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Background: Phosphoryl transfer, typically involving 
high energy phosphate donors cuch as ATP, is the mo5t 

effect on this value. The Brwnsted PlravliIL: ~n,l,p \alue of 
-1.1 for phosphor);1 transfer to \\‘ater frbb d series of 

common class of biological reactions. Despite this, the phospho‘~nhydrldrs is large and negative, suggesting th,lt 
transition state for phosphoryl transfer from ATP in the bond between phosphorou< and the lcdving group 

colution hds not been systenlaticdlly investigated. o-xygen is largely broken in the trCul\itioll state. 
(Characterization of the transition state fol- the uncata- Conclusions: Uncatalyzed hydrolysis of ATP in \olutioll 
lyzrd hydrolysis of ATP would provide ‘I starting point occurs via a dissociative, metaphosI7h,ltr-like transition 
for dissection of cnzynle-catalyzed reactions. state, with little bond formanon bctwren nuc1eophJv ,uld 
Results: We examined phosphor)-1 transfer from ATl! ATP and substantial cleavage of the L>onci hrt\\,eetl the 
C;TP and pyrophosphate to a series of alcohols; these reac- y-phosphoryl moict) and the AIll’ leavln~ go-oup. Houlld 
tions are analogous to the phosphorylation of sugars and MS’+ does not perturb the dissociative Ilaturt’ ofthc tr.lns- 
other biological alcohols and to the hydrolysis ofATP.The ition state, contrary to proposals that cnz)nlr-bound mrt,ll 
Br0med Pl,L,clcopl,llr value of 0.07 is small, indicating that ions alter this structurc.Thc cinlplest expect,ltlon ior pho+ 
thel-e is little bond formation between the incoming phoryl transfer at thr active site of enzymes thus etltdils .I 
nucleophile and the electrophilic phosphoryl group in the 
transition state. Coordination of Mg’+ has no measurable 

dissociative transition statc.These result? provide J b.tsis for 
analyzing catalytic ~~1echnnism.s f6r pho\phorvl tratlsfer. 
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Introduction 
The possible modes of conversion between the substrates 
and the products of a particular reaction may be repre- 
sented by a free energy surface (Fig. 1). Substrates and 
products reside in energ wells on this surface, and the 
lowest energy course between these wells is traveled 
during the chemical transformation. The transition state 
corresponds to the entity of maximum energy along this 
path of least resistance, and it is the free energy of this 
transient species that dictates the rate of a reaction, 
according to transition-state theory [ 11. An enzyme cata- 
lyzes a reaction by decreasing the energy of a transition 
ctate relative to reactants. An understanding of how 
enzymes achieve their enormous rate enhancements 
therefore begins with knowledge of the transition state 
for the uncatalyzed reaction. 

The reaction of ATP with a nucleophile to produce 
ADP and a phosphorylated product is ubiquitous in 
biological chemistry (Fig. 2). Enzymes catalyzing this 
type of reaction include gradient-generating ATPases, 
energy-trafficking kinases and signal-transducing G prc>- 
teitx. The transition states for phosphoryl transfer reac- 
tions, of which ATP and GTP hydrolysis are examples, 
are typically assigned to a position along a continuum 
between dissociative and associative extremes (Fig. 3) 
12-41. The dissociative transition state has a small 
amount of bond formation to the incoming nucleo- 
phile, a large amount of bond cleavage to the outgoing 

leaving group, and charge donation from the nonbridg- 
ing phosphoryl oxygen atoms to phosphorus (Fig. 3a). 
In contrast, the associative transition state has a large 
amount of bond formation to the incoming nucleo- 
phile, a small amomit of bond cleavage to the outgoing 
leaving group, and charge accumulation on the not]- 
bridging phosphor);1 oxygens (Fig. 3b). The catalytic 
strategies adopted by enzymes for stabilization of disso- 
ciative transition states may thus be different from those 
used to stabilize associative transition states. 

The proposal that a dissociative, metaphosphate-like trans- 
ition state exists for the reactions of phosphate 
monoesters, acyl phosphate\ and phosphorylated amines is 
supported by a substantial amount of data, including near- 
zero entropies and volumes of activation. J large bridge 
‘*O isotope effect, small Bronstcd P,,uc,rCLph,,c values and 
large negative values of &,,r\.lnq ~:n,up (for reviews see 

[2,3]). Phosphoanhydrides are &ialogous to phosphate 
monoesters in that they possess a single phosphoryl sub- 
stituent, and it has been suggested that phosphoanhydrides 
also react via a dissociative transition state 15-l 01. No sys- 
tematic study of phosphoanhydride reactions has been 
performed, however. In light of the prevalence of these 
reactions in biology and the importance of the transition 
state for understanding cata+is, we have mapped the 
transition state for hydrolysis of ATP and related phospho- 
anhydrides. Linear free-energy relationships reveal a 
transition state with considerable dissociative character. 
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Results and discussion 
Linear free-energy relationships 
The dissociative or associative nature of a phosphoryl 
transfer reaction is defined by the extent of bond forma- 
tion between the incoming nucleophile and phosphorus 
and the extent of bond cleavage between phosphorus and 
the leaving group in the transition state (Fig. 3). The 
slopes of linear free-energy relationships correlating the 
pK1 values (proportional to a standard free energy 
change) of a series of nucleophiles or leaving groups with 
log k (a linear function of the free energy of activation, 
where k is the rate constant for reaction) are known as 
Bronsted, or p, values.These p values provide a measure 
of the bonding present in the transition state and are thus 
useful probes of transition-state structure (for reviews of 
linear free-energy relationships, see [l, 11,121). A small 

