THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 34, pp. 22747-22757, August 21, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

The Intrinsic Reactivity of ATP and the Catalytic Proficiencies
of Kinases Acting on Glucose, N-Acetylgalactosamine,

and Homoserine
A THERMODYNAMIC ANALYSIS*

Received for publication, March 16, 2009, and in revised form, June 10,2009 Published, JBC Papers in Press, June 15, 2009, DOI 10.1074/jbc.M109.017806

Randy B. Stockbridge and Richard Wolfenden'

From the Department of Biochemistry and Biophysics, University of North Carolina, Chapel Hill, North Carolina 27599

To evaluate the rate enhancements produced by representa-
tive kinases and their thermodynamic basis, rate constants were
determined as a function of changing temperature for 1) the
spontaneous methanolysis of ATP and 2) reactions catalyzed by
kinases to which different mechanisms of action have been
ascribed. For each of these enzymes, the minor effects of chang-
ing viscosity indicate that k_,/K,, is governed by the central
chemical events in the enzyme-substrate complex rather than by
enzyme-substrate encounter. Individual Arrhenius plots,
obtained at intervals between pH 4.8 and 11.0, yielded AH" and
TAS" for the nonenzymatic methanolysis of ATP?~,ATP37, and
ATP*~ in the absence of Mg>*. The addition of Mg>" led to
partly compensating changes in AH* and TAS", accelerating the
nonenzymatic methanolysis of ATP 11-fold at pH 7 and 25 °C.
The rate enhancements produced by yeast hexokinase, homo-
serine kinase, and N-acetylgalactosamine kinase (obtained by
comparison of their k_,,/K,, values in the presence of saturating
phosphoryl acceptor with the second order rate constant for
methanolysis of MgATP) ranged between 10'>- and 10*-fold.
Their nominal affinities for the altered substrates in the transi-
tion state were 2.1 X 1076 M for N-acetylgalactosamine kinase,
7.4 X 1077 M for homoserine kinase, and 6.4 X 1078 um for
hexokinase. Compared with nonenzymatic phosphoryl transfer,
all three kinases were found to produce major reductions in the
entropy of activation, in accord with the likelihood that sub-
strate juxtaposition and desolvation play prominent roles in
their catalytic action.

A common property shared by enzymes catalyzing biological
reactions that involve a single substrate and hydrolytic and
hydration reactions in which the effective concentration of
water (the second substrate) cannot be elevated much above its
concentration in living tissue is their ability to lower the reac-
tion heat of activation. The rates of these enzymatic reactions
are less sensitive to temperature than are the rates of the
uncatalyzed reactions, so that the rate enhancements and tran-
sition state affinities generated by enzymes of this kind increase
with decreasing temperature. Entropic effects tend to be minor,
with an average change in the entropy of activation that
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approaches zero (1). That behavior seems understandable in
view of the absence of a second substrate or the fact that the
second substrate (water) is present in abundance. Thus,
approximation effects seem relatively unlikely to play a major
role in catalysis by enzymes of those types. Instead, enthalpic
effects play a prominent role in catalysis, consistent with the
formation in the transition state of new electrostatic and
H-bonds between the enzyme and substrate, for which much
evidence exists in the structures of enzymes crystallized with
transition state analogue inhibitors (1).

The effects of enzymes on the enthalpies and entropies of
activation of two-substrate reactions remain largely unex-
plored. The thermodynamics of activation (for an enzyme reac-
tion and for the corresponding uncatalyzed reaction) were
examined recently for an unusual two-substrate enzyme (2, 3).
The peptidyl transferase center of the ribosome was found to
produce a 3 X 10”-fold enhancement of the rate of peptidyl
ester aminolysis entirely by rendering TAS" more favorable,
whereas AH" was actually found to become less favorable on the
enzyme than in solution (3). Juxtaposition, that is, the gathering
of two or more substrates at an enzyme active site in a config-
uration appropriate for reaction, appears to be partly responsi-
ble for that rate enhancement, and desolvation of the substrates
may also contribute to the observed rate enhancement (4, 5).
Thus, the ribosome might be said to function as a predomi-
nantly “physical” catalyst, bringing the substrates near each
other in a water-poor environment rather than as a predomi-
nantly “chemical” catalyst that participates in the reaction as a
general acid or a general base. Consistent with that interpreta-
tion is the finding that ribosomal peptidyl transfer is very
strongly inhibited by a bisubstrate analogue devised by Yarus
and co-workers (6).

Because of its unusual composition (consisting entirely of
RNA) and the relatively small rate enhancement that it pro-
duces, the behavior of the peptidyltransferase center of the
ribosome seems unlikely to be typical of two-substrate enzymes
in general. The present work was undertaken with the limited
objective of determining the magnitude and thermodynamic
basis of the rate enhancements that are produced by several
more conventional protein enzymes that catalyze reactions
involving more than one substrate. The three enzymes exam-
ined here, yeast hexokinase, N-acetylgalactosamine kinase, and
homoserine kinase, all bind the phosphoryl acceptor and
MgATP in random order (7-9), and phosphoryl transfer is pH-
insensitive over the pH range between ~7.0 and 8.5 (8, 10, 11).
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These enzymes are stable and active over the temperature
range between 0 and 50 °C, and product inhibition is negligible
under the conditions of these experiments.

