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ABSTRACT: S-Adenosylmethionine (AdoMet) synthetase catalyzes the only known route of biosynthesis
of the primary in vivo alkylating agent. Inhibitors of this enzyme could provide useful modifiers of biological
methylation and polyamine biosynthetic processes. The AdoMet synthetase catalyzed reaction converts
ATP andL-methionine to AdoMet, PPi, and Pi, with formation of tripolyphosphate as a tightly bound
intermediate. This work describes a nonhydrolyzable analogue of the tripolyphosphate (PPPi) reaction
intermediate, diimidotriphosphate (O3P-NH-PO2-NH-PO3

5-), as a potent inhibitor. In the presence of
AdoMet, PNPNP is a slow-binding inhibitor with an overall inhibition constant (Ki*) of 2 nM and a
dissociation rate of 0.6 h-1. In contrast, in the absence of AdoMet PNPNP is a classical competitive
inhibitor with aKi of 0.5 µM, a slightly higher affinity than PPPi itself (Ki ) 3 µM). The imido analogue
of the product pyrophosphate, imidodiphosphate (O3P-NH-PO3

4-) also displays slow onset inhibition
only in the presence of AdoMet, with aKi* of 0.8 µM, compared toKi of 250 µM for PPi. Circular
dichroism spectra of the unliganded enzyme and various complexes are indistinguishable indicating that
the protein secondary structure is not greatly altered upon complex formation, suggesting local
rearrangements at the active site during the slow binding process. A model based on ionization of the
bridging-NH- moiety is presented which could account for the potent inhibition by PNP and PNPNP.

S-Adenosylmethionine (AdoMet) occupies a central bio-
logical role in all cells, acting as the primary methyl group
donor and as a source for the aminopropyl group in
polyamine biosynthesis (1-3). AdoMet is involved in
bacterial chemotaxis and DNA restriction, ethylene biosyn-
thesis in plants, and in the gene expression activity in
eukaryotes, as well as the regulation of the synthesis of
methionine and AdoMet itself (4-8). Several enzymes have
recently been found in which AdoMet is cleaved to form a
5′-deoxyadenosyl free radical as a reaction intermediate, a
role until recently thought to be reserved for adenosylco-
balamin (9-11).

S-Adenosylmethionine synthetase (EC 2.5.1.6, ATP:L-
methionine S-adenosyl-transferase, AdoMet synthetase) cata-
lyzes the sole known route of synthesis ofS-adenosylme-
thionine (AdoMet) fromL-methionine and ATP. AdoMet and
tripolyphosphate (PPPi) are initially formed and remain

enzyme-bound until PPPi is hydrolyzed to orthophosphate
(Pi) and pyrophosphate (PPi) before product release as shown1

(12):

Thus, AdoMet synthetase catalyzes two distinct reactions, a
nucleophilic displacement at carbon-5′ of ATP during
AdoMet synthesis and the subsequent PPPi hydrolysis. PPPi
hydrolysis apparently serves to convert a compound with
high affinity for the enzyme (PPPi, Ki ) 3 µM for the
Escherichia colienzyme discussed herein (13)) into forms
which dissociate more readily (PPi (Ki ) 0.4 mM) and Pi
(Ki ) 4 mM)) and to provide thermodynamic driving force
for the reaction (12).

AdoMet synthetase has been studied from a diverse body
of organisms including archaea, bacteria, yeast, plants, and
mammals. In many species, there are multiple enzyme forms,
suggesting that expression of AdoMet synthetase activity may
be modulated by environmental conditions or in a tissue-
specific manner, as has been established in humans (14, 15).
There is a considerable conservation in the sequences of
AdoMet synthetase among various organisms; however,
significant differences in physical and kinetic properties
indicate evolutionary adjustments in the enzymes from
various habitats (15).

