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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, PPand R, with formation of tripolyphosphate as a tightly bound
intermediate. This work describes a nonhydrolyzable analogue of the tripolyphosphate réRieon
intermediate, diimidotriphosphate §&-NH—PO,—NH—PQ:°7), as a potent inhibitor. In the presence of
AdoMet, PNPNP is a slow-binding inhibitor with an overall inhibition constdtt)(of 2 nM and a
dissociation rate of 0.6 #. In contrast, in the absence of AdoMet PNPNP is a classical competitive
inhibitor with aK; of 0.5uM, a slightly higher affinity than PRRself (Ki = 3 uM). The imido analogue

of the product pyrophosphate, imidodiphosphatePlENH—PQOs*") also displays slow onset inhibition

only in the presence of AdoMet, with l&* of 0.8 uM, compared toK; of 250 uM for PR. 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- enzyme-bound until PR#s hydrolyzed to orthophosphate
logical role in all cells, acting as the primary methyl group (P) and pyrophosphate (P®efore product release as shdwn
donor and as a source for the aminopropyl group in (12):
polyamine biosynthesis1{-3). AdoMet is involved in o
bacterial chemotaxis and DNA restriction, ethylene biosyn- L-methioninet+ ATP + H,0 —
thesis in plants, and in the gene expression activity in [AdoMet + PPH] + H,0 — AdoMet+ PR + P,
eukaryotes, as well as the regulation of the synthesis of enzyme bound
methionine and AdoMet itsel#-8). Several enzymes have
recently been found in which AdoMet is cleaved to form a Thus, AdoMet synthetase catalyzes two distinct reactions, a
5'-deoxyadenosyl free radical as a reaction intermediate, anucleophilic displacement at carboh-6f ATP during
role until recently thought to be reserved for adenosylco- AdoMet synthesis and the subsequent Rfy&rolysis. PPP
balamin 9—11). hydrolysis apparently serves to convert a compound with

S-Adenosylmethionine synthetase (EC 2.5.1.6, ATP: high affinity for the enzyme (PRPK; = 3 uM for the
methionine S-adenosyl-transferase, AdoMet synthetase) cataEScherichia colienzyme discussed hereitid) into forms
lyzes the sole known route of synthesis ®adenosylme- ~ Which dissociate more readily (PfKi = 0.4 mM) and P
thionine (AdoMet) from.-methionine and ATP. AdoMetand ~ (Ki =4 mM)) and to provide thermodynamic driving force
tripolyphosphate (PRPare initially formed and remain  for the reaction 12).

AdoMet synthetase has been studied from a diverse body
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1 When formed as an intermediate in AdoMet synthesis,; BB&s indicate evolutionary adjustments in the enzymes from
not reorient or dissociate from the enzyme. Thus, the phosphoryl groupsvarious habitats1().
of PPRremain oriented as in positions occupied by ATPofRjinates The variation of properties of AdoMet synthetases among

as the P of ATP. AdoMet synthetase requires both Maind K" for tissues and species have led it to be a target for chemothera-
activity. In all of these studies sufficient amounts of Ma@nd K" were

