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Inhibitory Mg-ADP—-Fluoroaluminate Complexes Bound
to Catalytic Sites of F-ATPases: Are They Ground-State

or Transition-State Analogs?

William S. Allison, 12 Huimiao Ren,! and Chao Dot

Schemes are proposed for coupling sequential opening and closing the three catalytic sities of F
rotation of they subunit during ATP synthesis and hydrolysis catalyzed by tiie-ATP synthase.

A prominent feature of the proposed mechanisms is that the transition state during ATP synthesis
is formed when a catalytic site is in the process of closing and that the transition state during ATP
hydrolysisis formed when a catalytic site is in the process of opening. The unusual kinetics of formation

of Mg-ADP—fluoroaluminate complexes in one or two catalytic sites of nucleotide-depleteddF
wild-type and mutands 83y subcomplexes of Tfare also reviewed. From these considerations, it is
concluded that Mg-ADP—fluoroaluminate complexes formed at catalytic sites of isolaftFases

or F; in membrane-boundJF; are ground-state analogs.

KEY WORDS: F;-ATPase; transition-state analog; ground-state analog; rotational catalysis.

INTRODUCTION

are partly in the form of an antiparallel coiled-coil. The
coiled-coil is asymmetrically arranged within the central

The ATP synthases found in energy-transducing cavity. Whereas all three noncatalytic sites, located gt
membranes couple translocation of protons or sodium ionsinterfaces, are homogeneously liganded with Mg-AMP—

to the condensation of ADP with; Bo form ATP. The

PNP, the three catalytic sites, located at diffetg|gtinter-

enzymes are comprised of an integral membrane proteinfaces, are heterogeneously liganded. The catalytic site at

complex k5 that mediates ion translocation and a periph-
eral membrane complex Ehat contains the catalytic sites
for the condensation reaction,. i§ connected to fby two

narrow stalks. When removed from the membrane in solu-

ble form, i isan ATPase made up of five different subunits
in azB3y e stoichiometry. In addition to its three catalytic
sites, i contains three additional nucleotide binding sites
that are called noncatalytic sites.

In the crystal structure of the bovine heart mitochon-
drial F;-ATPase (MF) solved by Abrahamet al. (1994),

the o and B8 subunits are elongated and arranged alter-

nately in an hexameric configuration. The cavity of the
(aB)3 hexamer is filled with twax helices arising from
the amino- and carboxyl-termini of the subunit, which
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theatp/Brp interface contains bound Mg-AMP—PNP, the
catalytic site at thepp/Bpp interface contains bound Mg-
ADP, and the third catalytic site at the/Bg interface is
empty. The conformation g differs considerably from
the nearly common conformation gfp and Spp. Com-
pared to8+p andBpp, thea-helical carboxyl-terminal do-
main of B is twisted away from the nucleotide-binding
domain. The overall conformation Bt is open, whereas
the overall conformations ¢frp andSpp are closed.

It was immediately recognized that the crystal struc-
ture of MF, is consistent with important predictions of
the binding-change model proposed by Boyer in the late
1970s for ATP hydrolysis catalyzed by EBoyer, 1993,
2000). The binding-change model predicts that the three
catalytic sites of Ir act sequentially to promote rotation
of single-copy subunitg{ande) with respect to the hex-
omeric ring, made up of the threeand three8 subunits.
This prediction was rapidly validated by experiments that
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were designed on the basis of the crystal structure (DuncanTabIe I. Interaction Distances between Bound Nucleotides and
etal. 1995 Sabbest al.. 1996 Nojiet al.. 1997 Yasuda Functional Groups and between Functional Groups at the Three
et al, 1998). In the most elegant of these, a fluorescently Catalytic Sites in the Crystal Structure of M