These three enzymes were chosen because they have differ-
ent active site architectures that have led to different hypothe-
ses about their mechanisms of action. The active site of yeast
hexokinase is equipped with an aspartate residue that may act
as a general base that deprotonates the acceptor alcohol (12).
Many kinases are equipped with such a residue (13), although
the extent of its involvement in the rate-determining step is
unclear (14). In contrast, the crystal structures of N-acetylgalac-
tosamine kinase (GalNAcK)? and homoserine kinase (HSK)
suggest the absence of an active site residue that might act as a
general base. Thoden and Holden (15) have suggested that Gal-
NACcK catalyzes phosphoryl transfer by juxtaposition of its two
substrates, with a dissociative transition state like that of the
spontaneous reaction. In the case of HSK, Krishna et al. (16)
have proposed that the enzyme juxtaposes the substrates and
stabilizes the non-bridging oxygen atoms of ATP in the transi-
tion state by interaction with backbone NH groups and by the
positive end of a helix dipole. That proposal would seem to
imply an associative transition state in which the non-bridg-
ing oxygen atoms carry more negative charge than they carry
in the ground state. In a dissociative transition state, the
non-bridging oxygen atoms would be expected to bear less
negative charge than they do in the ground state, so that
pairing them with positively charged groups would actually
be expected to be anti-catalytic.

For comparison with these enzyme-catalyzed reactions of
MgATP, we sought to determine the rate of a similar reaction in
the absence of a catalyst. Earlier work has shown that at elevated
temperatures, the y-phosphorus atom of MgATP undergoes
spontaneous attack by water in the absence of enzyme (17), that
normal alcohols compete effectively with water in water-alco-
hol mixtures (18), and that in the transition state for spontane-
ous alcoholysis and hydrolysis, the bond to the leaving group
appears to be almost fully broken, whereas the bond to the
attacking nucleophile has only begun to form (18). Because
Admiraal and Herschlag have shown that the rate of reaction is
insensitive to the nature of the nucleophilic alcohol, a simple
alcohol such as methanol would be expected to serve as a rea-
sonable model for the reaction catalyzed by any kinase that
mediates direct phosphoryl transfer from MgATP to an alco-
holic acceptor. We, therefore, chose to examine the thermody-
namics of activation for the methanolysis of ATP in the pres-
ence and absence of Mg>" at various pH values using proton
NMR to follow the course of reactions conducted in sealed
tubes at elevated temperatures.

EXPERIMENTAL PROCEDURES

Unless otherwise noted, reagents were obtained from Sigma.
The B-O-methyl ester of ADP (ADP-O-CH;) and the «-O-
methyl ester of AMP (AMP-O-CH,) were prepared by conden-
sation of ADP or AMP with methanol in the presence of 0.1 M

2The abbreviations used are: GaINAcK, N-acetylgalactosamine kinase; ITC,
isothermal titration calorimetry; MeP, methyl phosphate; HSK, homoserine
kinase.
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FIGURE 1. "H NMR spectra (500 MHz) of ATP hydrolysis reaction products
AMP (H), ATP (O), and ADP (A) (A) and ADP methanolysis reaction prod-
ucts AMP, ADP, and MeP () (B).

dicyclohexylcarbodiimide in methanol as described by Darzyk-
iewicz et al. (19).

Uncatalyzed Phosphoryl Transfer—In a typical experiment,
ADP or ATP (0.025 M), methanol (2 M), and anionic buffers (0.1
M, pH 4.8 -9.0) were sealed in quartz tubes under vacuum and
incubated in convection ovens (Barnstead/Thermolyne Corp.,
model 47900) at temperatures ranging between 50 and 110 °C
(*£1.5°C as indicated by an American Society for Testing and
Materials thermometer) for varying periods of time in buffers
(0.1 M) consisting of potassium acetate (pH 4.8 —6.0), methyl
phosphonate (pH 7.0-8.0), or sodium carbonate (pH 9.0—
11.0). Separate experiments involving the addition of potas-
sium chloride showed that at the buffer concentrations used,
reactions were insensitive to changes in ionic strength (less
than 3% variation with ionic strength varying from 0.1 to 1.0).
After reaction, samples were prepared for analysis by evapora-
tion to dryness and dilution with D,O containing sodium car-
bonate buffer (0.1 M, pD 10.0), with dioxane (1.8 X 10™* m)
added as an internal integration standard (8 H, 6 = 3.7 ppm).
The integrated intensities of the proton signals arising from
methyl phosphate and from the Cg adenine protons of ATP,
ADP, and AMP (Fig. 1) were then measured using a Varian 600
MHz spectrometer. Data were acquired for a minimum of four
transients using a standard water suppression pulse sequence
and processed using SpinWorks (20).

Metal-catalyzed Phosphoryl Transfer—In reactions con-
ducted in the presence of MgCl, and MnCl,, the concentration
of metal ions (0.025 M) exceeded the value of K, by at least 2
orders of magnitude (21). In experiments with added Mn?",
samples were prepared for NMR analysis by first removing
Mn>" ions by stirring with Chelex 100 beads (25% by volume)
for 30 min followed by filtration to remove the beads. That
treatment was repeated three times, and the filtrate was evap-
orated to dryness and taken up in D,O for "H NMR as described
above.
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TABLE 1

The Catalytic Proficiencies of Kinases

k... and K., values for GalNAcK, HSK, and hexokinase measured calorimetrically compared with those reported in the literature

n.d., not determined.