The variation of properties of AdoMet synthetases among
tissues and species have led it to be a target for chemothera-
peutic development (16-25). AdoMet synthetase was one
of the earliest cases to which computer-aided inhibitor design
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1 When formed as an intermediate in AdoMet synthesis, PPPi does
not reorient or dissociate from the enzyme. Thus, the phosphoryl groups
of PPPi remain oriented as in positions occupied by ATP. Pi originates
as the Pγ of ATP. AdoMet synthetase requires both Mg2+ and K+ for
activity. In all of these studies sufficient amounts of Mg2+ and K+ were
added to saturate the enzyme. For simplicity these ions are not included
in compositions of the complexes in the text.

L-methionine+ ATP + H2O f

[AdoMet + PPPi]
enzyme bound

+ H2O f AdoMet + PPi + Pi
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was applied (25); that study focused on methionine analogues
as potential inhibitors. A wide variety of inhibitors based
on methionine analogues have been synthesized and char-
acterized, the most potent beingL-cis-2-amino-4-methoxy-
butenoic acid, which is a competitive inhibitor with respect
to methionine with aKi value generally in the micromolar
range, depending on the isozyme (18). Bisubstrate analogues
which link the methyl group of methionine with the C5′ atom
of the nonhydrolyzable ATP analogue AMPPNP, or deriva-
tives thereof, have been prepared in complex syntheses and
are competitive inhibitors withKi values in the 10-7 M range
(20-22).

Surprisingly, no studies of the interaction of AdoMet
synthetase with analogues of the tripolyphosphate intermedi-
ate have been published, although PPPi is generally one of
the most potent inhibitors known with aKi in the low
micromolar range. Since the tripolyphosphate intermediate
formed in AdoMet synthesis is hydrolyzed asymmetrically
with ∼98% of the Pi formed originating from theγ
phosphoryl group of ATP, it must be tightly bound with
hindered mobility at the active site (13, 26). It has long been
established that added PPPi is hydrolyzed to PPi and Pi; the
kcat/Km for this reaction is only 105 M-1 s-1 suggesting that
there is not totally free access to the active site or that there
are enzyme conformational changes accompanying binding
(13, 26). This observation suggests that nonhydrolyzable
analogues of PPPi might be potent inhibitors. Since few
enzymes are likely to have high affinity for these inorganic
compounds, such inhibitors promise inherent selectivity.

Previous work has shown that the doubly nonhydrolyzable
ATP analogueRâ,âγ-adenosyldiimidotriphosphate (AMP-
NPNP) is a substrate but after one turnover the enzyme is
trapped as an enzyme‚AdoMet‚diimidotriphosphate dead end
complex which dissociates at a rate of<10-4 s-1 (27).
However, it was not clear whether the high affinity of this
complex is due to its mechanism of formation or due to
chemical properties of the diimidotriphosphate (PNPNP).2

In this study we have characterized the inhibition of
AdoMet synthetase by pyrophosphate and tripolyphosphate
analogues. The characteristics of inhibition by imidodiphos-
phate and diimidotriphosphate vary enormously depending
on whether AdoMet is present. In the presence of AdoMet,
PNPNP is the most potent inhibitor of AdoMet synthesis
thus far described.

MATERIALS AND METHODS

The pentasodium salt of PNPNP was a gift from Dr. A.
Hampton of this Institute or synthesized by the Fox Chase
Cancer Center Synthesis Facility according to Ma et al. (27).
[Methyl-14C]methionine was purchased from Dupont/New
England Nuclear. PPPi, PPi, Pi, ATP, L-methionine, HEPES,
Tris, magnesium chloride, potassium chloride, tetramethyl-
ammonium hydroxide, methylene diphosphate, imidodiphos-
phate, malachite green, ammonium molybdate, HCl, EDTA,
and bacterial purine nucleoside phosphorylase were pur-
chased from Sigma. AdoMet was purchased from Research
Biochemicals Intl. 2-Amino-6-mercapto-7-methylpurine ri-
bonucleoside (MESG) was either purchased as a component

of the EnzCheck Phosphate assay kit from Molecular Probes
Inc. or synthesized by the method of Broom and Milne at
the FCCC Synthesis Facility (28).