labeled actin filament was attached to that part ofjthe Interaction welfe  aoplfor  arelprp
subunit that is outside the central cavity of thgsy sub- - - -
complex of T (Noji et al,, 1997; Yasudat al., 1998). BK162N;-058D256 2.7A 6.8A 6.7A
When Mg-ATP was added to the engineered, immobilized #T1630,-O:fE199 29 11.4 11.4
subcomplex, the actin filament rotated counter clockwise ZE?;?E:E“&%‘%P 30 26 ;’ 36 f
when viewed through a microscope. Equation (1) provides /gnggNH_qjjz AD(T)P 54 30
the minimal description of the hydrolytic process where gK162N.-Og , AD(T)P 33 41
O represents counter clockwise rotation of theubunit. BE1880-Q , AD(T)P 5.9 37
BE192Q-Mg?t 4.4 4.0
ATP™* + H,0 — ADP 3 + H,PO; +0 (1) AD256Q Mg+ 41 3.9
- +
By inference, ion translocation througl 5 thought to ﬁﬁgﬁgma 2; 2;2

drive clockwise rotation of the subunit during ATP syn-
thesis by the §F; complex. Equation 2 represents the @#Abrahamsetal, 1994.
minimal description of energy-dependent condensation of
ADP with B, catalyzed by the intact ATP synthase, where Futai, 1998; Ren and Allison, 2000). ATP hydrolysis pro-
O represents clockwise rotation of tiesubunit. ceeds with long-distance, positive cooperative interactions
_3 4 between catalytic sites. Long-distance interactions be-
ADP™ 4 HoPO, + 0 — ATPT 4+ H0 2) tween catalyticysites and the ?:arboxyl-termindhelical
ATP hydrolysis by the intact synthase coupled to clock- domains ofg8 subunits also occur. Basic features of the
wise rotation of they subunit is thought to drive ion  coupling mechanism include: (1) rapid rates of ATP hy-
translocation in the opposite direction through For re- drolysis are only attained when all three catalytic sites
centreviews on coupling rotational catalysis toiontranslo- are saturated (Webest al,, 1993); and (2) only twgs
cation see Fillingame (2000) and Groth (2000). subunits can exist in the closed conformation simulta-
neously (Tsunodat al, 1999). By correlating catalytic
site occupancy with the rate of ATP hydrolysis using the
BTyr345 Trp mutant ofE. coli F;, Weberet al. (1993)
demonstrated that rapid rates of ATP hydrolysis are not ob-
served until all three catalytic sites are saturated. Tsunoda
Table | illustrates the magnitude of the conforma- etal (1999) recognized that the 1le390 residuegipand
tional change that occurs during interconversion of the Bpp are in contact in the crystal structure of MRJsing
open and closed forms of catalytic sites. Distances be- this observation as a clue, they employed a combination
tween functional groups of amino acid side chains at the of computer modeling and mutagenesis to demonstrate:
atpl Brp andapp/ Bpp interfaces and the anionic oxygens (1) 8 subunits are converted from open to closed confor-
of bound nucleotides and bound Kfgions in the crystal mations when they bind Mg-ADP or Mg-ATP to catalytic
structure of Mkt are summarized in the table. Distances sites; and (2) threg subunits cannot exist in closed con-
between pairs of the functional side chains in the three formations simultaneously. It was also found that cross
catalytic sites in the crystal structure are also compared. links can only form within twog subunits when the
Amino acid side chains that interact with either the anionic «3(8D315C/R337 &y double-mutant subcomplex of
oxygens of bound nucleotides or the #gon in catalytic TF, is treated with oxidants (Reet al, 1999). This

MODELS FOR COUPLING CATALYSISBY F 1 TO
SEQUENTIAL OPENING AND CLOSING OF
CATALYTIC SITES

sites at thextp/B1p andapp/Bpp interfaces are arranged
very differently in the empty catalytic site (Allison, 1998;

Ren and Allison, 2000b). For instance, the side chain hy-

droxyl group of 8Thrl63 is directly coordinated to the
Mg?* ionsin the catalytic sites at thep/ S1p andapp/ Bpop

also demonstrates that only twbsubunits can exist in
closed conformations simultaneously. (To avoid confu-
sion, residue numbers of MFonly are used throughout
this review.)