P nucleophile~ which is suggestive of little transition-state 

Fig. 1. Hypothetical free energy reac- 
tion surface for nonenzymatic phos- 
phoryl transfer (after [78,791). The axis 
horizontal to the plane of the page 
denotes bond-making between the 
nucleophile (X) and phosphorus, the 
perpendicular axis denotes bond- 
breaking between phosphorus and the 
leaving group (Y), and the vertical axis 
corresponds to free energy. Reactants 
are pictured in the lower right corner 
and products in the upper left corner. 
The upper right corner and lower left 
corner represent dissociative and asso- 
ciative extremes, respectively, for phos- 
phoryl transfer. The dashed line is a 
hypothetical reaction coordinate for a 
reaction with dissociative character, 
and the transition state is labeled ‘V. 
The transition state is located at a free 
energy saddlepoint ~ the position of 
highest energy on the lowest energy 
reaction pathway. An enzyme could 
catalyze the reaction through stabiliza- 
tion of the transition state that is 
present in solution (arrow a), or it 
could change the transition state for 
reaction by providing more stabiliza- 
tion at a position of higher energy on 
the reaction surface (arrow b). Note 
that a transition state represents an 
average of extents of bonding for a 
population of reacting molecules. 

bond formation between the nucleophile and phospho- 
rus, together with a large and negative P,eai,,ng gn,up, which 
is suggestive of substantial transition-state bond cleavage 
between phosphorus and the leaving group, identify a 
phosphoryl transfer reaction as dissociative.The opposite 
trends (a large ~,~uc~eophllr and a less native @raving group) 
denote an associative transition state. 

Nucleophilic involvement in the transition state 
A series of primary alcohols of varying pK, were used 
to investigate nucleophilic participation in the transi- 
tion state for ATP hydrolysis. Two considerations deter- 
mined the choice of nucleophiles: 1) although amine 
nucleophiles are more typically employed in Bronsted 
correlations of this sort, no reactions of amines with 
pyrophosphate were observed in preliminary experi- 
ments; and 2) the alcohols are chemical homologs of 

7 P 01 
0 0 0 0 0 0 

NW: + -O-;-O-t;-O-t;-O--CH* o + *a I, 
- Nut-P-O- + -o-P-0-P-0--CH* 0 

-0 -6 -6 - 0- -6 -0 

Fig. 2. Phosphoryl transfer from ATP to a nucleophile. 
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Fig. 3. Dissoc-iatlvc and associative extremes from the continuum of possible transition states for phosphoryl transfer. (a) The dissocia- 
tive extreme is depicted hy the single negative charge and two full double bonds to the nonbridging phosphoryl oxygens of the phos- 
phoryl group being transferred (the actual nature of the bonding in metaphosphate and metaphosphate-like species is uncertain 
I80-82] I( and by the absence of bonds to the incoming or outgoing groups. (b) The associative extreme is depicted by the three nega- 
live charges and single bonds to the nonbridging phosphoryl oxygens of the phosphoryl group being transferred, and by the bonds to 
the incorning and outgoing groups. A  dissociative transition state i*, a) has a decrease in the combined bond order to incoming and 
departing groups relative to reactant, whereas an associative transition state (*, b) has an increase in the combined bond order. 
‘Phosphoryl transfer’ generally refers to transfer of 4’0,‘m, -P(ORjOI , or -PIOR), moieties. This paper addresses reactions of 
nlonosubstitutcd phosphoryl groups for which -PO;‘- is transferred. For simplicity, the term phosphoryl transfer is used to describe 
thi% sul~class of rca( tions when specific reactions are referred to in the text. 

This s17i~~ll Jependencc of reldtive rate on nucleopliilicity 
for ATI! (iTI’ and pyropho~phatc lcmds support to the 
idr,i thdt tlic tranGtion state’ is dissociative, drid is similar 
to result\ ohtaincd with phospli3W iiioiiotxt’rs diid acyl 
ptuxphc~te\. For esmple, p ,,,, i.,e+l,e = I), 0. 13, md 0. 11 
for the rcactioii of 3,-l-dinitroptieii~l phosphate dianion 
\\ itli d suit.5 ofpyridines, rc,iction of ~bnitroptienyl phos- 
phatc thanion Lvith diiirie iiucleophilcc, ,uid solvoly~is of 
,mqd pliosphdw dimion, i-espectivtxly [ 1 j-1 5 1, 