AdoMet Synthetase Assays.AdoMet synthetase activity
was determined by retention of the [14C]AdoMet formed from
L-[methyl-14C]methionine by the cation exchange filter
binding method previously described (13). The tripolyphos-
phatase (PPPiase) activity of AdoMet synthetase was deter-
mined in the presence or absence of AdoMet by quantitating
orthophosphate production (29-31). AdoMet activation of
PPPi hydrolysis was evaluated as described previously(32).
PPPiase assays were performed at 25°C and contained
various amounts of tripolyphosphate (Na+ form) in 50 mM
HEPES‚(CH3)4N+ or 50 mM Tris‚HCl at pH 7.8 with 10
mM KCl and 10 mM MgCl2. The 0.2 mM 2-amino-6-
mercapto-7-methylpurine ribonucleoside and 0.02 units of
bacterial purine nucleoside phosphorylase were included
when the coupled spectrophotometric assay (29) was used.
Neither component interfered with PPPiase activity. Control
experiments performed with the purine nucleoside phospho-
rylase revealed that neither the PPPiase assay mix nor the
inhibitors compromised the phosphorylase coupling system.

EValuation of Kinetic Parameters.Inhibition of AdoMet
synthetase by compounds that produced rapid, reversible,
competitive inhibition were analyzed by computer fitting
according to the equation

where Km is the Michaelis constant,VM is the maximal
catalytic rate at saturating substrate(s) concentration,Ki is
the dissociation constant for the enzyme-inhibitor complex,
[S] is the substrate concentration, and [I] is the inhibitor
concentration (33).

Inhibitors of AdoMet synthetase which produced revers-
ible, slow binding inhibition were analyzed by the methods
of Szedlacsek and Duggleby (34). Several models have been
proposed to account for slow binding inhibition (35-37).
The models differ primarily in the step of the enzyme-
inhibitor interaction where slow onset behavior is observed:
either inherently slow association or rapid binding followed
by slow isomerization. Characteristic relationships that can
be used in choosing an appropriate model exist between the
initial onset of inhibition and the concentration of I (35-
37). Since our data show that inhibition is clearly present at
the onset of the experiment, Scheme 1 depicts a minimal
model consistent with the time dependent inhibition by PNP
and PNPNP (35). In this case two equilibrium constants
describe the inhibition: the initial value for complex forma-
tion Ki ) k4/k3 and the final valueKi

* which is (k6/(k5 +
k6))KI.

2 Abbreviations: PNPNP, diimidotriphosphate (O3P-NH-P(O)2-
NH-PO3

5-); PNP, imidodiphosphate (O3P-NH-PO3
4-).

V )
VM[S]

Km(1 + [I]/ Ki) + [S]
(1)

Scheme 1
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Inhibition kinetics were characterized by progress curve
analysis at various inhibitor concentrations. Progress curves
consistent with the model in Scheme 1 are described by the
equation

where P represents the product (Pi) formed, Vo and Vs are
the initial and final reaction rates,t is time, andk is the
apparent first-order rate constant for the establishment of the
final steady-state equilibrium.

The relationship betweenk in eq 2 and the rate and kinetic
constants is given by

The overall inhibition constant (Ki*) in Scheme 1 is defined
as

Progress curves were fit to eq 2 by nonlinear least squares
to determine the best fit values forVo, Vs, andk using the
SCIENTIST program from MicroMath, Inc.

The value ofk6 was determined by preincubating 0.6µM
AdoMet synthetase, 40µM AdoMet, and inhibitor (100µM
PNP or 2µM PNPNP) for 30 min in 50 mM Hepes/KCl, 50
mM KCl, and 10 mM MgCl2 followed by addition of excess
of PPPi (10 mM). Incubations and assays were conducted at
25 °C in 50 mM Hepes/KCl, 50 mM KCl, and 10 mM
MgCl2. The progress curve obtained from this experiment
reflects the regain in active enzyme following dissociation
of the EI* complex in Scheme 1.