Figure 1 includes three different views of a limited

interface, whereas it is hydrogen bonded to the carboxy- section of the crystal structure of MEnhatillustrate the rel-

late of 8Glu199 in the empty catalytic site.
Sequential hydrolysis of ATP at the three catalytic
sites of i coupled to rotation of thg subunit is a highly

ative positions of residue 11390 within residues 380—-400
of the threes subunits relative to segments of thesub-
unit. The portion of ther subunit that is illustrated igray

cooperative process (Weber and Senior, 1997; Omote andrepresents a segment of the coiled-coil (residues 6-39 and
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View 1

View 2 View 3

Fig. 1. Three views of a segment of the thrg@subunits in I that illustrate the relative positions of 11e390 and Asp3948¢n Ste, andBpp. The three

views also illustrate the position ¢fSer83 relative to Asp394 in the thrgesubunits in the crystal structure of MFThis figure was constructed from

the coordinates of MfF(Abrahamset al., 1994) using the software program Rasmol provided by R. Sayle (Glaxo Wellcome Research and Development,
Greenford, UK).

residues 217-246). The-helical spur of they subunit 22 A (View 3). It is clear from this illustration that thg
containing residues 73—-90a¢so shown ingray. View 1 subunit must move in order to cloge with simultaneous

shows that the distance between the side chains of the twoopening offpp or S1p during catalysis.

lle390 residues iBpp and Brp in the crystal structure The positions of Asp394 in the thrgeesubunits and

is only 4.4A. In contrast, the side chains of the 11e390 Ser83inthe’ subunitare also includedin Fig. 1. The rela-
residues inBg and B1p are separated by 28 (View 2), tive positions of these residues provide the structural basis
and the two 1le390 residues ity andBpp are separated by  for an experiment designed to identify the catalytic site in
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the crystal structure corresponding to the high-affinity cat- @ '
alytic site that hydrolyzes substoichiometric ATP slowly MgADP + Fi (3)
in MF; andE. coli F; (Grubmeyeeet al., 1982; Al-Shawi A%

and Senior, 1988). According to the crystal structure, the
side chain of Ser83 is within 7A of BAsp394 inS1e, but
isat 13 and 33 from the side chains g8 Asp394 inSpp

and Bg, respectively. When a single catalytic site of the Mgapp+»i (1) MgATP (2)
a3(8D394C)(y S83C) double-mutant subcomplex ofTF

is loaded with Mg(2-N-[3H]ADP), Mg(2-Ns-[3H]ADP) % A
plus AICl; and NaF, or Mg(2-N-[3H]ATP) followed by 2o fd
photolysis and then oxidation to cross ligkto y, in @ A MgATP (1) A @
each case, none of the radioactivity was found inghe

cross-linked species (Dou, 1997). This suggests that in

the absence of bound nucleotides, the catalytic sites dis- MgADP + Pi (2)

play heterogeneous affinities for Mg-ADP or Mg-ATP
dictated by the position of the asymmetrically arranged

MgATP (3)

coiled-coil of they subunit. That no radioactivity was MgATP (3) @
found in the cross-linked species suggestsghatnd not
Btp in the crystal structure contribute to the high-affinity A%

catalytic site identified under single-site conditions
(Grubmeyeret al., 1982; Al-Shawi and Senior, 1988).
Figure 2Aillustrates a minimal scheme that describes

sequential opening and closing of the three catalytic sites
of F; during ATP synthesis that is driven by clockwise % A
rotation of they subunit through 360 In each step, two
B subunits are depicted in closed conformations (triangles) @ A ﬁ"@@
containing Mg-ATP bound to catalytic sites. The thiid MgADP + Pi (2)
subunit is shown in an open conformation that is tran- W
siently empty and is awaiting energy-dependent binding of MgATP (1)
Mg-ADP and R, which has been observed in both oxida-
;I_\g; g nghp())?]o;%sdyrggigf EQSZ?hE ?é |6I1;El)05r:u(|§£aey dﬁg. ,|OW- opening of the three catalytic sites of Euring (A) ATP synthesis and