added to saturate the enzyme. For simplicity these ions are not includedP@utic developmentl6—25). AdoMet synthetase was one
in compositions of the complexes in the text. of the earliest cases to which computer-aided inhibitor design
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was applied?5); that study focused on methionine analogues of the EnzCheck Phosphate assay kit from Molecular Probes
as potential inhibitors. A wide variety of inhibitors based Inc. or synthesized by the method of Broom and Milne at
on methionine analogues have been synthesized and charthe FCCC Synthesis Facility28).
acterized, the most potent beingris-2-amino-4-methoxy- AdoMet Synthetase AssaysdoMet synthetase activity
butenoic acid, which is a competitive inhibitor with respect was determined by retention of tHé¢]AdoMet formed from
to methionine with & value generally in the micromolar  L-[methyl-“C]methionine by the cation exchange filter
range, depending on the isozyni&). Bisubstrate analogues binding method previously describeti3j. The tripolyphos-
which link the methyl group of methionine with the'@tom phatase (PR&se) activity of AdoMet synthetase was deter-
of the nonhydrolyzable ATP analogue AMPPNP, or deriva- mined in the presence or absence of AdoMet by quantitating
tives thereof, have been prepared in complex syntheses anarthophosphate productio2%4—-31). AdoMet activation of
are competitive inhibitors witk; values in the 10’ M range PPR hydrolysis was evaluated as described previo(&.
(20—22). PPRase assays were performed at Z5 and contained
Surprisingly, no studies of the interaction of AdoMet various amounts of tripolyphosphate (Nform) in 50 mM
synthetase with analogues of the tripolyphosphate intermedi-HEPES(CHz),N* or 50 mM TrigHCI at pH 7.8 with 10
ate have been published, although PBRjenerally one of MM KCI and 10 mM MgC}. The 0.2 mM 2-amino-6-
the most potent inhibitors known with & in the low mercapto-7-methylpurine ribonucleoside and 0.02 units of
micromolar range. Since the tripolyphosphate intermediate bacterial purine nucleoside phosphorylase were included
formed in AdoMet synthesis is hydrolyzed asymmetrically when the coupled spectrophotometric assz§) vas used.
with ~98% of the P formed originating from they Neither component interfered with PRBe activity. Control
phosphoryl group of ATP, it must be tightly bound with experiments performed with the purine nucleoside phospho-
hindered mobility at the active sité3, 26. It has long been  rylase revealed that neither the P& assay mix nor the
established that added PR$hydrolyzed to PPand R, the inhibitors compromised the phosphorylase coupling system.
keafKm for this reaction is only 10M~! s~1 suggesting that Evaluation of Kinetic Parameterdnhibition of AdoMet
there is not totally free access to the active site or that theresynthetase by compounds that produced rapid, reversible,
are enzyme conformational changes accompanying bindingcompetitive inhibition were analyzed by computer fitting
(13, 26. This observation suggests that nonhydrolyzable according to the equation

analogues of PRHmight be potent inhibitors. Since few

. ) - ) : Vy[S]
enzymes are likely to have high affinity for these inorganic v = (1)
compounds, such inhibitors promise inherent selectivity. Kn(1 + [II/K;) + [S]

Previous work has shown that the doubly nonhydrolyzable |\ hare K., is the Michaelis constany,, is the maximal
ATP analogueo3,fy-adenosyldiimidotriphosphate (AMP- - caiavtic rate at saturating substrate(s) concentratigiis
NPNP) is a substrate but after one turnover the enzyme isihe gissociation constant for the enzyrighibitor complex,
trapped as an enzyrmanget-d||m|dotr|phosphate dead end [S] is the substrate concentration, and [I] is the inhibitor
complex which dissociates at a rate sfl0* s (27). concentration 33).

However, it was not clear whether the high affinity of this - yhipitors of AdoMet synthetase which produced revers-
complex is due to its mechanism of formation or due 10 jhje glow binding inhibition were analyzed by the methods
chemical properties of the diimidotriphosphate (PNPRIP). of Szedlacsek and Duggleb4). Several models have been

In this Study we have characterized the inhibition of proposed to account for slow b|nd|ng |nh|b|t|oﬁa_37)
AdoMet synthetase by pyrophosphate and tripolyphosphateThe models differ primarily in the step of the enzyme
analogues. The characteristics of inhibition by imidodiphos- inhibitor interaction where slow onset behavior is observed:
phate and diimidotriphosphate vary enormously depending ejther inherently slow association or rapid binding followed
on whether AdoMet is present. In the presence of AdoMet, py slow isomerization. Characteristic relationships that can
PNPNP is the most potent inhibitor of AdoMet synthesis pe used in choosing an appropriate model exist between the
thus far described. initial onset of inhibition and the concentration of 3%

37). Since our data show that inhibition is clearly present at
MATERIALS AND METHODS the onset of the experiment, Scheme 1 depicts a minimal
The pentasodium salt of PNPNP was a gift from Dr. A. model consistent with the time dependent inhibition by PNP