The value of Ki was determined by fittingVo to the
equation

where

HereVmax ) 1.2 s-1 andKm ) 16 µM.
From this value ofKi,app, Ki was evaluated using the

equation

K*
i,app was determined by fittingVs to the equation

where the symbols are defined above.Ki* was determined
using the equation

Using the calculated values fork6, Ki, andKi*, the value of
k5 can be determined from eq 3:

Circular dichroism spectra were recorded on an Aviv
model 62 instrument. Samples were contained in 0.1 mm
path length cuvettes. Spectra were recorded from 200 to 260
nm for the enzyme alone and for the enzyme‚AdoMet‚
PNPNP and enzyme‚PNPNP complexes. Solutions contained
8 µM enzyme with various combinations of 40µM AdoMet,
17 µM PNPNP, 12 mM MgCl2 in 25 mM Tris/Cl, and 12
mM KCl at pH 8.0.

RESULTS

Inhibition of the AdoMet Synthetase Reaction by PNPNP.
Inhibition of AdoMet formation by PNPNP showed a
stoichiometric relationship between PNPNP concentration
and enzyme concentration, as illustrated in Figure 1. The
dependence of enzyme activity on enzyme concentration
indicates that PNPNP is a tight binding inhibitor where free
enzyme and the enzyme‚inhibitor complex do not rapidly
interconvert(34-37). Further analysis of product formation
in the presence and absence of PNPNP indicated the slow
onset of inhibition. From these data aKi comparable to the
enzyme concentration of<1 µM was estimated. However
detailed analysis of PNPNP inhibition of the overall reaction
was not pursued because further studies revealed that
accumulation of product(s) led to enhanced inhibition and a
complex time dependence.

Inhibition of the Tripolyphosphatase Reaction by PNPNP
in the Absence of AdoMet.To simplify characterization of
inhibition by PNPNP, the inhibition of the tripolyphosphatase
enzyme (PPPiase) activity was characterized. In the absence
of AdoMet, slow binding behavior is not observed and
PNPNP is a classical competitive inhibitor with aKi of 0.5

P ) Vst + (Vo - Vs)(1 - e-kt)/k (2)

k ) k6 + k5( [I]/ Ki

1 + [S]/Km + [I]/ Ki
) (3)

Ki* )
[E][I]

[EI] + [EI*]
) Ki ( k6

k5 + k6
) (4)

Vo ) V′
1 + [I]/ Ki,app

(5)

V′ )
Vmax

1 + Km/[S]
(6)

Ki )
Ki,app

1 + [S]/Km

(7)

Vs ) V′
1 + [I]/ Ki,app*

(8)

Ki* )
Ki,app*

1 + [S]/Km

(9)

FIGURE 1: Tight binding inhibition of AdoMet synthetase by
PNPNP. Enzyme activity in the overall reaction is plotted versus
AdoMet synthetase concentration. Samples contained 0.1 mM
L-[methyl-14C]methionine and 0.1 mM ATP in 50 mM HEPES‚
(CH3)4N+ with 50 mM KCl and 10 mM MgCl2 at pH 8.0 in the
presence or absence of 3.0µM PNPNP. After incubation for 4 min
in the presence of various concentrations of AdoMet synthetase,
formation of [14C]AdoMet was quantified as described in Materials
and Methods.

k5

k6
)

Ki

Ki*
- 1 (10)
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µM (Figure 2). Although the enzyme has a greater affinity
for PNPNP than for PPPi (Km ) 3 µM, Ki ) 8 µM, with
respect to ATP (13)), there is no evidence of tight binding
behavior.