S e ! : (B) ATP hydrolysis undeWmax conditions. Triangles represeftsub-
affinity binding of Mg-ADP and Ptogether to the open  ynits in closed conformations containing Mg-ATP tightly bound to cat-
catalytic site triggers clockwise rotation of tiresubunit alytic sites and circles represghsubunits that are transiently open with
driven by ion translocation through, Enat forces closing empty catalytic sites. The dotted lines between the triangles represent
of this catalytic site. In the top view in Fig. 2A, energy- interaction of the side chains of 11390 in adjacent, clogesubunits.

d dent closi f catalvtic site 3 i ied b The numbers, 1, 2, and 3 on tesubunits indicate the order in which
ependent closing of catalytic site 3 Is accompanie y catalytic sites of isolated;Fare loaded with Mg-ADP or Mg-ATP under

synthesis of tightly bound Mg-ATP at this site and con- in vitro conditions (Dou, 1997). An abbreviated form of theubunit is
certed opening of catalyic site 2 that allows dissociation shown in the center of each display of the thgesubunits with thex-

of Mg-ATP synthesized two steps earlier. In this process, helical spur containing residue 73-90 pointing toward. The schemes
ion translocation drives clockwise rotation of thesub- '€ described in detail in the text.

unit by 120. This model proposes that the transition state

is formed as a catalytic site is converted from an open

ground-state conformation to a closed ground-state con-mation is thought to resemble that of the empty catalytic
formation. Since ATP synthesis is postulated to occur dur- site at thexg/8g interface in the crystal structure.

ing the closing process, the condensation of ADP wijth P Figure 2B illustrates a minimal scheme for sequen-
is energy dependent. The ATP synthesized in this step re-tial hydrolysis of ATP at three catalytic sites of either iso-
mains tightly bound until it dissociates two steps later. lated k or in F,F; that drives rotation of the: subunit
The closed ground-state conformation of the catalytic site through 360 in the counterclockwise direction. Again, in
is thought to resemble the nearly common conformations each step, twg subunits are depicted in closed confor-
of catalytic sites at thepp/ 8pp andatp/ S1p in the crystal mations (triangles) containing Mg-ATP tightly bound to
structure of Mk, whereas the open ground-state confor- catalytic sites. The thir@ subunit is shown in the open

MgADP +Pi (3)

MgADP + Pi (1)
MgATP (2)

Fig. 2. Schemes for coupling rotation of the subunit to sequential
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conformation with a transiently empty catalyic site thatis ysis catalyzed by th8F155W mutant by azide is accom-
awaiting binding of Mg-ATP for catalysis to continue. In  panied by entrapment of Mg-ATP in three catalytic sites
the top view in Fig. 2B, closing of site 3 is initiated when (Weber and Senior, 1998). This contention conflicts with
Mg-ATP binds to it. This promotes opening of catalytic substantial evidence that has been accumulated indicating
site 1 coupled to ATP hydrolysis, followed by dissociation that azide inhibition is associated with entrapment of in-
of Mg-ADP and R. In this process, the concerted switch- hibitory Mg-ADP (Vasilyevaet al., 1982; Kalashnikova
ing of site 1 from open to closed and site 2 from closed et al., 1988; Reret al., 2000c). It is also inconsistent with
to the open drives rotation of the subunit through 120 the observation that hydrolysis of substoichiometric ATP
in the counterclockwise direction. In,Fy, this rotation by E. coliF, is notinhibited by azide (Noungit al., 1987).
drives ion translocation through F