Hampton of this Institute or synthesized by the Fox Chase @1d PNPNP 35). In this case two equilibrium constants
Cancer Center Synthesis Facility according to Ma et2). ( Qescrlbe the inhibition: the initial val*ue fqr cqmplex forma-
[Methyl-“C]methionine was purchased from Dupont/New 0N Ki = ki/ks and the final valueki” which is (e/(ks +
England Nuclear. PRFPR, B, ATP, L.-methionine, HEPES, ke))Ki.-
Tris, magnesium chloride, potassium chloride, tetramethyl- Scheme 1
ammonium hydroxide, methylene diphosphate, imidodiphos-

k k
M cat
phate, malachite green, ammonium molybdate, HCI, EDTA, E+S . ES) E+P

2

and bacterial purine nucleoside phosphorylase were pur- +
chased from Sigma. AdoMet was purchased from Research I
Biochemicals Intl. 2-Amino-6-mercapto-7-methylpurine ri-
bonucleoside (MESG) was either purchased as a component ke Tk
EI é EI*
2 Abbreviations: PNPNP, diimidotriphosphate;f&-NH—P(O)— kg

NH—PGs°); PNP, imidodiphosphate @®@—NH—-PG;*"). slow
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Inhibition kinetics were characterized by progress curve 8 (PNPNP] = 0
analysis at various inhibitor concentrations. Progress curves B (PNPNPI = 3.0 kM
consistent with the model in Scheme 1 are described by the 7 oA
equation . L
P=ut+ (v, — v)(1 — e M)k 2 - o o
Us (Uo Us)( € ) ( ) - 5 ; S A
> g N
where P represents the product) (®rmed, v, and vs are g 4 ar A
the initial and final reaction rates,is time, andk is the %
apparent first-order rate constant for the establishment of the Ele
final steady-state equilibrium. =
The relationship betwednin eq 2 and the rate and kinetic o o
constants is given by o
e
k= ks + ks — ) @3) gt
= 0 1 2 3 4 5
1+ [SIKn + VK [AdoMet Synthetase], UM

Ficure 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

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

ETNl Ke L-[methyl-1“C]methionine and 0.1 mM ATP in 50 mM HEPES
K* = [EIl1 =K. (4) (CHg)sN* with 50 mM KCI and 10 mM MgC{ at pH 8.0 in the
" [El] +[EM] "\ks + kg presence or absence of 3.81 PNPNP. After incubation for 4 min

in the presence of various concentrations of AdoMet synthetase,
Progress curves were fit to eq 2 by nonlinear least S(:Iu{:lr(_:‘sformation of [“C]AdoMet was quantified as described in Materials
to determine the best fit values fog, vs, andk using the and Methods.
SCIENTIST program from MicroMath, Inc.

The value ofks was determined by preincubating @:§!
AdoMet synthetase, 40M AdoMet, and inhibitor (10Q:M
PNP or 2uM PNPNP) for 30 min in 50 mM Hepes/KClI, 50 ks K
mM KCI, and 10 mM MgC} followed by addition of excess k_6 “K*
of PPR (10 mM). Incubations and assays were conducted at '

25 °C in 50 mM Hepes/KCl, 50 mM KCI, and 10 mM Circular dichroism spectra were recorded on an Aviv
MgClz. The progress curve obtained from this experiment model 62 instrument. Samples were contained in 0.1 mm
reflects the regain in active enzyme following dissociation path length cuvettes. Spectra were recorded from 200 to 260

Using the calculated values f&g, K;, andK;*, the value of
ks can be determined from eq 3:

(10)

of the EI* complex in Scheme 1.
The value ofK; was determined by fittingy, to the
equation

VI

O T [V K, app

U

(5)

where

V

max

V=1 kS

(6)

HereVmax = 1.2 st andKy, = 16 uM.
From this value ofK;app, Ki was evaluated using the
equation

K.
Kj=——ar 7
1+ [SIK,, 0
K’iapp Was determined by fittings to the equation
VI

ST 1 [/ Kyt

v

(8)

where the symbols are defined abowg: was determined
using the equation

% — Ki,app*
Ko =17 [SVK,, ©)

nm for the enzyme alone and for the enzyAdoMet
PNPNP and enzymBNPNP complexes. Solutions contained
8 uM enzyme with various combinations of 401 AdoMet,