Inhibition PNPNP in the Presence of AdoMet.In the
presence of a saturating concentration of AdoMet, PNPNP
inhibition has slow onset behavior (Figure 3). In studies of
the time-dependent inhibition by PNPNP the tight binding
characteristics of PNPNP were overcome by using a high
concentration of PPPi in activity measurements (35). The
progress curves reveal a dependence of the initial rates on
the concentration of PNPNP showing that formation of the
initial enzyme complex with PNPNP is rapid. The model
for slow onset inhibition depicted in Scheme 1 best represents
the inhibition of AdoMet synthetase by PNPNP (35). Values
for Vo andVs, determined by fitting the data in Figure 3 to
eq 2 (Materials and Methods), were used to determine values
of Ki ) 38 nM andKi* ) 2.2 nM. The rate of dissociation
of the enzyme‚PNPNP‚AdoMet complex (k6) was obtained
by preincubating enzyme with AdoMet and PNPNP followed

by dilution into a 5000-fold excess of PPPi and monitoring
the recovery of enzyme activity with time; from this
experiment a value fork6 of 0.011 min-1 was obtained. The
value ofk5 (Scheme 1), the rate of formation of the inhibitory
enzyme‚AdoMet‚PNPNP complex (EI* in Scheme 1), was
then calculated to be 0.19 min-1. Table 1 summarizes the
inhibition data.

Inhibition PPPi Hydrolysis by Pyrophosphate and the
Pyrophosphate Analogue Imidodiphosphate (PNP).The
question thus arose as to whether the slow binding behavior
of PNPNP was due to its being an intermediate analogue or
simply to the presence of the P-N(H)-P linkage. Thus,
inhibition by the product PPi and the analogue PNP was
examined. In the absence of AdoMet, PNP and pyrophos-
phate (PPi) are linear competitive inhibitors withKi values
of 19 and 400µM, respectively (Table 1). In the presence
of AdoMet, PNP inhibition is characterized by slow onset
behavior, similar to that seen with PNPNP (Figure 4).
However, unlike PNPNP, a plot of rate vs AdoMet synthetase
concentration is linear, showing that tight binding inhibition
is not present. Progress curve analysis of the inhibition by
PNP reveals aKi ) 5.5µM and aKi* ) 0.8µM. Values for
the rate of formation and dissociation of the inhibitory
enzyme‚AdoMet‚PNP complex (EI* in Scheme 1) are 1.8
and 0.31 min-1, respectively. Thus the lower affinity of PNP
than PNPNP is reflected in the faster rate of the isomerization
process with PNP analogue. For comparison, in the presence

FIGURE 2: Competitive inhibition of the PPPiase activity by PNPNP
in the absence of AdoMet. Samples contained 5-50 µM PPPi in
50 mM HEPES‚(CH3)4N+ with 10 mM KCl, 10 mM MgCl2, 0-15
µM PNPNP, and 0.5µM AdoMet synthetase at pH 7.8.

FIGURE 3: Time course for PNPNP inhibition of the PPPiase activity
in the presence of AdoMet. Samples contained 5.0 mM PPPi in 50
mM HEPES‚(CH3)4N+ with 10 mM KCl, 10 mM MgCl2, 0-10
µM PNPNP, 40µM AdoMet, and 0.5µM AdoMet synthetase at
pH 7.8.

Table 1: Inhibition of the Tripolyphosphatase Reaction by
Polyphosphates

inhibitor (
AdoMet

Ki
(µM)

slow onset
inhibition

Ki*
(µM)

k5
(s-1)

k6
(s-1)

PPi - AdoMet 400 no
PPi + AdoMet 250 no
PNP- AdoMet 19 no
PNP+ AdoMet 5.5 yes 0.8 0.03 5.2× 10-3

PPPi - AdoMet 3.0a

PPPi + AdoMet 16b

PNPNP- AdoMet 0.5 no
PNPNP+ AdoMet 0.038 yes 0.002 0.003 1.8× 10-4

a Km value. In this case theKm value approximates the dissociation
constant (13). b Km value. The dissociation constant is probably less
than this due to slow dissociation.