It ticis lxwi \ugge\tcd tli,it bound iiiet~il ions on eiizymc‘~ 
mq con\‘crt the’ otherwise dissociatiw phosphoryl tran- 
fer into .I iiiorc mociative process by bithdrdwing nega- 
tive chxge from the rcxtive phosphorus and promoting 
nucleophilic clttclck (SW Fig. 6) [ 14,l O-23]. To test the 
liypotticai~ that .i inctal mq dtcr tlic tr,inGtion state for 
rcdon of ,I pliosptiodilli~dride. p ,,,, c,vc,l ,,,,, r‘ cvds &ter- 
mined for sol\oly\is ofATP4 nit11 hund Mg’f.V~lues of 
kle, L\CI-c dctcrmintd for the ATPMg compl~s (Tshlc I) 
md xe c~wntiall~~ identlc,ll to those dctcrmined for ATP 
.donc.These values give p ,,,, c,l.ll ,,,,,, ~, = 0.00 -t 0.07 (Fig. J. 
clod ~yiil~ol~), \vhicli is ttic wilt‘, within espcri- 
mcntd error. ds ttic p,,,,,,,,, ,,,,,,‘/ ofO.07 I 0.08 obtained iI1 
the absmcc of M$+.Thew t-csults provide no lndic,ltion 

\t \ot ‘I ,T 
h,r,” A  

HOPO$ + ADP I + ti+ 
,: ‘. 

ATI’ 4 

k> 
k,,, = x = 

Iiraclion KOPO 1, ItiOHI 
X 

k HOH IROHI ( 1 ir,lctitrn ROPO,~ 

Fig. 4. Partitioning of phosphoryl transfer between water and alcohol. 
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Table 1. Rate constants for solvolysis of ATP4- and ATP4-•Mg*+ a. 

ATP4- ATP4-•Mg2+ h 

ROH PK~~~L 1 OS x kobs, min-’ k ml  1 OS x kobsMg, mid krelMg 

HOH 15.7 4.2 (1) 13 (1) 

CH,CH2CH20H 16.1d 7.5 0.39 f 0.09 20 0.48 + 0.06 

CH,CH,OH 16.0 6.0 0.59 + 0.13 18 0.45 i 0.13 

CH,OH 15.5 7.1 1.12 + 0.12 20 1.33 * 0.12 

CH,OCH,CH,OH 14.8 8.5 0.76 f 0.16 26 0.86 f 0.12 

CFH,CH,OH 14.3e 6.7 0.96 + 0.33 24 0.81 _+ 0.06 

N=CCH,CH,OH 14.0 6.6 0.83 + 0.29 21 0.77 f 0.08 

HC=CCH,OH 13.6 5.6 0.88 iT 0.09 22 0.80 + 0.20 

CF,CH,OH 12.4 6.1 0.19 + 0.04 19 0.24 f 0.04 

a60 C, 30 %  ROH, I = 0.1 [NaCI or (CH,),NC]]. The identity of the salt used to maintain constant ionic strength had no effect on 
kobs, k,,,, kobsM’$ or krelMg and varying 
effect on k,,, or k,,, Mg. 

the percent ROH from 1 O-50 %  had only -2-fold effects on kobs and kobsMg and no significant 
Errors represent one standard deviation from an average of at least three determinations of k,,, or k,,,@. 

h[MgCI,] = 5 mM;  Mg*+ IS saturating at this concentration ]73,74]. No change in k,,, 
there is a small increase in kohs, presumably an effect from a second Mg*+. 

Mg was observed from 0.1-l 0 m M  Mg*+, though 

CFrom [75] unless otherwise noted. 
dFrom [76]. 
eTrifluoroethanol and trichloroethanol differ in pK, by only 0.2 units (12.4 vs 12.2 [75]). The pK, of fluoroethanol was assumed to 
be identical to the pK, of chloroethanol because a single halogen substituent is expected to have less of an effect on pK, than three 
halogen substituents. A  different value of pK, for fluoroethanol would have a negligible effect on ~nucleoph,te, because k,,, is largely 
independent of pK,. 

*- 

While the use of metal ions in biological catalysis may 
have been favored by the higher concentrations of metal 
ions than protons in vivo, it appears that the effects from 
ionic interactions with metal ions are often less than those 
from covalent interactions with protons. 

that the metal ion alters the transition state for ATP isotope effect for Mg2+ coordination that is negligible 
hydrolysis. Likewise, no significant change in transition- compared to the isotope effect for protonation [25]. 
state structure was observed upon coordination of Mg2+ Similarly, the increase in the symmetric P-O stretching 
or Ca2+ to P-nitrophenyl phosphate, a phosphate vibrational frequency of the y-phosphoryl group of ATP 
monoester ([23]; see also 1241). upon coordination of Mg*+ is only -l/20 of the increase 

upon protonation [26] .The absence of an effect of M$’ 
Further support for minimal perturbation of ATP by 
bound metal is derived from a secondary 180 equilibrium 

coordination on Pequilibrium for formation of phosphoryl- 
ated pyridines also suggests that the metal ion-promoted 
perturbation is small relative to that of a proton [24]. 

Extent of bonding to the leaving group in the transition state 
The hydrolysis of a series of phosphoanhydrides was 
investigated to determine the effect of the leaving group 
on reactivity (Table 2). A Bronsted plot (Fig. 7) gives 

Fig. 5. Dependence of the rate constants for the reactions of 
primary alcohols with ATP4- (0) or ATP4-•Mg2+ (0) on the pK, 
of the alcohol. The data are from Table 1. Lines are least-squares 
fits to the data and give slopes of ~nucleoph,,e = 0.07 for reactions 
Of ATp4m and ~nucleophile = 0.06 for reactions of ATP4-•Mg*+; the 

Fig. 6. Schematic representation of the proposal made in the litera- 
ture [14,16-221 that metal coordination might convert phosphoryl 

lines are essentially superimposable. transfer from a dissociative to an associative process. 
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- 
[able 2. Hydrolysis of a series of phosphoanhydrides and 
-elated compoundsa. 