17 uM PNPNP, 12 mM Mgd] in 25 mM Tris/CI, and 12
mM KCI 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 enzyniehibitor 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 datakacomparable to the
enzyme concentration of1 uM 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 AdoMeto simplify characterization of
inhibition by PNPNP, the inhibition of the tripolyphosphatase
enzyme (PPR@se) activity was characterized. In the absence
of AdoMet, slow binding behavior is not observed and
PNPNP is a classical competitive inhibitor wittKaof 0.5
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300

15 UM PNPNP Table 1: Inhibition of the Tripolyphosphatase Reaction by
Polyphosphates
- 250+ inhibitor + Ki slow onset  Ki* ks Ke
= 10 uM PNPNP AdoMet M) inhibiton (M) (s} (sY
E PR—AdoMet 400 no
2 PR + AdoMet 250 no
g PNP— AdoMet 19 no
. 5 kM PNPNP PNP+ AdoMet 5.5 yes 08 003 52103
“.'" PPR — AdoMet 3.6
> PPR + AdoMet 16
100 PNPNP— AdoMet 0.5 no
PNPNP+ AdoMet 0.038 yes 0.002 0.003 1:810*
aKny value. In this case thK, value approximates the dissociation
01 constant {3). ® Kn, value. The dissociation constant is probably less
CONTROL than this due to slow dissociation.
) 0 SIO 1(|]0 1;0 21|)0 2%0 30 CONTROL
(pPP;)-1, mm-1 W K;=55uM
Ficure 2: Competitive inhibition of the PR&se activity by PNPNP .
in the absence of AdoMet. Samples containetb6 uM PPR in Kj*=08uM
50 mM HEPES(CHa)4N* with 10 mM KCI, 10 mM MgC}, 0—15
uM PNPNP, and 0..xM AdoMet synthetase at pH 7.8. E 20 25 uM PNP
g
1254 CONTROL & 50 uM PNP
K; =38 M % 60 UM PNP
g 75 uM PNP
o 1007 Kj*=2.2nM £ 104 100 uM PNP
£
i
&
g 757
2 25 uM PNPNP
=
E 0 T I
= 507 0 100 200 300
Time, (sec)
50 uM PNPNP FicURE 4. Time course for PNP inhibition of the PfaBe activity
25 60 LM PNPNP in the presence of AdoMet. Samples contained 5 mM; RPBO
75 uM PNPNP mM Tris-HCI with 10 mM KCI, 10 mMgC}, 0—100u«M PNP, 40
100 uM PNPNP uM AdoMet, and 0.08&«M AdoMet synthetase at pH 7.8.

O 30 G0 90 1200 1500 1800 by dilution into a 5000-fold excess of PP&hd monitoring
Time, (sec) the recovery of enzyme activity with time; from this

Ficure 3: Time course for PNPNP inhibition of the PR& activity ~ experiment a value fdk of 0.011 mirm* was obtained. The
in the presence of AdoMet. Samples contained 5.0 mM,; RP50 value ofks (Scheme 1), the rate of formation of the inhibitory