FIGURE 4: Time course for PNP inhibition of the PPPiase activity
in the presence of AdoMet. Samples contained 5 mM PPPi in 50
mM Tris‚HCl with 10 mM KCl, 10 mMgCl2, 0-100µM PNP, 40
µM AdoMet, and 0.08µM AdoMet synthetase at pH 7.8.
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of AdoMet PPi remains a classical competitive inhibitor with
a Ki of 250 µM.

Spectroscopic Studies of PNPNP Binding.To investigate
the possibility of conformational changes upon formation of
the inhibitory complexes, we examined the interaction of
PNPNP and PNP with the enzyme by circular dichroism
spectroscopy. The CD spectra were indistinguishable for the
free enzyme and the enzyme‚AdoMet‚PNP(NP) complexes
(not shown). Apparently gross secondary structural changes
do not occur upon complex formation.

Diimidotriphosphate (PNPNP) Inhibition of the R244L
AdoMet Synthetase Mutant.We recently characterized a
mutant of AdoMet synthetase in which the active site arginine
that normally binds theγ-phosphoryl group of ATP was
changed to leucine (R244L) (32). In this mutant not only
kcat for AdoMet synthesis was reduced 1000-fold but most
interestingly the PPPi intermediate became free to reorient
end-to-end within the active site, demonstrating weaker
binding. When PNPNP inhibition of the AdoMet activated
tripolyphosphatase activity of the R244L mutant was exam-
ined, the inhibition was competitive withKi of 10 µM,
comparable to the PPPi Km value of 16µM, and the slow
binding behavior was absent. The 5000-fold diminished
affinity of the R244L mutant for PNPNP is consistent with
the role for Arg244 in binding the polyphosphate chain (32,
38). The lack of the isomerization step(s) in the mutant and
the rapid reorientation of the PPPi intermediate suggest that
the Arg244 mutation has hindered a conformational change
that occurs when PPPi binds to the wild-type enzyme.

DISCUSSION

The present studies have identified the nonhydrolyzable
intermediate analogue PNPNP as a slow, tight binding
inhibitor of AdoMet synthetase. Plausibly the tight binding
behavior of PNPNP is partially due to its mimicry of the
tightly bound PPPi intermediate. Curiously, the PPi analogue
PNP also exhibits slow binding inhibition. Though not nearly
as potent an inhibitor as PNPNP, the overall dissociation
constant (Ki*) for PNP is 310-fold less than theKi for PPi,
and the slow binding of PNP is in contrast to PPi which binds
and dissociates rapidly. While the slow binding behavior of
PNPNP might have been attributed to a slow association rate
as seen with intermediate (analog) binding to other enzymes
(39), in the absence of AdoMet it is a simple competitive
inhibitor. Thus the slow binding behavior of PNPNP prob-
ably arises from steps after the initial binding event, steps
which depend on the presence of AdoMet. The inhibition of
phosphoryl transferases by imidophosphate analogues have
been long exploited due to the resistance to cleavage of the
P-N bonds (40-51). Structurally PNP, and presumably
other imidopolyphosphates, are essentially isosteric with their
oxy analogues (40, 41).3 However, the slow binding behavior
of PNP and PNPNP is rather unusual; we found one other
report of slow onset inhibition by this class of compounds,
AMPPNP inhibition of the F1-ATPase (43). This suggests
that the slow binding inhibition of AdoMet synthetase by
PNP and PNPNP is the result of an unusual enzyme-
imidophosphate interaction.