Leaving group PKleaving groupb khydrolysis 
min-’ x lo5 

0 

-O-LH$IH2CH3 7.8‘ 1.2 

-kl 

:: 
-O-rcH3 7.5’ 1.3 

-0 

0 

D-L-OH 6.7 40 

-kl 

:: 
-O-P-OCH>CH$IH&Hs 

75 

6.7d 30e 

i :: 
-O-r-0-r-Adenosine 

-0 -0 (ADP) 

6.4 240 

0 0 
II II 

-O-r-0-r-Guanosine 

-0 -0 (GDP) 

6.4 290 

:: 
0--l;-Adenosine 

-0 (AMP) 

6.3 99 

:: 
-O--y-Guanosine 

-0 (GM’) 

6.3 75 

0 

-0-I-CHC12 5.2c 600 

4 

-O-i-O,, 2 CH I.41 880 OOOg 

bCH2CHJ 

3 

a95 “C, I = 0.1. 
bFrom [77] unless otherwise noted; 25 “C, I = 0.2. 
CMeasured at 23 “C, I = 0.2. 
dEstimated based on a pK, of 6.7 for propyl phosphate [75]. 
eFrom [6]. 
r From [75]. 
gFrom [7]. 

Plea”ing group = -1.1 t 0.2, indicating that a large amount 
of negative charge has developed on the leaving group in 
the transition state. This charge acquisition suggests that 
the bond between phosphorus and the leaving group is 
nearly broken in the transition state, reinforcing the argu- 
ments for a dissociative transition state. Once again, this 
outcome is in agreement with prior results from studies 
of other monosubstituted phosphoryl compounds: 
P leav1n Ly~,up = -1.2 for hydrolysis of aryl and benzoyl 
phosp!%tes [2.7,38], and p Ic‘~vlIl~ pup = -(l.O-0.9) fo1 
reaction of aryl phosphates lvrth amme nucleophiles [ 13 1. 

Transition-state structure for nonenzymatic and enzymatic 
phosphoryl transfer 
The large amount of bond cleavage between phosphorus 
and the leaving group in combination with little bond 
formation between phosphorus and the nucleophile 
provide strong evidence in favor of a dissociative transi- 
tion state for nonenzymatic reactions of ATP (Fig. 8). 
But do enzymes catalyze phosphoryl transfer reactions by 
stabilizing this transition state (Fig. 1, arrow a), or do they 
perturb the energy surface for reaction in a way that 
alters the nature of its transition state (Fig. 1, arro\v b)? 

The simplest expectation for reaction of ATP and other 
phosphoryl donors at the active site of an enzyme is that 
the transition state follows the dissociative, metaphos- 
phate-like transition state observed in solution, as this 
would require the least amount of stabilization to achieve 
a given rate enhancement. Several lines of evidence 

4 / 7.-- 

I 

2; 

-4 t 

-60L -A. L  

2 4 6 6 10 

PK leaving group 

Fig. 7. Dependence of the hydrolysis of phosphoanhydrides on 
leaving group pK,. Data are from Table 2. The upper dashed 
line of slope -1.2 is a least-squares fit to the circles (3), repre- 
senting reactions involving leaving groups of the type: 
-OP(O),Y. The closed triangle (A) corresponds to the reaction 
in which diethylphosphate [-OP(O)(OR),] is the leaving group 
[7]; its inclusion in a least-squares fit gives the lower dashed 
line of slope -0.9. The slopes of these lines are taken to be 
outer limits for Pleavlng group, and their average is represented by 
the solid line of slope Pleaving group = -1 .l. The conclusions 
drawn in the text do not change depending on which of these 
slopes is used to represent Pleavlng giouP. 
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suggest that a dissociative transition state is indeed main- 
tained for enzymatic phosphoryl transfer, although this 
has not been proven. Investigations of nonenzymatic 
phosphoryl transfer indicate that the energy sur&e in the 
vicinity of the transition state for these reactions is steep, 
making the transition state difficult to change [33,34,29]. 
For example, increasing the nucleophilicity by 1 O’“-fold 
via a change in nucleophile fi-0111 water to hydroxide ion 
increases the extent of bonding in the transition state for 
phosphoryl transfer from a PhosphUrylated pyridine by 
only -0.2 of a bond, as determined from linear free- 
energy relationships 1241. Furthermore, in a recent study 
of Esrlwvirllid m/i alkaline phosphatase, which catalyzes 
phosphoryl transfer from phosphate monoesters, a large 
dependence of rate on leaving h 7 woup I-~K,~ was 11lea~urcd 

@hmg qoup = -0.X for kC,,/K, for a series of substituted 
phenyl fihosphorothionte substrates), suggestive of ,I large 
anlount of bond cleavage in a dissociative transition state 
[ 301, Similarly, primary and secondary ’ “0 isotope effects 
for bridging and nonbridging phosphoryl osygens, 
respectively, suggest that the protein tyrosine phosphatascs 
from Hairlin and rat react via a dissociative transition state 
(A.C. Hengge, G. Sowa, L. Wu & Z.-Y. Zhang, personal 
communication). Finally, inverse secondary ‘“0 isotope 
effects for the nonbridging phosphoryl oxygen atoms for 
phosphoryl transfer by alkaline phosphatasc and hexo- 
kinase are consistent with a dissociative transition state for 
these enzymatic reactions [X,31]. 