K, arp K, acceptor Keat
Enzyme . .
ITC Literature ITC Literature ITC Literature

M M M M st st
GalNAcK 9.3X10°° 6.3 X 107> (8) 12X107* 1.4 X 107*(8) 2.5 n.d.
HSK 11X 10°% 1.0 X 107 (11) 87X 10°° 1.9 X 107*(11) 45 57 (11)
hexokinase n.d. 1.2 X 107 *(23) n.d. 7.2 X107 (22) n.d. 270 (22)

150, t=0

Kinase-catalyzed Phosphoryl Transfer—Homoserine kinase
from Methanococcus jannaschii and human N-acetylgalac-
tosamine kinase were a gift from Drs. Hazel Holden and James
Thoden of the University of Wisconsin at Madison. Enzyme
assays were performed using isothermal titration calorimetry
(VP-ITC, Microcal, Northampton, MA) as described by Todd
and Gomez (22). To determine k_, /K, using ATP as the vari-
able substrate, the enzyme (~1 X 10~ ® m active sites) and sat-
urating (0.01 M) substrate (see below) were first prepared in
HEPES buffer (0.1 M, pH 8.0) with magnesium chloride (5 X
10~ m) and degassed for 10 min to prevent bubble formation
during the experiment. After thermal equilibration and a 200-s
time lag to establish a base line, the second substrate, ATP
(0.0075 ml), was injected into the reaction mixture (1.45 ml) to
initiate the reaction. The final concentration of ATP (1 X 10~ °
M) was well below its K, value for each of the enzymes exam-
ined (1.0 X 10~ * M for homoserine kinase (Table 1), 6.3 X 10~ °
M for hexokinase (23), and 8.3 X 107 ° M for N-acetylgalac-
tosamine kinase (Table 1)). In experiments of this kind, the
enzyme reaction releases an amount of heat directly propor-
tional to the amount of substrate turned over. The instru-
ment output (Fig. 2A4) reflects the amount of energy required
to offset the heat generated by the reaction, and the lightly
shaded area under the instrument response curve (Fig. 24)
represents the amount of heat generated in the turnover of
1 X 107° m ATP. The integrated area between substrate
injection and time ¢ (dark gray area) divided by the total area
in the well represents the percentage of reaction that has
occurred at time ¢,

dQ
det
P(t) = [S]———

de
dr t

0

(Eq. 1)

A continuous reaction curve was generated from the integral
of the calorimeter output (Fig. 2B). Typically, conditions were
arranged so that reactions ran to completion in ~2000 s. The
first 10% of the curve (excluding ~30 s allowed for mixing
immediately after injection) was used to calculate the rate con-
stant. In a plot of the product formed as a function of time (Fig.
1B), that portion of the curve is approximately linear, and its
slope is proportional to the second order rate constant, k_,,/K,,,,

cat
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FIGURE 2. Isothermal calorimetric measurement of the second order rate
constant of the reaction catalyzed by HSK. 1.5 ml of 3 X 10" 8 m enzyme
(lower trace) or 0 M enzyme (upper trace) in HEPES buffer, pH 8.0, with 0.1 m
homoserine was loaded into the reaction cell and equilibrated at 25 °C. The
reaction was initiated by injecting 7.5 X 10~ m| ATP (to a final concentration
of 1 X 107° m ATP, a concentration far below the K, for ATP) in the same
buffer at t = 0. Calorimeter output is displayed as a plot of microcalories per
second (ucal/s) versus time. When HSK was present in the reaction cell (lower
trace), heat was generated in proportion to substrate turnover. To calculate
the percentage of reaction completed at any time t (arrow), the area in the
well at time t (dark gray-shaded area) was divided by the total area in the well
(gray-shaded area) (A). In this way a continuous reaction curve of product as a
function of time was generated. The first 10% of that curve was used to cal-
culate the second order rate constant k /K., (B).

Keat slope

where [EA] is the concentration of the enzyme saturated with
the phosphoryl acceptor.

To verify the accuracy of this method, the results obtained
calorimetrically at 25 °C were compared with those obtained
using a coupled assay to detect ADP generation by the decrease
in UV absorbance at 340 nm, arising from the oxidation of
NADH in the presence of pyruvate kinase and lactate dehydro-
genase (24) at 25 °C. The results obtained by these methods
were in close agreement with each other, and the k_,, and K,
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FIGURE 3. ATP hydrolysis and methanolysis reaction pathways.

values determined by ITC were in close agreement with values
from the literature (Table 1).

Effects of Viscosity—Relative viscosities were adjusted over
the range between 1.0 and 6.5 by adding trehalose, polyethylene
glycol (average molecular weight = 300), or sucrose. Viscosities
of buffered solutions were measured using a Cannon-Fiske
kinetic viscometer at 25 °C. Rate constants (k_,, and k_,/K,,)
were determined using both the ITC method and the coupled
enzyme assay described above. Effects of viscosity on k_,,/K,,
were determined for each enzyme in the presence of saturating
phosphoryl-accepting substrate (0.01 M) and subsaturating
ATP (1 X 10~° m). Effects of viscosity on k_,, were determined

with both ATP and the phosphoryl acceptor at saturating con-
centrations (0.01 m).

RESULTS

Specificity of Nonenzymatic ATP Methanolysis—In the pres-
ence of methanol the major reaction product was methyl phos-
phate (MeP), formed by transfer of the y-phosphoryl group to
methanol in a reaction analogous to the reactions catalyzed by
kinases that phosphorylate hydroxyl groups. In principle, other
products could also be formed by the reaction of ATP with
methanol. Thus, methanol attack could occur at the B-position
in a reaction analogous to that catalyzed by GTP diphosphoki-
nase and thiamine diphosphokinase, or cleavage could occur
between the a- and B-phosphoryl groups to yield ADP-O-CH,
(by methanol attack at the B-phosphoryl group) or AMP-O-
CH,; (by attack at the a-phosphoryl group). Although no
enzymes appear to catalyze reactions of the first type, many
enzymes catalyze reactions of the second type, including DNA
polymerases, aminoacyl-tRNA synthetases, and acyl-CoA syn-
thetases. Finally, in a reaction analogous to that catalyzed by
S-adenosyl methionine synthetase, ATP could undergo attack
at the y-phosphoryl group to yield 5'-methyl adenosine and
inorganic triphosphate.