According to these models, the transition state for
ATP synthesis forms when a catalytic site switches from MUTATIONS THAT RELIEVE OR ENHANCE
an open to a closed conformation and the transition stateENTRAPMENT OF INHIBITORY Mg-ADP
for ATP hydrolysis forms when a catalytic site switches
from aclosedto an open conformation. Therefore, the tran- ATP hydrolysis by isolated for by the BF; com-
sition state is assumed to be formed when catalytic sitesplex is inhibited when Mg-ADP is entrapped in a single
are in a hybrid conformation that lies between the nearly catalytic site. Entrapment can be accomplished by loading
common ground-state conformation of the catalytic sites a single catalytic site with Mg-ADP or by loading a single
at theatp/Bp andapp/Bpp interfaces in the x-ray struc-  catalytic site with Mg-ATP and allowing hydrolysis to oc-
ture, on the one hand, and the ground-state conformationcur (Drobinskayeet al., 1985; Milgrom and Murataliev,
of the catalytic site at theg/Se interface on the other. It  1989; Chenyak and Cross, 1992; Jault and Allison, 1993;
is also assumed that the hybrid conformation in which the Dou et al., 1998). Transient, turnover-dependent entrap-
transition state is formed, is the same during ATP synthesis ment of inhibitory Mg-ADP also occurs when isolated
and hydrolysis. F1-ATPases hydrolyze ATP in the absence of saturating

The models illustrated in Fig. 2 differ considerably noncatalytic sites with Mg-ATP (Vasilyevat al., 1980;
from the binding change model for ATP synthesis and hy- Milgrom et al., 1991; Jault and Allison, 1993; Jaeltal.,
drolysis developed by Boyer (1993, 2000). The binding- 1996). In the case of MF-binding Mg-PRto noncatalytic
change model assumes that«is attained whenonlytwo  sites prevents entrapment of inhibitory Mg-ADP during
catalytic sites are saturated and that the transition stateturnover (Kalasnikovaet al., 1988; Jaultet al., 1994).
is formed when catalytic sites are in the closed confor- Entrapment of inhibitory Mg-ADP is relieved when TF
mation. Weber and Senior (1997) have proposed a varia-hydrolyzes ATP in the presence of lauryl dimethylamine
tion of the binding-change model for ATP hydrolysis that oxide (LDAO) (Paiket al.,, 1994).
accommodates earlier demonstration tMaty rates are Mutant forms of thex3S83y subcomplex of TEthat
attained when three catalytic sites are saturated (Weberhave little or no propensity to entrap inhibitory Mg-ADP
etal, 1993). The proposed, three-site model suggests thatduring turnover and resist inhibition by azide are thought
during steady-state catalysis, two catalytic sites contain to have increased stabilization of the open conforma-
Mg-ADP and the third contains Mg-ATP. The model also tion of catalytic sites. Conversely, mutant forms that have
assumes that the transition state is formed when a catalyticincreased propensity to entrap inhibitory Mg-ADP dur-
site is in the closed conformation. That two catalytic sites ing turnover and increased sensitivity to inhibition by
contain Mg-ADP and the third contains Mg-ATP under azide are thought to have increased stabilization of the
steady-state conditions is based on the different responseglosed conformation of catalytic sites. For instance, the
of the fluorescence spectrum of tg&155W mutant of a3(BT163S}y mutant subcomplex of TFhas little or no
E. coli F; on binding Mg-AMP—-PNP or the Mg-ADP—-  propensity to entrap Mg-ADP during turnover and is re-
fluoroberyllate, on the one hand, and Mg-ADP, on the sistant to inhibition by azide, whereas g BE199C}y
other (Webeket al., 1996). In making these assignments, subcomplex has increased propensity to entrap inhibitory
turnover-dependent entrapment of inhibitory Mg-ADP in  Mg-ADP during turnover and increased sensitivity to in-
catalytic sites was not taken into account nor was the fact hibition by azide than the wild-type subcomplex. The
that Mg-ADP—fluoroberyllate complexes are only formed wild-type TF subcomplex has &, of 40 uM and a
in two catalytic sites (Issartelt al, 1991). The reliability keat Of 120 st (Ren and Allison, 2000a), whereas the
of the BF155W mutant as a reporter of catalytic site occu- K, andkgs; values of thesT163S mutant are 133M and
pancy during ATP hydrolysis became more suspect when 360 s1, respectively (Jaukt al., 1996). In contrast, the
itwas subsequently reported thatinhibition of ATP hydrol- K, andK4¢ values of theBE199C mutant are 1,6M and
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6 s71, respectively, indicating that it has a much higher sitesis accelerated further when thg8sy subcomplex of
affinity for Mg-ATP. Comparison of fluorescence quench- TFi isincubated with excess ADP plus ffgand either P