mM HEPES(CHy)uN* with 10 mM KCI, 10 mM MgCh, 0—10 enzymeAdoMetPNPNP complex (EI* in Scheme 1), was
g'\HA ?IglPNP, 40uM AdoMet, and 0.5uM AdoMet synthetase at  pan calculated to be 0.19 mih Table 1 summarizes the
- inhibition data.
uM (Figure 2). Although the enzyme has a greater affinity  Inhibition PPR Hydrolysis by Pyrophosphate and the
for PNPNP than for PRRK, = 3 uM, Ki = 8 uM, with Pyrophosphate Analogue Imidodiphosphate (PNPhe
respect to ATP 13)), there is no evidence of tight binding question thus arose as to whether the slow binding behavior
behavior. of PNPNP was due to its being an intermediate analogue or
Inhibition PNPNP in the Presence of AdoMén the simply to the presence of the-N(H)—P linkage. Thus,
presence of a saturating concentration of AdoMet, PNPNP inhibition by the product PPand the analogue PNP was
inhibition has slow onset behavior (Figure 3). In studies of examined. In the absence of AdoMet, PNP and pyrophos-
the time-dependent inhibition by PNPNP the tight binding phate (PP are linear competitive inhibitors witK; values
characteristics of PNPNP were overcome by using a high of 19 and 40QuM, respectively (Table 1). In the presence
concentration of PRRNn activity measurements3p). The of AdoMet, PNP inhibition is characterized by slow onset
progress curves reveal a dependence of the initial rates orbehavior, similar to that seen with PNPNP (Figure 4).
the concentration of PNPNP showing that formation of the However, unlike PNPNP, a plot of rate vs AdoMet synthetase
initial enzyme complex with PNPNP is rapid. The model concentration is linear, showing that tight binding inhibition
for slow onset inhibition depicted in Scheme 1 best representsis not present. Progress curve analysis of the inhibition by
the inhibition of AdoMet synthetase by PNPNB%). Values PNP reveals & = 5.5uM and aK* = 0.8 uM. Values for
for v, and vs, determined by fitting the data in Figure 3 to the rate of formation and dissociation of the inhibitory
eq 2 (Materials and Methods), were used to determine valuesenzymeAdoMet-PNP complex (EI* in Scheme 1) are 1.8
of Ki = 38 nM andK* = 2.2 nM. The rate of dissociation and 0.31 min?, respectively. Thus the lower affinity of PNP
of the enzymePNPNPAdoMet complex ks) was obtained than PNPNP is reflected in the faster rate of the isomerization
by preincubating enzyme with AdoMet and PNPNP followed process with PNP analogue. For comparison, in the presence
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of AdoMet PRremains a classical competitive inhibitor with 2+

aK; of 250 uM. Ve
Spectroscopic Studies of PNPNP Bindifig.investigate (,) ) ? ) ?

the possibility of conformational changes upon formation of O=P|’*N—PI’—N—P|’=O

the inhibitory complexes, we examined the interaction of "0 0" o

PNPNP and PNP with the enzyme by circular dichroism \Mg/2+

spectroscopy. The CD spectra were indistinguishable for the o o ) )
free enzyme and the enzymeloMet:PNP(NP) complexes Ficure 5: Model for ligation and ionization of PNPNP in the tight

(not shown). Apparently gross secondary structural changesb'mIIng complex.

do n_Ot_OCCL_” upon complex formatloh._ _ PNPNP have the same charge and the imido group is in the
Diimidotriphosphate (PNPNP) Inhibition of the .R244L —NH- form (42). However at an active site the imido group

AdoMet Synthetase Mutan®Ve recently characterized a might either form a protonatedNH,"— bridge linkage or

mutant of AdoMet synthetase in which the active site arginine deprotonatee-N-— group, neither of which is available

that normally binds the/-phosphoryl group of ATP was o an —O— linkage. The crystallographically determined
changed to leucine (R244LBJ). In this mutant not only 4cive site structure of the-EMg2*-PR-P, complex has the
keat for AdoMet synthesis was reduced 1000-fold but most 5 Mg2+ ions both coordinated to all 3 phosphoryl groups

interestingly the PRRntermediate became free to reorient (38): such coordination might favor the deprotonation of the

end-to-end within the active site, demonstrating weaker jmiqq nitrogen (Figure 5). Furthermore the positive charge
binding. When PNPNP inhibition of the AdoMet activated ¢ the sylfonium center of AdoMet could also facilitate

tripolyphosphatase activity of the R244L mutant was exam- ynization of the NH moieties. For comparison, thé,mf
ined, the inhibition was competitive witK; of 10 uM, the —NH— group of the tetraethyl ester of PNP is 3.8,
comparable to the PPRr value of 16uM, and the slow  ghoying the acidity of this proton when the oxygens are
binding behavior was absent. The 5000-fold diminished uncharged42). Formation of a N moiety would enhance
affinity of the R244I._ mptant for PNPNP is consistent with binding to the metal ions and might provoke movement of
the role for Arg244 in binding the polyphosphate ch&8a,( positively charged active site residues; candidates for these

38). The lack of the isomerization step(s) in the mutant and |agjqyes are histidine-14 and lysines-165, -245, and 285 (
the rapid reorientation of the PARtermediate suggest that  \yhether the slow inhibition phase is due in part to a proton-
the Arg244 mutation has hindered a conformational changeansfer reaction as well as active site reorganization is not

that occurs when PRBinds to the wild-type enzyme. yet clear.