In fact, a small amount of ADP-O-CHj, equal to ~1.5% of the
amount of MeP formed, was observed in the '"H NMR spectrum
of the product mixture arising from ATP methanolysis at pH
7.0 (doublet; & = 3.55). Its identity was confirmed by the addi-
tion of authentic ADP-O-CH,;. At low pH, but not at pH 7, a
small amount of adenosine was also formed (~1% the amount
of MeP). No other products were observed by **P or "H NMR at
pH 4.8 or 9.0 or in the presence of 0.025 M Mg>" at pH 7.0. The
sensitivity of the instrument was such that formation of methyl
pyrophosphate or AMP-O-CH; would have been observable if
either of those reactions had occurred at rates equivalent to
>0.1% of the rate of formation of MeP.

ADP and ATP Methanolysis Occur at Virtually Identical
Rates—In aqueous methanol, ATP hydrolysis and methanolysis
occur concurrently, and ADP formed during the reaction can
then undergo a second hydrolysis or methanolysis reaction (Fig.
3) (the amount of AMP obtained by hydrolysis is equal to the
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difference between total amounts of AMP and MeP formed).
To calculate the rate of ADP methanolysis, the observed rate of
ADP decomposition (k5 + k),

n(Faet)

t

ks + ks = (Ea.3)

was divided into methanolysis and hydrolysis terms based on
the relative amounts of MeP and AMP formed,

ks [AMP] - [MeP]

E = [MeP] (Eq. 4)
These equations were combined to evaluate &,
k= K [AMP] — [MeP]
3 + 4 — Ra [MQP] + (Eq.5)

ATP methanolysis is more complicated to analyze because
MeP derived from ADP also contributes to the amount of prod-
uct observed.

To estimate the value of k,, the disappearance of ATP was
monitored to determine the composite rate constant (k; + k,).
The amount of “transient ADP” that decomposes in a second
phosphorylation reaction is equal to the amount of AMP
formed. Based on transient ADP and the ratio of k; to k, deter-
mined previously, the amount of MeP derived from ADP was
estimated and subtracted from the total amount of MeP
formed. The corrected result, representing the amount of MeP
derived from ATP, was used to determine k,. The resulting rate
constants were found to vary in proportion to the methanol
concentration (data not shown).

Arrhenius plots obtained for ADP and ATP methanolysis at
pH 5.5 and 7.0 were found to be virtually superimposable (Fig.
4, top and middle panels). But at pH 9.0, where ADP and ATP
are completely unprotonated, ATP*~ reacted approximately
twice as rapidly as ADP>~ over the temperature range from 50
to 110 °C (Fig. 4, lower panel). That difference was also noted by
Admiraal and Herschlag (18) in earlier experiments at high pH.

ATP Methanolysis in the Absence of Mg —To obtain infor-
mation about the methanolysis of ATP>~, ATP?~, and ATP*"~
in the absence of Mg>", Arrhenius plots with at least six data
points were gathered over the temperature range from 50 to
110 °C (R* = 0.975) at each of seven pH values between 4.8 and
9.0. Apparent pK, values of 6.5 and 4.3 were determined by
titration at 25 °C under the conditions of the experiment. Com-
parable pK, values were reported earlier at this temperature
and ionic strength (25).

The methanolysis of ATP showed a gradual decrease in rate
with increasing pH (Fig. 5). Similar behavior was described ear-
lier by Tetas and Lowenstein (17) for ATP hydrolysis. Interest-
ingly, AH" and TAS" differed for each species of ATP, leading to
an unusual pH profile with a maximum in the enthalpic barrier
and a minimum in the entropic barrier at pH 6.0 (Fig. 5). The
complexity of this behavior presumably arises from the very
different heats of ionization of amines and phosphoric acid
derivatives, and the fact that the ionization of ATP at pH 4.2
involves the loss of a proton from N1 of the adenine ring,
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FIGURE 4. Arrhenius plots of the rate constants for methanolysis of ATP
(®) and ADP (O) methanolysis at pH 5. 5 (top), pH 7.0 (middle), and pH 9.0
(bottom).

whereas the ionization of ATP at pH 6.5 involves deprotonation
of the y-phosphoryl group (see “Discussion” for further infor-
mation about the ionization of ATP). At pH 6.0-9.0, the con-
tributions of ATP®~ and ATP*~ dominate the observed activa-
tion parameters, and at pH 5.5 and 4.8 the contribution of
ATP?™ to the observed activation parameters becomes evident
(shaded portion of Fig. 5).

Rate constants and activation parameters for ATP®~ metha-
nolysis (Table 2) were estimated from the observed rates at pH
6.0 — 8.0, the measured rate constant for ATP*~ methanolysis at
pH 9.0, and the relative abundance of the ionized species of
ATP3 derived from a titration curve. For example, at pH 8.0,
92.5% of ATP is present as ATP*", and 7.5% of ATP is present
as ATP?™. The rate of methanolysis of ATP*~, measured at pH

AV N
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FIGURE 5. Thermodynamics of activation for the methanolysis of ATP. At
pH values to the right of the dashed line, the reaction of ATP*>~ and ATP*~
contribute to the observed activation parameters. These data points were
used to calculate the rate and thermodynamics of activation for the metha-
nolysis of ATP>~ (Table 2). At pH values in the shaded region to the left of the
dashed line, ATP?~ (protonated at N1) also contributes to the observed rate
and activation parameters.

9.0, was found to be 7.1 X 10~"' M~ ' s™". The observed rate
constant for methanolysis at pH8.0,1.6 X 10~ "M 's™ ', is the
sum of the rate constants for ATP*~ methanolysis and ATP>~
methanolysis, with both values adjusted to reflect the relative
abundance of the reacting species:

(0.925)(7.1 X 107"") + (0.075)(Kngps-)

=16X10""m "'s" (Eq.6)

In the same manner, the rate constant for ATP?>~ methanol-
ysis was calculated for experiments carried out at pH 6.0, 7.0,
7.5, and 8.0. The average of the four values obtained for the rate
constant for ATP?>~ methanolysiswas 1.3 X 10" M~ 's ™', with
a AG" value of 29.5 kcal/mol. No single value deviated from that
average by more than 0.4 kcal/mol.