One obvious difference between the PPPi/PPi pair and the
PNPNP/PNP couple is the chemistry of the-NH- moiety.
In solution the Mg2+ complexes of PPPi, PNP, PPPi, and

PNPNP have the same charge and the imido group is in the
-NH- form (42). However at an active site the imido group
might either form a protonated-NH2

+- bridge linkage or
a deprotonated-N-- group, neither of which is available
for an -O- linkage. The crystallographically determined
active site structure of the E‚2Mg2+‚PPi‚Pi complex has the
2 Mg2+ ions both coordinated to all 3 phosphoryl groups
(38); such coordination might favor the deprotonation of the
imido nitrogen (Figure 5). Furthermore the positive charge
of the sulfonium center of AdoMet could also facilitate
ionization of the NH moieties. For comparison, the pKa of
the -NH- group of the tetraethyl ester of PNP is 3.8,
showing the acidity of this proton when the oxygens are
uncharged (42). Formation of a N- moiety would enhance
binding to the metal ions and might provoke movement of
positively charged active site residues; candidates for these
residues are histidine-14 and lysines-165, -245, and -265 (38).
Whether the slow inhibition phase is due in part to a proton-
transfer reaction as well as active site reorganization is not
yet clear.

AdoMet is required for both PNPNP and PNP to obtain
maximally tight binding to the enzyme. This parallels the
∼20-fold AdoMet activation of the PPPiase activity (13, 32).
Presumably, AdoMet binding provokes active site residues
to reorient to provide better juxtaposition for PPPi hydrolysis.
Perhaps in the absence of AdoMet the group(s) that interact
with the imido nitrogen(s) of PNPNP is (are) not in an
optimal position. Thus, in the presence of AdoMet the initial
complexes formed by PNP and PNPNP have 7- and 19-fold
less affinity than the final complexes, respectively. However,
even the initial complexes formed in the presence of AdoMet
have 3.5- and 13-fold higher affinity than the complexes
formed in the absence of AdoMet.

In light of these results it is interesting thatR,â-imido-
ATP (AMPNPP) has aKi of ∼2 µM, nearly 50 times less
than the Km for either ATP or theâ,γ-imido analogue
AMPPNP (27). This suggests that the origin of tight binding
is in theR,â-imido moiety, which is the anticipated binding
position of PNP.

The notable difference between wild-type AdoMet syn-
thetase and the R244L mutant in the inhibition by PNPNP
is rather tantalizing. In contrast to the wild-type enzyme, the
inhibition of the R244L mutant is rapid with a 10µM Ki,

3 AdoMet synthetase has poor affinity for the methylene-bridged ATP
analogues,R,â-methylene-ATP andâ,γ-methylene-ATP, and does not
detectably bindR,â:â,γ-dimethylene-ATP (27). This behavior is in
contrast with the good affinity for the corresponding imido-ATP
analogues (27). These observations reinforce the preferred use of imido
rather than methylene polyphosphates due to greater steric fidelity to
the natural compounds. In addition the imido-bridged compounds have
available a unique ionization state and can potentially form novel species
as proposed herein.

FIGURE 5: Model for ligation and ionization of PNPNP in the tight
binding complex.
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comparable to the 16µM Km for PPPi for the mutant. The
5000-fold decrease in affinity for PNPNP by the R244L
mutant relative to wild-type enzyme parallels the 1200-fold
decrease in specific activity for AdoMet synthesis of the
R244L mutant, suggesting that the free energy of PNPNP
binding correlates with the catalytic activity. The tripoly-
phosphataseVmax in the mutant is only decreased 10-fold,
showing that the R244 side chain and PNPNP affinity most
closely reflect the factors influential in AdoMet forming step.
This observation follows Wolfenden’s analysis of the
behavior of the interactions of enzymes with transition state
analogues (52) as extended to mutant enzymes (53, 54) and
suggests that PNPNP acts at least in part as a transition state
analogue. Since theKm value for PPPi is comparable in both
mutant and wild-type enzymes, events after binding which
yield the high affinity for PNPNP seen with the wild-type
enzyme appear to be impaired in the mutant. Although the
detailed rationale for the potent inhibition by imidophos-
phates is not yet ascertained, ongoing spectroscopic and
crystallographic studies may elucidate the structural basis
for these interactions.
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