DISCUSSION AdoMet is required for both PNPNP and PNP to obtain
maximally tight binding to the enzyme. This parallels the

The present studies have identified the nonhydrolyzable ~20-fold AdoMet activation of the PR&%se activity {3, 32.
intermediate analogue PNPNP as a slow, tight binding Presumably, AdoMet binding provokes active site residues
inhibitor of AdoMet synthetase. Plausibly the tight binding to reorient to provide better juxtaposition for RRdrolysis.
behavior of PNPNP is partially due to its mimicry of the Perhaps in the absence of AdoMet the group(s) that interact
tightly bound PPHntermediate. Curiously, the P&nalogue with the imido nitrogen(s) of PNPNP is (are) not in an
PNP also exhibits slow binding inhibition. Though not nearly optimal position. Thus, in the presence of AdoMet the initial
as potent an inhibitor as PNPNP, the overall dissociation complexes formed by PNP and PNPNP have 7- and 19-fold
constant Ki*) for PNP is 310-fold less than thi€; for PR, less affinity than the final complexes, respectively. However,
and the slow binding of PNP is in contrast to RfRich binds even the initial complexes formed in the presence of AdoMet
and dissociates rapidly. While the slow binding behavior of have 3.5- and 13-fold higher affinity than the complexes
PNPNP might have been attributed to a slow association rateformed in the absence of AdoMet.

as seen with intermediate (analog) binding to other enzymes |n |ight of these results it is interesting thatf-imido-
(39), in the absence of AdoMet it is a simple competitive ATP (AMPNPP) has & of ~2 uM, nearly 50 times less
inhibitor. Thus the slow binding behavior of PNPNP prob- than theK,, for either ATP or thep,y-imido analogue
ably arises from steps after the initial binding event, steps AMPPNP Q7). This suggests that the origin of tight binding
which depend on the presence of AdoMet. The inhibition of s in thea,8-imido moiety, which is the anticipated binding
phosphoryl transferases by imidophosphate analogues havgosition of PNP.

been long exploited due to the resistance to cleavage of the ; :

- The notable difference between wild-type AdoMet syn-
P—N _bo_nds 40-51). Structurally PNP, a_nd pre_sumably . thetase and the R244L mutant in the inhibition by PNPNP
other m;dopo{cﬁ) hos])p? ales, are eiser}tlallyt/;sgster;)c \;]Wth their is rather tantalizing. In contrast to the wild-type enzyme, the
oxy analogues40, 41).2 However, the slow binding behavior .~ . .. , . c ”
of PNP and PNPNP is rather unusual; we found one otherInhlbltlon of the R244L mutant is rapid with & 1M K,
report of slow onset inhibition by this class of compounds,
AMPPNP inhibition of the F1-ATPasel8). This suggests 3 AdoMet synthetase has poor affinity for the methylene-bridged ATP

[T Sahinit analoguesq,S-methylene-ATP ang,y-methylene-ATP, and does not
that the slow binding inhibition of AdoMet synthetase by detectably binda3:.y-dimethylenc.ATP 27). This behavior is. in

PNP and PNPNP is the result of an unusual enzyme conrast with the good affinity for the corresponding imido-ATP
imidophosphate interaction. analoguesZ7). These observations reinforce the preferred use of imido

One obvious difference between the FPR pair and the rather than methylene polyphosphates due to greater steric fidelity to
v the natural compounds. In addition the imido-bridged compounds have

PNPNP/PNP couple is the chemistry of th&lH— moiety. available a unique ionization state and can potentially form novel species
In solution the Mg" complexes of PRPPNP, PPP and as proposed herein.
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comparable to the 16M K, for PPR 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-
phosphatas&max 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
analoguesi?) as extended to mutant enzymé&8,54 and

suggests that PNPNP acts at least in part as a transition state28.

analogue. Since thi€,, value for PPPis comparable in both

mutant and wild-type enzymes, events after binding which 29-

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 32.

for these interactions.
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