The value of AH" was estimated from the slopes of the Arrhe-
nius plots obtained at pH 6.0, 7.0, 7.5, and 8.0. The average value
for AH" obtained from the four experiments was 26.8 kcal/mol.
No single value deviated from that average by more than
0.8 kcal/mol.

ATP and ADP Methanolysis in the Presence of Mg>*"—Be-
cause excessive amounts of divalent cation lead to aggregation
of MgATP complexes (26), Mg>" was maintained in these
experiments at a concentration equivalent to that of the nucleo-

JOURNAL OF BIOLOGICAL CHEMISTRY 22751



The Catalytic Proficiencies of Kinases

TABLE 2

Rate constants and thermodynamics of activation for the methanolysis (boldface type) and hydrolysis (lightface type) of different

species of ATP

In the case of hydrolysis the reactivity of water was taken as unity. Values for the reaction of ATP*~, MgATP, MnATP, and MgADP were obtained from Arrhenius plots.
The estimated errors associated with the thermodynamic values obtained directly from Arrhenius plots are =<0.4 kcal/mol. In the exceptional case of ATP*~, thermody-
namic values shown represent mean values derived from four Arrhenius plots constructed at pH values between 6.0 and 8.0 as described under “Results.” No single value
deviated from the mean by more than 0.8 kcal./mol. The S.D. of the measurements ranged from 0.1 to 1.0 kcal/mol.

AG* AH* TAS* kys© by, (25 °C)*
keal/mol keal/mol keal/mol
ATP*~ 30.3“ 25.0 —5.3 34 x 107 0s Mt 67 years M
28.9% 27.9 -1.0 1.5X 107 7s ! 6.3 years
ATP*~ 29.5 26.8 —-2.7 1.3x107°s7'm! 17 years M
28.0 27.6 —0.4 1.7 X107 %s7! 500 days
Mg-ATP>~ 28.8 22.8 —6.0 39x107%s7'm ! 5.6 years M
27.5 25.6 -1.9 3.8 X 10 857! 210 days
Mn-ATP>~ 28.1 22.1 —-6.0 14 x 107 8s7 ' Mt 1.6 years M
26.8 25.4 —14 1.3 X107 7s™! 63 days
Mg-ADP~ 30.3 24.5 -5.7 34 %107 "0s Mt 64 years M
28.7 25.8 -2.8 53X 107 %s7! 4.1 years

“ Methanolysis reaction values are in boldface rows.
? Hydrolysis reaction values are in lightface rows.
¢ Methanolysis rate constants are expressed in's™
4 Methanolysis £, values are for 1 M methanol.

1

tide. ITC experiments (not shown) indicated dissociation con-
stants of 1.7 X 10~ M for MgATP and 1.47 X 10~ * M for MgADP
at 25 °C, in reasonable agreement with values from the literature
(21). At 25 °C, with both components present at a concentration of
0.025 M, 97% of the ATP and 93% of the ADP are present as their
Mg?* complexes, and their K, values have been shown to decrease
with increasing temperature (27). Titrations of MgATP or
MgADP indicated that at pH 7.0 the phosphoryl groups are com-
pletely unprotonated (MgATP?~ and MgADP ™).

Whereas ADP and ATP are similarly reactive in the absence
of Mg>™ (as described above), these nucleotides were found to
exhibit differing reactivities in the presence of Mg>" (Table 2).
Fig. 6 shows Arrhenius plots for the methanolysis of MgATP,
the methanolysis of MgADP, and the methanolysis of ATP in
the absence of Mg®" at pH 7.0. Data are shown in pairs to
facilitate visual comparison. At all temperatures examined
Mg>* enhanced the rate of ATP methanolysis. And when the
Arrhenius plots were extrapolated to room temperature, it
became evident that Mg>* accelerates ATP methanolysis by
~1 order of magnitude at 25 °C (Fig. 6A), a larger factor than
had been observed in earlier experiments at higher tempera-
tures (17, 18). But ADP methanolysis behaved somewhat differ-
ently in that Mg®" actually inhibited ADP methanolysis at high
temperatures, whereas its effect was found to be almost negli-
gible at 25 °C (Fig. 6B). MgADP methanolysis occurs 10-fold
more slowly than MgATP methanolysis between 50 and 110 °C
(Fig. 6C). The entropies of activation for MgATP and MgADP
methanolysis were virtually identical (Table 2).

Because Mn?" and Mg®" have been reported to form some-
what different complexes with ATP (possibly a-B-y for Mn*", as
contrasted with 8-y for Mg?" (28)), and because GaINAcK (like
many other kinases) can use Mn>" in place of Mg>* with only a
2-fold reduction on the rate of reaction (8), we also examined the
effect of Mn>" on the uncatalyzed methanolysis of ATP. Because
the K, value of of Mn*"-ATP is 1.6 X 10~ M, 99% of the ATP is
complexed with the metal ion when both components are present
at a concentration of 0.025 M. Thus, Mn>" catalyzes ATP metha-
nolysis slightly more effectively than does Mg>". But the activation
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M~ L. Hydrolysis rate constants are expressed in s~ .

1

parameters are so similar for Mg>" and Mn>* (Table 2) that it
appears unlikely that these ions increase the rate of ATP metha-
nolysis by substantially different mechanisms.