A dissociative transition state is also expected for enzym- 
atic phosphorylation and depho\phorylation of histidine. 
because the transition state structures and ener&v sur- 
face curvatures are indistinguishable for nonenzymatic 
reactions of oxygen and nitrogen nucleophiles 1231, 

Implications of a dissociative transition state for 
enzymatic catalysis 
lIespite extensive nonenzymatic evidence and the cnz- 
ymatic examples cited above in support of a dissociative 
transition state, most literature discussions of enzymatic 
phosphoryl transfer have explicitly or implicitl) 
assumed an associative transition state. This may have 
arisen in part from a perception that stabilization of a 
dissociative transition state would constitute a difficult 
task for the emyule [ 321. 

How could an enzyme catalyze phosphoryl transfer via a 
dissociative transition state? Figure 8b summarizes the 
electrostatic differences between the ground state and the 
transition state for phosphoryl transfer from ATl? This 
picture of the nonenzymatic reaction of ATI’ is used in 
the following discussion to evaluate previous catalytic pro- 
posals and to highlight features that may enable enzyme{ 
to stabilize a dissociative transition state selectively. 

(I) The nucleophile is little changed between ground state 
and transition state 
Enzymatic residues and the phosphoanhydride substrate 
itself have been suggested to be general base catalysts 
that activate the attacking nucleophile (see. for example, 

133%451). There is little nucleophilic participation in a 
dissociative transition mte. ho\vever (Fig. 8). so illcreased 
nucleophilicity is not expected to confer a large rate 
advantage.Though a general base may not provide much 
stabilization of the transition state for phosphoryl trails- 
fer, it may be inquired to dcprotonate the product iii an 
active site lx-ith restricted solvent access [34,-X] Aspects 
of general base cdtdly5is are discus& in more depth for 
the specific example of Ila-catalyzed (;Tl’ hydrolysis 
(K.A. Maegley, S.J.A. and 1l.H.. unpubli4led data). 

(2) The nonbridging y-phosphoryl oxygens show a 
decrease in electron density 
Positively-chqed alnino acids and enzyme-bound 
metal ions are often suggested to have the catalytic func- 
tion of stabiliziilg the development of negative charge 
on the y-phosphoryl oxygens of NTPs (see, for 
example, [33,3~,~2,13,~7-531). Altl 10ug11 SUCll clectro- 
static interactions would stabilize an associative tranci- 
tion state, in \vhicli there is an increase in charge on the 
nonbridging y-phosphoryl oxygenc (Fig. 3b), the) 
would not catalvze a reaction with a dissociative transi- 
tion state. Indeed, if the y-phosphoryl oxygens expcri- 
ence a loss of negative charge in the transition mte, as 
predicted for the obser\.ed dissociative reaction (Fig. Xl), 
then these interactions would be anti-catalytic. 

Nevertheleq active sites of phosphoryl trmsfer enzymes 
arc replete mith positively charged residues and metal 
ions. If these moieties arc not stabilizing negative charge 
de~~elopment in an associative transition state, what is 
their role? The\e positively charged groups could posi- 
tion the substrate with respect to the nucleophile and 
\vith respect to re\idueg \vhose elcctrost~ltic interactions 
kvith the substrate are strengthened in the transition 
state. It is also possible that an enzy~ne uses positively 
charged residues and metal ions in the vicinity of the 
phosphor):1 oxygens to preferentially recognize the trig- 
onal bipyranlidal shape of the transition state relative to 
the tetrahedral ground state, sclcctivcly stabilizing the 
transition state to provide c,ltnlysis. Hocvever, \vc are 
aware of no data cuggestiii, v that tmz~nles have cufticient 
rigidity to allow such discrimination 011 the basis of 
geo111etry [S-c]. 

(3) The P-y bridging oxygen undergoes the largest 
charge increase 
The P-r bridging oxygen developc <I ch,lrge of -0.55 
during progression f?om ground state to transition state, 
the largest charge change of any of the atoms participat- 
ing in the reaction (Fig. 8). Consequently, it lvould seem 
to be a prime candidate for stabilization by metal ion\ or 
hydrogen bond donors, yet it is rarely mentioned in 
catalytic proposals.The catalytic potential of such inter- 
actions may be evw greater due to substrate destabiliza- 
tion [ 5.5-571. Recognition of this possibility has led to a 
new proposal for catalysis of GTP hydrolysis by Ras and 
its activation by GAP (K.A. Maegley. S.J.A. and D.H., 
unpublished data), and analogous nicchanisnis may 
generally be employed iii catalysis of phosphoryl transfer. 
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H 0 0 H 0 0 \ 0 -0.67 , 0 I ,+0.07 n -0.55 I 0 + O-P-O-P-AMP - 0 . . . . . . . . . . . . p . . . . . . . . . . . . O-P-AMP x ,A ?:o$ + -o~~~-AMp 

R’ 6 b RI 0’ ‘0 
-0.41 -0.41 6 0 0 

-0.67 -0.5 -0.64 -0.67 -0.67 

6) 

\ 
-AMP 

+ 0 XL .- 
Change in charge: 

ground to tramtim state 

Fig. 8. Transition-state charge estimates for the uncatalyzed hydrolysis of ATP. (a) Charges on oxygens of the reactants, transition state 
and products for ATP hydrolysis estimated from linear free energy relationships (see Materials and methods). (b) A  schematic represen- 
tation of the change in charge in going from the ground state to the transition state from part (a). The transition-state geometry is 
depicted, with the phosphoryl group undergoing transfer separated from the water nucleophile and the ADP leaving group by dashed 
lines. All of the charge changes are shown localized to the oxygen atoms. 

