nature’s most proficient catalysts, should be to develop
procedures to identify proteins that utilize substrate binding
energy to drive conformational changes to form catalytically
active protein−substrate cages, which provide a large stabiliza-
tion of enzymatic transition states.
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