Temperature Dependence of Enzyme Reaction Rates—In the
present work we used isothermal calorimetry to determine the
effects of temperature on the kinetic behavior of these enzymes
directly and avoid complications that might arise from the use
of coupling enzymes (each with its own temperature depend-
ence). The kinetic constants obtained using ITC at 25 °C were
in satisfactory agreement with values at 25 °C reported in the
literature (Table 1).

Plots of initial rates as a function of substrate concentration
showed that GaINAcK binds the phosphoryl acceptor N-acetyl-
galactosamine (GalNAc) with positive cooperativity (data not
shown). Hexokinase has been reported to exhibit similar behav-
ior with glucose (29). But we observed no signs of cooperativity
for homoserine in the case of HSK. In the presence of saturating
phosphoryl acceptor, the influence of ATP concentration on
the reactions catalyzed by all three kinases showed no signs of
positive cooperativity. Therefore, to determine k_,,/K,,, for Gal-
NAcK and hexokinase, the phosphoryl-accepting substrate was
chosen as the saturating substrate,® and ATP was added at a
limiting concentration (1 X 10~ ° m) equivalent to ~10% of the
K, of ATP for each of the three kinases. Values of k_,,/K,,, were
determined at pH 8.0, where the activity of each of these
enzymes is near maximal (8, 10, 11). For hexokinase and Gal-
NAcK, rates were measured over the temperature range
between 5 and 35 °C. For HSK, rates were measured over the
temperature range between 10 and 65 °C. The results yielded
linear Arrhenius plots (R*> > 0.97, Fig. 7), which were used to
calculate the activation parameters shown in Table 3.

3 At 27 °C, 38.8% of glucose is present in solution as the a-pyranoside, and
60.9% of glucose is present as the B-pyranoside. The equilibrium is insen-
sitive to changing temperature; the relative abundance of the a-anomer
increases by ~1% over 40 °C (30). Hexokinase binds and phosphorylates
both anomers, with only slight discrimination between these species
(K,, =58 X% 10"°and 6.6 X 10> m, respectively, and V,,,, was 1.3 times
greater for the a-pyranoside than for the B-pyranoside (31)).
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FIGURE 6. Arrhenius plots of the rate constants for the methanolysis of
MgATP (filled circle), MgADP (shaded circle), and ATP (open circle) at
pH 7. 0. Data are shown in pairs to allow visual comparison. Panel A shows
MgATP versus ATP in the absence of Mg?™ (pH 7.0), panel B shows ATP versus
MgADP, and panel C shows MgATP versus MgADP. The extrapolation to 25 °C
is shown (dashed vertical line).

Viscosity Dependence—Viscosogens were used to test the
possibility that either substrate binding or product release
might occur more slowly than substrate transformation by each
of the three kinases. If k_,, reflected the unimolecular process of
product release or if k_,, /K, reflected the bimolecular process
of substrate binding, then these relative rate constants would be
expected to decrease with increasing viscosity. If substrate
transformation were rate-determining, then no change in reac-
tion rate would be expected to occur with increasing solvent
viscosity.

The present experiments were conducted using sucrose as
the viscosogen at 25 °C using both ITC and the NADH-coupled
assay methods. Some experiments were replicated using either
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FIGURE 7. Arrhenius plots of the second order rate constants for the reac-
tions catalyzed by hexokinase (shaded squares), HSK (open squares), and
GalNACK (filled squares).

TABLE 3
Rate constants and thermodynamics of activation for GaINAcK, HSK,
and hexokinase

Data for the uncatalyzed reaction, the methanolysis of MgATP at pH 7.0, are taken
from Table 2.

Rate
Enzyme AG" AH' TAS' kys enhancement
keal/mol s Tu!
GalNAcK 12.0 15.2 3.2 1.0 X 10* 2.6 X 10'2
HSK 103 101 —-02 18x10° 4.6 X 10%3
Hexokinase 8.9 9.4 0.5 1.8 X 10° 4.6 X 10'*
Uncatalyzed 288 228 —60 39x10°°

trehalose or polyethylene glycol 300 as the viscosogen and
established that the observed changes in reaction rate were
because of viscosity effects rather than inhibition by sucrose.
Fig. 8 shows that no significant viscosity dependence was
observed for k,, or k., /K,, of GaINAcK nor for k_, /K, of hex-
okinase, indicating that these processes are not limited by phys-
ical diffusion. Small viscosity effects (with slopes <0.25) were
observed for both k_,, and k_,,/K,,, in the case of HSK and for k_,,
in the case of hexokinase (Fig. 8). The small slopes observed
suggest that for these kinases k. and k_,./K,,, are not limited by

cat cat
diffusion.

DISCUSSION

Phosphoryl Transfer from ATP to Methanol in the Absence of
Mg*>" —ATP exhibits two pK,, values in the physiological pH
range, ~4.3 and ~6.5. (Fig. 9). The lower value mainly describes
the dissociation of a proton from N1 of the adenine ring of
ATP?", whose N1 is positively charged below that pK,, value
(32), whereas the higher value is largely associated with the loss
of the second proton from the y-phosphoryl group of ATP>".