ing of theas(BE199C/Y345W)y double mutant and the  or sulfite before initiating inactivation by adding%iland
a3(BY345W)y single mutant by Mg-ATP is consistent F~. The observed acceleration under these conditions is
with this conclusion. These comparisons suggest that thethought to be caused by binding Mg-ADP and phosphate
BThr163Ser substitution favors the open conformation of or sulfite together at noncatalytic sites and, therefore, rep-
the catalytic site by decreasing direct interaction with the resents noncatalytic to catalytic site cooperativity (Dou
Mg?+ ion coordinated to bound nucleotides and/or by etal, 1997; Grodsket al, 1998). Sulfite has been shown
forming a stronger hydrogen bond with the carboxylate to accelerate formation of Mg-ADP-fluoroaluminate

of BGIlul99. They also infer that th&Glu199Cys substi-

tution attenuates catalysis and increases affinity for ATP

by preventing formation of a stable hydrogen bond with
BThr163 whenthe catalytic site is empty (Ren and Allison,
2000a).

FORMATION OF INHIBITORY
Mg-ADP—FLUOROALUMINATE COMPLEXES
AT CATALYTIC SITESOF F 4

Formation of tightly bound Mg-ADP—fluoroalumi-
nate complexes at catalytic sites of Was first demon-
strated by Lunardét al. (1988) who found that incubation
of MF; with excess ADP plus Mg, AICI3, and NaF
led to quasi-irreversible inactivation of ATP hydrolysis.
It was subsequently reported by Issadeél. (1991) that
Mg-ADP—fluoroaluminate complexes are formed in two
catalytic sites when AlGland NaF were added to Min
the presence of excess ADP andVg

Extending these studies, Detial. (1997) found that
after loading Mg-ADP onto a single catalytic site of the
a3B3y subcomplex of Tl or a single catalytic site of
nucleotide-depleted M ATP hydrolysis is slowly inac-
tivated upon addition of At and F . In contrast, when
Mg-ADP was loaded onto two catalytic sites of the en-
zymes or when therg83y subcomplex of Tk was in-
cubated with excess ADP plus Ftgbefore adding At
and F, it was shown that inactivation occurs sixfold more
rapidly. Therefore, positive catalytic to catalytic site co-
operativity occurs when ADP—fluoroaluminate complexes
are formed in two catalytic sites. It was also observed
that the rate of formation of the Mg-ADP—fluoroaluminate
complexis slowed considerably in the presence oftien
Al®t and F are added to fafter loading one or two cat-
alytic sites with Mg-ADP. This suggests that binding of
AlF3 or AlF; to a domain for Padjacent to bound Mg-
ADP initiates an isomerization that leads to the tightly
bound Mg-ADP—fluoraluminate complex. It has been re-
ported that Pbinds to catalytic sites of Mfthat contain
bound Mg-ADP (Kozlov and Vulfson, 1985).

It was also observed that the rate of formation
of Mg-ADP—fluoroaluminate complexes in two catalytic

complexes at catalytic sites of MFEssartelet al., 1991).

Formation of cross links between treandy sub-
units and between thg and y subunits by oxidation
of the @A404C)B83(y S22C) andx3(8D394C)(y S83C)
mutant inactivates ATP hydrolysis and also abolishes co-
operative formation of Mg-ADP—fluoroaluminate com-
plexes in two catalytic sites. However, slow formation of
the Mg-ADP—fluoroaluminate complex in a single cat-
alytic site still occurs. The reduced subcomplexes ex-
hibit cooperativity when Mg-ADP—fluoroaluminate com-
plexes are formed at two catalytic sites (Det al,
1997). Similar loss of cooperativity is observed when the
a3(BD315C/R337CG)y andas(B8Y345W/1390C}y dou-
ble mutants are converted to their oxidized forms (Ren
et al, 1999; Ren and Allison, 2000c).