(4) There is modest charge development on the 
p-phosphoryl nonbridging oxygen atoms 
Although the increase in negative charge on each 
p-nonbridging oxygen atom in the transition state, 
estimated to be -0.14, is considerably smaller than the 
increase on the P-r bridging oxygen (Fig. 8), strength- 
ened electrostatic and hydrogen-bonding interactions 
with the p-nonbridging oxygens could stabilize a 
dissociative transition state. Enzymes appear to catalyze 
reactions through multiple interactions that each provide 
‘1 modest amount of transitioli-state stabilization 157-591. 

An overall inspection of Figure 8b suggests two addi- 
tional catalytic strategies. First, fixing the nucleophile 
with respect to the y-phosphoryl group at an active site 
can lower the entropic barrier for reaction, as observed 
in model phosphoryl transfer reactions [46]. Second, the 
change in charge in going from the ground state to the 
transition state has dipolar character, with the groups on 
one side of the transferred phosphoryl group becoming 
more positive and those on the other side more nega- 
tive (Fig. 8b, colored red and blue, respectively). This 
overall charge redistribution could be stabilized by 
enzymatic dipoles. 

The effect of metal ions on nonenzyrnatic reactions of 
phosphoanhydrides can also be related to Figure Xb.There 
is little effect of coordination by Mg*+ or other divalent 
metal ions on the rate ofATP hydrolysis (Table 1; see also 
[N-64]). In addition, the rates of hydrolysis of various 
metal ion complexes of F-monothiopyrophosphate 
(pyrophosphate with the bridging oxygen atom substi- 
tuted by sulfur) are essentially independent of the thio- 
philicity of the metal ions [65]. These small rate effects 

may result from an absence of interactions between the 
metal ions and the bridging atom, the atom that under- 
goes the largest change in charge in going from the 
ground state to the transition state (Fig. Xb; see (3), above). 
A further rationale for the small effects is that transition- 
state stabilization from metal ion interactions with the 
P-phosphoryl nonbridging oxygens of ATP may be offset 

bY weakened transition-state interactions with the 
y-phosphoryl oxygens (see (2) and (4) above, and [23]). 

Significance 
The transition state for the uncatalyzed reaction 
provides a starting point for enzymatic analysis 
because it is this entity that an enzyme must 
stabilize or modify for catalysis to occur. We find 
that reactions of ATP proceed via a dissociative 
transition state. Thus, this dissociative transition 
state serves as a reference for discussion of the 
catalytic mechanisms of enzymes that transfer the 
terminal phosphoryl moiety from a phosphoanhy- 
dride to an acceptor. It will be interesting to dis- 
cover whether enzymes stabilize transition states 
that are closely related to the transition states of 
the corresponding uncatalyzed reactions, as the 
limited data to date suggest, or whether some 
enzymes change the nature of the transition state. 

Analysis of the change in charge distribution 
during progression from ground state to dissocia- 
tive transition state calls into question the catalytic 
potential of some previously proposed mecha- 
nisms for phosphoryl transfer. The analysis also 
highlights the P-r bridging oxygen as the atom 
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experiencing the largest charge development in 
the transition state. This suggests that phosphoryl 
transfer enzymes may in general make catalytic 
interactions with the bridging oxygen, an idea that 
leads to specific mechanistic proposals. 

Materials and methods 
Materials 
Ethanol, 2-fluoroethanol. %hydroxypropionitrlle, methanol, 
2-methoxpethanol, I-propanol, propargyl alcohol and 
2,2.2-trifluoroethanol were from Aldrich and were the highest 
purity available (>99%, with the exception of 2-fluoroethanol, 
95%). Methylphosphonic acid and propylphosphonic acid were 
obtained from Aldrich, monopotassium ADP and dilithium 
GDP from Doehringer Mannhrim, triethylanlnioniunl 
[y--‘“PI AT and [y-“P]GTP from Amersham; sodium 
[3’P]pyrophosphate was obtained from DuPont NEN and 
dichloromethylphosphonic dichloride from Johnson Matthcy. 
Water was doubly distilled from an all-glass apparatus. 