At first glance, N1 of the adenine ring might appear to be too
distant from the B- and y-phosphoryl groups of ATP to affect
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FIGURE 8. Effects of relative viscosity in the presence of added sucrose on k. and k_,./K,,, for GalNAcK, HSK, and hexokinase at 25 °C. When small effects
were observed (k ,./K,, for GaNAcK, k,, for GaINAcK, and k,, for hexokinase) the points were fit to a line using linear least squares regression. Slopes of those
lines are, respectively, 0.22,0.15, and 0.11. Similar results were obtained using trehalose and polyethylene glycol 300 as viscosogens.

their reactivities. In solution, however, adenosine polyphos-
phates are not fully extended but adopt a compact anti confor-
mation in which the a-phosphoryl group approaches the ade-
nine ring (33). Thus, the pK, value of the adenine ring has been
shown to be sensitive to the state of phosphorylation of adeno-
sine, and the observed entropies of protonation imply that the
conformations of both ATP and ADP in solution allow interac-
tion between the positive charge on the adenine ring and the
negative charge on the terminal phosphoryl group (34, 35). But
in the case of AMP, the phosphoryl group and the adenine ring
do not appear to interact, as the phosphoryl group of AMP does
not affect the pK, value of the 1-(-NH™ =) group of the adenine
ring (34).) One consequence of these intramolecular interac-
tions is that the inductive effects of the phosphoryl substituents
deshield the adenine Cg proton (36) to differing extents, making
it possible to quantify the relative amounts of AMP, ADP, and
ATP in reaction mixtures by "H NMR and to determine the
rates and activation parameters for the hydrolysis and metha-
nolysis of ADP and ATP (Fig. 1).

In the absence of Mg>", the major products of reaction
between and ATP and methanol were ADP and methyl phos-
phate. In addition, we observed ~1.5% “wrong-way” cleavage at
the B-phosphoryl group to form the secondary product ADP-
O-CHs,. This latter reaction does not correspond to any biolog-
ical process that is currently known, although it has been sug-
gested that ADP-O-CH; might have served as a stable starting
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point for prebiotic RNA synthesis (37). No other products were
observed.

The rates and activation parameters for phosphorylation of
methanol in the absence of Mg>* varied over the pH range
examined in these experiments (4.8—11.0), in which ATP>~
(ring-protonated), ATP®~, and ATP*~ were present in varying
proportions. The methanolysis of ATP?>~ was found to be more
favorable entropically, but slightly less favorable enthalpically,
than the methanolysis of ATP*". At 25 °C, the methanolysis of
ATP?” was found to proceed ~4-fold more rapidly than the
methanolysis of ATP*~. This behavior differs from that of
phosphate monoesters, in which ionization increases reactivity
(38—41) by factors as large as 10” (41), and from that of acyl
phosphate anhydrides, in which reactivity increases ~100-fold
in alkaline solutions (42, 43).

At and below pH 5.5, the methanolysis of ATP?~ (ring-pro-
tonated at N1) begins to contribute to the observed rate and
activation parameters (Fig. 5). Superficially, it is clear that the
methanolysis of ATP?>~ occurs more rapidly than the metha-
nolysis of ATP®>~ and that the methanolysis of ATP>" is less
favorable entropically but more favorable enthalpically than the
methanolysis of ATP?>~ (Fig. 5). But because amines have sub-
stantial enthalpies of protonation (~11 kcal/mol) (44), unlike
phosphoryl groups (~1 kcal/mol) (44), the fraction of ATP that
is ring-protonated at any pH value varies markedly with tem-
perature. That variation would need to be taken into account in
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FIGURE 9. Protonation and chelation states of ATP. The pK, values are indicated.

any attempt at a more detailed interpretation of the thermody-
namics of activation for methanol attack on ATP>™ at low pH.

Effect of the Divalent Cation—In earlier comparisons of the
rates of uncatalyzed solvolysis of ATP and MgATP, carried out
at a single elevated temperature (17, 18), the presence of Mg>™"
was shown to result in an approximate doubling of the rate. We
confirmed those results, observing a 3.4-fold rate enhancement
for ATP hydrolysis or methanolysis by Mg?* at 80 °C (equiva-
lent to a decrease of 0.7 kcal/mol in AG* at 80 °C). But the
presence of Mg>* exerts a more pronounced effect on the ther-
modynamics of activation; AH" for methanolysis becomes 4.1
kcal/mol more favorable, whereas TAS" becomes 2.7 kcal/mol
less favorable, than for reaction in the absence of Mg>™" (Fig. 5).
Extrapolated to 25 °C, the presence of Mg>" increases the rate
of ATP methanolysis by a factor of 11 above that of the metal-
free reaction at pH 7.0 (Table 2). Interestingly, Mg>* was found
to retard the degradation of ADP to AMP, and this effect
became more pronounced with increasing temperature

(Fig. 6).*

“Since ATP binds Mg?" with little effect on the rate of reaction in the absence
of the enzyme, but Mg?" is essential for reactions in the presence of the
enzyme, it follows that Mg " is more strongly bound in the transition state
for the enzyme reaction than in the transition state for the uncatalyzed
reaction. The extent to which the catalytic effects of the enzyme and Mg "
are interdependent seems to vary among kinases. At one extreme, crystal
structures suggest that the active site of UMP/CMP kinase from Dictyoste-
lium discoideum makes no contact with the metal ion, so that the require-
ment for Mg®" might be considered to arise entirely from interactions
between the metal ion and the substrate (45). But in other kinases includ-
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HSK hexokinase fumarase

FIGURE 10. The proportion of kinase rate enhancements achieved by low-
ering AH* (red) and raising TAS* (cyan). AAH* and TAAS* were obtained by
comparing thermodynamic parameters for kinase-catalyzed phosphoryl
transfer with those for spontaneous MgATP methanolysis (Table 3). For com-
parison, the ribosome (2, 3) and a representative single-substrate enzyme,
fumarase (1), are also shown.

ribosome GalNAcK

In addition to enhancing the rate of methanolysis of ATP by
one order of magnitude, the presence of Mg>" narrows the
specificity of the nonenzymatic phosphorylation of methanol
by enhancing the preference for ATP as a substrate and for the

ing the three examined here, the metal ion forms a bridge between the
enzyme and ATP (14). In those cases the absence of the metal ion presum-
ably interrupts the network of enzyme-substrate interactions that stabi-
lizes the transition state.
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y-phosphoryl group as the site of methanol attack. Thus, in
the presence of Mg>", at pH 7.0, methanolysis occurs at the
y-phosphoryl group >99.9% of the time. In the absence of
Mg, as noted above, wrong-way cleavage at the B-phosphoryl
group occurred ~1.5% of the time to yield secondary product
ADP-O-CHs,.