A possible explanation for the loss of cooperativity
that occurs on cross linking the mutant enzymes is the fol-
lowing. It is reasonable to assume that loading Mg-ADP
onto two catalytic sites of the wild-type or reduced-mutant
subcomplexes, closes one site completely, whereas the
other catalytic site only partly closes. Subsequent simulta-
neous binding of Alg or AlF to both sites could induce
closing coupled to isomerization at the partly closed site,
which, in turn, promotes isomerization at the completely
closed site. To explain loss of cooperativity in forming
Mg-ADP—fluoroaluminate complexes when the mutant
enzymes are oxidized, itis again reasonable to assume that
cross linking prevents transmission of conformational sig-
nals from one catalytic site to the other. It has been shown
that mutations in the or 8 subunit that affect cooperativ-
ity of ATP hydrolysis either accelerate or attenuate cooper-
ative formation of Mg-ADP—fluoroaluminate complexes
(Dou et al., 1997; Grodskyet al., 1998). It is significant
that the D269N)%B3y subcomplex of Tk exhibits ex-
tremely slow formation of the Mg-ADP—fluoroaluminate
complex when Mg-ADP is bound to a single catalytic site.
This mutation is in the Walker B consensus sequenoe of
subunits and affects competent binding of nucleotides to
noncatalytic sites (Jaudtt al,, 1996). Therefore, the slow
rate of formation of the Mg-ADP—fluoroaluminate com-
plex observed with this mutant indicates that a catalytic
site recognizes a defect in noncatalytic sites even when
the latter sites are empty.
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Based on differences in quenching of tryptophan acid side chains occur when Alis entrapped in this cat-
fluorescence observed when #i€yr345Trp ofE. coliF; alytic site adjacent to bound Mg-ADP. From this compar-
was titrated with Mg-ADP in the presence and absence ison, the author conclude that the Mg-ADP—AlEom-
of A%t plus F, Nandanaciveet al. (1999a) reported  plex entrapped in thepp/Spp catalytic site represents a
that tightly bound Mg-ADP—fluoroaluminate complexes transition-state analog and suggest that once nucleotide is
form in two catalytic sites of the enzyme. Using the bound to a catalytic site, only small changes are required to
same method of analysis, they also reported that Mg- facilitate the hydrolytic reaction catalyzed by the enzyme.
ADP-fluoroaluminate complexes are not formed in cat- In contrast, we suggest that the comparison of the two
alytic sites of theE188Q/Y345W, 8K162Q/Y345W, crystal structures supports our contention that Mg-ADP—
aR373A8Y345W andxArg373CyspTyr345Trp double fluoroaluminate complexes tightly bound to catalytic sites
mutants oft. coli F; (Nandanacivat al, 1999b). Each of F, are ground-state analogs.
double mutant contains an amino acid residue that inter- From the arguments presented in developing the
acts with anionic oxygens of ADP or AMP—PNP boundto schemes illustrated in Fig. 2, we contend that transition
catalytic sites in the crystal structure of M{See Table ). states are formed transiently in a hybrid conformation of
Since formation of Mg-ADP—fluoroaluminates was not the catalytic site whei subunits are in the process of
observed in the double mutants, it was concluded that theclosing during ATP synthesis or in the process of open-
Mg-ADP—-fluoroaluminate complex detected at catalytic ing during ATP hydrolysis. To assure flawless rotation of
site 1 of theBTyr345Trp mutant represents a transition- they subunit, the common transition state for synthesis
state analog. Based on kinetic analysis of formation of Mg- and hydrolysis must be of finite duration and formed with
ADP-fluoroaluminates in catalytic sites of nucleotide- precise timing during sequential firing of catalytic sites.
depleted Ml and wild-type and mutant;83y subcom-
plexes of Tk, the validity of this conclusion is question-
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