Synthesis 
LIichloromethylphosphonic acid was prepared by addition of 
the dichloride to an excess of water. Phosphonic acids were 
converted to their corresponding phosphoryl phosphonates via 
the reaction of the phosphonomorpholidates with tri-n-butyl- 
ammonium phosphate, as described by Moffatt and Khorana 
[66] for phosphorylation of ribonucleoside phosphates. The 
resulting lithium salts of the phosphoryl phosphonates were 
separated from phosphonate starting material by anion- 
exchange chromatography (Mono Q HK j/5, Pharmacia) with 
a NaCl gradient, and the phosphoryl phosphonates were iso- 
lated as triethylammonium salts following anion exchange on 
Toyopearl DEAE-650C resin prior to use in reactions. 
Structures were confirmed by ‘H NMR, 3’1’ NMR, and liquid 
secondary-ion mass spectrometry.Two 3’1’-NMR signals were 
observed for each phosphoryl phosphonate, as expected 
(161.‘) MHz, parts per million (ppm) downfield from 85% 
H,PO,: 6,=3.6,-6.6,&, ~24 Hz for phosphoryl dichloro- 
methylphosphonate; S,= 23.0. -8.0, jp,,= 23 Hz, JpH = 18 Hz 
for phosphoryl methylphosphonate; 6,= 26.0, -8.0, jplpp = 25 
Hz, jI’H = 18 Hz for phosphoryl propylphosphonate). Peaks 
identified as phosphonate starting material and inorganic phos- 
phate and amounting to -5% of the total product were also 
observed in the final preparations; this contamination was 
probably due to a small amount of phosphoryl phosphonate 
hydrolysis during processing and was shown not to affect the 
results obtained (see below). 

Determination of ~nuc,eo,,hile 
Reactions of pyrophosphate,ATP and GTP in alcohol/water 
mixtures were performed at 60°C in buffered solutions of 
ionic strength 0.4M [(CH,),NCl] for pyrophosphate, or ionic 
strength 0.1 M  [NaCl or (CH,),NCl] in the presence of 
0.1 m M  ethylenediaminetetraacetic acid (EDTA) for ATP and 
GTP. The ATP and GTP reactions were also performed with 
0.1-10 m M  MgCl,. Reaction mixtures contained 10 P M  
carrier ATP or GTP spiked with [y-“P]ATP or [y-“*P]GTP, 
or 300 F M  pyrophosphate spiked with [32P]pyrophosphate to 
give -10” counts per minute (cpm) per k1.A IO-fold increase 
in the concentration of starting material had no effect on the 
observed absolute or relative rate constants, indicating that 
these reactions are independent of phosphoanhydride con- 
centration. 3’P-NMR chemical shifts and proton-phosphorus 
coupling constants consistent with the expected products, 

inorganic phosphate and alkyl phosphate, were observed for 
analogous nonradioactive reactions. To determine absolute 
and relative rates, reaction aliquots were quenched at 0 “C at 
specific times, substrates and products were separated by thin 
layer chronratography (TLC) ( using polyethyleneimine (PEI) 
cellulose: 1 M  LiCI, 0.3M sodium phosphate, pH 3.8 or 1 M  
LiCl, X m M  sodium N-[2-acetamido]-2-iminodiacetic acid 
(NaADA), pH 6.3), and their ratios were quantitated by phos- 
phorimager analytic (Molecular Dynamics).The ratio of alkyl 
phosphate to inorganic phosphate produced III alcohol/water 
mixtures was constant throughout the time course, indicating 
that no secondary reactions involving the reaction products 
were occurring. Faster reactions of GTP, ATP and pyrophos- 
phate were shown to proceed to completion, so a substrate 
endpoint of zero was assumed for slow reactions that were not 
followed to completion. Pseudo-first-order rate constants 

(kob,d were obtained from nonlinear least-square fits 
(Kaleidagraph, Abelbcck Software) to an exponential curve. 
Fits were excellent (r >O.Y9) in all cases. Relative rate COW 
stants were determined from the fraction of total product 
present as alkyl phosphate in aqueous alcohol solutions, 
according to the equation in Figure 4. 

There was no change in krr, for each alcohol over a range of 
10-50 o/u alcohol (50-28 M  [HOH]), indicating that solvent 
effects from the alcohol present m  the reaction mixtures did 
not affect the observed values of kre,. (In principle, each krrl 
value can be extrapolated to 0 %  alcohol so that the values all 
correspond to reactions in the same solvent, water. The 
extrapolation is unnecessary in this case, however, because 
varying the alcohol percentage did not affect krr, for reaction 
of ATP in a particular alcohol.) The following considerations 
also suggest that the added alcohol does not alter the proper- 
ties of the reaction; 1) there was no significant change in 
k HOH for reactlon of ATP, GTP or pyrophosphate as each 
alcohol was varied over the range of 1 O-50 %, nor was there a 
large difference (<2-fold) in k,,, observed in the presence 
of the different alcohols; 2) apparent pK,‘s for the dianion to 
trianion and trianion to tetraanion of pyrophosphate were 
were within 0.5 pH units in water and the alcohol/water mix- 
tures (titrations performed at 0, 20 and 50 %  alcohol for 
ethanol and trifluoroethanol). 