Thermodynamic Basis of Kinase Catalysis—Fig. 10 shows that
GalNACcK, HSK, and hexokinase vary in the extent to which they
alter TAS* and AH*. HSK and hexokinase achieve a majority of
their catalytic effect by decreasing the enthalpy of activation for
substrate phosphorylation. The active site of HSK contains the
positively charged end of a helix dipole in a position that
appears to be appropriate for stabilizing an associative transi-
tion state (16). And hexokinase is equipped with an as-
partate residue that may serve as a catalytic base (12). The sub-
stantial reduction in AH* produced by HSK and hexokinase
appear to be consistent with those mechanistic possibilities.
Notwithstanding the dominant enthalpic component of catal-
ysis, HSK and hexokinase achieve a significant proportion of
their rate enhancements by increasing TAS'. That entropic
component of the catalytic effect may represent, at least in part,
a requirement for substrate juxtaposition that is general for
multisubstrate enzymes that proceed by direct group transfer.

In contrast, much of the rate enhancement produced by Gal-
NACcK (9.2 keal/mol, or 6 X 10° -fold) is attained by raising the
value of TAS" by an amount comparable with that produced by
the peptidyltransferase center of the ribosome (3). Thus, much
of the catalytic effect of GalNacK may arise from substrate jux-
taposition and desolvation. Consistent with that possibility, the
crystal structure of GalNAcK fails to disclose the presence of
any potential active site base or other chemical group that
might be expected to stabilize the altered substrate in the tran-
sition state (15).

Nevertheless, GalNAcK also lowers the enthalpic activation
barrier by 7.6 kcal/mol (equivalent to an additional 4 X 10°-fold
rate enhancement). Without that enthalpic component, the
rate of substrate turnover catalyzed by GalNAcK would fall
short of the values required for biological function. Simple jux-
taposition cannot overcome the free energy barriers that must
be surmounted in slow chemical processes such as the alcohol-
ysis of ATP. Additional enthalpic effects (which may include
stabilizing interactions between the enzyme and the altered
substrate in the transition state, desolvation, and interactions
between the substrate and Mg>") are required to accelerate
these reactions to biological significant rates.

Kinase Rate Enhancements and Implications for Inhibitor
Design—This work was undertaken with the limited objective
of establishing the rate enhancements produced by several
kinases that catalyze direct phosphoryl transfer to alcohols and
the thermodynamic basis of those rate enhancements. From
that information we hoped that it might be possible to learn
whether, at least in principle, a bisubstrate analogue would be
the best inhibitor that could be designed for a kinase or whether
it might also be important to mimic the special polar interac-
tions (H-bonds or electrostatic interactions) between enzyme
and substrate that distinguish the substrates in the transition
state from the substrates in the ground state.
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FIGURE 11. Transition state binding for a two-substrate reaction. In the
case of the reactions described here, E represents the enzyme, A represents
the phosphoryl-accepting substrate alcohol, B represents ATP, P represents
the products, k is the Boltzmann constant, and h is the Planck constant.

In fact, the magnitudes of the rate enhancements that these
enzymes produce (hexokinase, 4.6 X 10**-fold; HSK, 4.6 X
10*3-fold; and GalNAcK, 2.6 X 10'*-fold) are substantially
greater than the maximal value (~108-fold) that has been esti-
mated to be achievable by juxtaposition and orientation alone
(46). Each of the kinases examined in this work achieves a
large rate enhancement not only by rendering the entropy of
activation more favorable but also by reducing the enthalpy
of activation. The behavior of these kinases differs from that
of the peptidyltransferase center of the ribosome, which gen-
erates its relatively modest catalytic effect by entropic means
alone.

We also hoped to learn whether the magnitude of the entropic
component of an enzyme rate enhancement might furnish some
indication of the importance of physical juxtaposition and desol-
vation for catalysis (as contrasted with more conventional chemi-
cal catalysis) and, hence, might provide some indication of its sus-
ceptibility to inhibition by a bisubstrate analogue. So far as we are
aware, the appropriate inhibitors remain to be prepared and tested
for GalNAc kinase or HSK. But adenylate kinase, which shares
with GalNAc kinase the absence of any obvious catalytic base at
the active site, is very strongly inhibited by the bisubstrate ana-
logue P1,P5-di(adenosine-5’) pentaphosphate (K; 4 X 1077 m)
(47). Conversely hexokinase, which is equipped with a basic group
in a position appropriate for abstracting a proton from the phos-
phoryl acceptor, is inhibited very weakly by the corresponding
bisubstrate analogue P1-(adenosine-5')-P4-(glucose) tetraphos-
phate (K; 4 X 10”2 m) (48).

Finally, the rate constants observed for the enzymatic and non-
enzymatic reactions make it possible to estimate the nominal affin-
ities of the kinases considered here for the altered substrates in the
transition state. Fig. 11 shows that for an enzyme that catalyzes a
two-substrate reaction, the nominal dissociation constant of the
reacting substrates in the transition state (K, ) can be estimated by
dividing the second order rate constant of the uncatalyzed reaction
(k,on), multiplied by the K, values of each of the substrates, by £,

cat

(49). Applying that approach to the rate constants in Tables 1 and
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2, we estimate that the approximate values of K at 25 °Care 2.1 X
10" ' M for GalNACK, 7.4 X 10~ *” M for HSK, and 6.4 X 10 ¥ m
for hexokinase. Those values imply that there is ample room for
improvement in the design of inhibitors of this important class of
enzymes.
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