Solvolysis was followed at three different pH values (pH 
values at 25°C: pH 7.5 in 50mM sodium N-[2-hydroxy- 
ethyllpiperazine-N’-[2-ethanesulfonic acid] (NaHEPES), and 
pH 9.1 or 10.0 in 50mM sodium &[N-cyclohexyl- 
aminolethanesulfonic acid (NaCHES)) for the NTPs to 
ensure that reaction of the appropriate ionic form war 
observed. Rates at pH 7.5 were within three-fold of those at 
pH 9.1 and rates were the same (within 10 %I) at pH 9.1 and 
pH 10.0, indicating that solvolyses of the NTP tetraanions 
were followed at the higher pH values. Similarly, solvolysis of 
pyrophosphate was followed at several pH values (pH values 
at 25 “C: pH 1 and 2 in 0.1 M  or 0.01 M  nitric acid, respec- 
tively; pH 4.1 in 0.1 M  sodium formate; pH 5.2 in 0.1 M  
sodium acetate; pH 6.9 in 0.1 M  sodium 3-[N-morpho- 
linolpropanesulfonic acid (NaMOPS); pH 7.Y in 0.1 M  
sodium N-[2-hydroxyethyllpiperazine-N’-[3-propanesul- 
fonic acid] (NaEPPS); and pH 9.0 or 10.2 in 0.1 M  
NaCHES) to identify the pH regime corresponding to the 
dianionic species. In agreement with previous work (67-691, 
a rate plateau for the dianion of pyrophosphate was observed 
between approximately pH 3 and pH 5.5. This rate plateau 
was also observed for solvolysis in alcohol/water mixtures, so 
reactions were monitored within this range. The observation 
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of the methyl phosphate product by both TLC and 
311, NMR contradicts the previous conclusion that there is 
no reaction between pyrophosphate and methanol [5]. The 
earlier work relied on an indirect assay of the decrease in the 
final amount of inorganic phosphate product. 

Determination of p 
Hydrolyses of phosphoan y rides and related compounds 

/Wing y&J 

were performed at 95°C in buffered solutions of ionic 
strength 0.1 M  (NaCl) in the presence of 0.1 m M  EDTA. 
Reaction aliquots were quenched at 0 “C, and the amount of 
inorganic phosphate product was determined calorimetrically 
[7O] for reactions contammg phosphoryl dichloromethylphos- 
phonate, phosphoryl methylphosphonate, phosphor);1 propy- 
lphosphonate, ADl’, or GDP, and by the TLC assay outlined 
above for reactlons containing [Y-“~P]ATP, [y-“PIGTP, or 
[3’1’]pyrophosph”te, Endpoints were determined by effecting 
complete hydrolysis of each sample in 0.5 N HCl. Reactions 
exhibited first-order behavior, and first-order rate constants 
were obtained from nonlinear least square fits (Kaleidagraph, 
Abelbeck Software) to an exponential curve. Fits were good 
(r 10.98) in all cases.The reactions were monitored at several 
pH values (pH measured at 25’C: pH 9.1 or 10.0 in 
50 m M  NaCHES: pH 10.9 in 50 m M  sodium 3-[cyclohexyl- 
amino]-l-propanesulfonic acid (NaCAPS); pH 12.6, 13.0 and 
13.5 in 0.04, 0.1 and 0.3 N NaOH, respectively) to identify 
the pH-independent rate for the ionic species that gives trans- 
fer of PO,‘- for each substrate (i.e., ADP”-, ATP’-). The pres- 
ence of small amounts of phosphonate and inorganic 
phosphate in the three phosphoryl phosphonate substrates (see 
Synthesis above) did not influence the results, as demonstrated 
by the absence of a rate effect when these species were 
du-ectly added to control reactions. 

Estimation of charges 
The slope of a linear free-energy relationship plotting the log 
of an equilibrium constant, K,,, against pKa for a series of 
related compounds is Pequdlbrlum; it provides a measure of the 
change in ‘effective charge’ in going from substrate to product 
relative to a change in charge for the deprotonation equilib- 
rium [2,7 11. In the case of phosphoryl transfer, a Pequll,brlum of 
-1.35 for the equilibrium: 

X0-PO,‘- + H,O m  X0- + HO-P0,2- + H+ 

estmlateh an effective charge for the bridging oxygen of a 
phosphate monoester (X0-PO,‘-) as +0.35 relative to X0-H 
[71]. The value of Pequllibrluln = -1.1 for the hydrolysis of phos- 
phoanhydrider and related compounds (see Results and discus- 
sion) supplies the effective charge which develops on the 
leaving group in the transition state.This value estimates that 
-1.1 /-I .35 = 0.81 of the total charge change associated with 
the leaving group has occurred in the transition state. 
Knowledge of the charge on a leaving group oxygen before 
and after the reaction then enables estimation of its transition 
state charge by adding 0.81 of the total charge change on that 
atom to the charge present on that atom in the reactant. For 
example, the charge on the bridging oxygen changes from 0 in 
the reactant to -0.67 in the product; 0.81 x -0.67 is -0.55. so 
this charge is assigned to the bridging oxygen in the transition 
state. Similarly, charges of -0.64 are assigned to the nonbridg- 
ing oxygens of the leaving group in the transition state. The 

Pnuclroph*le of 0.07 (see Results and discussion) places an 
approxunate charge of +C).O7 on the nucleophile in the transi- 
tion state.The total leaving group charge of -1.83, the nucleo- 
phile charge of +O.O7, and the need to conserve an overall 
transition state charge of -3, then give a charge estimate of 

-1.24 for the phosphoryl group being transferred. This charge 
is assumed to be equally distributed among the oxygens of the 
metaphosphate-like transition structure, so the charge on a 
phosphoryl oxygen is estimated to be -0.41 in the transition 
state.These numerical estimates are presented to aid the quali- 
tative analysis of potential catalytic mechanisms in the Results 
and discussion. 
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