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ABSTRACT: MgADP in combination with fluoroscandium (ScFx) is shown to form a potently inhibitory,
tightly bound, noncovalent complex at the catalytic sites of F1-ATPase. The F1‚MgADP‚ScFx complex
mimics a catalytic transition state. Notably, ScFx caused large enhancement of MgADP binding affinity
at both catalytic sites 1 and 2, with little effect at site 3. These results indicate that sites 1 and 2 may form
a transition state conformation. A new direct optical probe of F1-ATPase catalytic transition state
conformation is also reported, namely, substantial enhancement of fluorescence emission of residueâ-Trp-
148 observed upon binding of MgADP‚ScFx or MgIDP‚ScFx. Using this fluorescence signal, titrations
were performed with MgIDP‚ScFx which demonstrated that catalytic sites 1 and 2 can both form a transition
state conformation but site 3 cannot. Supporting data were obtained using MgIDP-fluoroaluminate. Current
models of the MgATP hydrolysis mechanism uniformly make the assumption that only one catalytic site
hydrolyzes MgATP at any one time. The fluorometal analogues demonstrate that two sites have the
capability to form the transition state simultaneously.

Studies of the catalytic mechanism of ATP- and GTP-
hydrolyzing enzymes have profited from utilization of
beryllium fluoride (BeFx),1 aluminum fluoride (AlFx), and
orthovanadate (Vi). In association with Mg-nucleoside
diphosphate, these compounds form tightly bound, potently
inhibitory complexes in the catalytic sites of the enzyme,
which mimic intermediates of the nucleotide hydrolysis
pathway. The BeFx-nucleoside diphosphate complex mim-
ics the bound nucleoside triphosphate ground state (3-5),
whereas AlFx- and Vi-nucleoside diphosphate complexes
mimic the catalytic transition state (6-12). Not only have
these analogues facilitated X-ray structural analyses and
understanding of catalytic mechanism, they have also been
of importance in understanding energy coupling between
ATP/GTP hydrolysis and functions as diverse as large protein
domain movement in myosin (13), signaling in G-proteins
(14), and electron transfer in nitrogenase (14).

F1Fo-ATP synthase is the enzyme responsible for ATP
synthesis in oxidative phosphorylation and photophospho-
rylation in mitochondria, chloroplasts, or bacteria and also
for ATP-driven proton pumping across bacterial membranes
when metabolic conditions require (15, 16). In this large
multisubunit enzyme, ATP hydrolysis in the F1 sector has
been shown to drive rotation of certain subunits (17-19),
and the rotational energy is transduced within the Fo sector
into proton pumping across the membrane (20-22). The

catalytic mechanism of ATP hydrolysis and its transduction
into rotational movement of subunits is not yet understood.
From experience with other enzymes, as discussed above, it
seems likely that use of fluorometal-nucleoside diphosphate
complexes as analogues of catalytic intermediates will shed
light not only on the catalytic mechanism but also on the
coupling of ATP hydrolysis to subunit rotation.

Published data establish that MgADP‚BeFx, MgADP‚
AlFx, and MgADP‚Vi potently inhibit F1-ATPase (23-27)
and show that the latter two complexes mimic the catalytic
transition state. We recently analyzed the transition state of
Escherichia coliF1 by monitoring binding of MgADP‚AlFx,
using the genetically engineered residueâ-Trp-3312 as an
intrinsic fluorescence probe of nucleotide binding (28). We
found that AlFx profoundly enhanced MgADP binding
affinity at catalytic site 1, caused moderate enhancement of
affinity at site 2, and had no influence at site 3 (29). In
contrast, the mutant enzymesâK155Q/âY331W, âE181Q/
âY331W, âR182Q/âY331W, RR376Q/âY331W, and
RR376C/âY331W, each of which involves modification of
a critical catalytic residue side chain, did not show enhanced
affinity for MgADP in the presence of AlFx (29-31) at any
of the three sites. On the basis of these results, we proposed
a model in which residuesâ-Lys-155, â-Arg-182, R-Arg-
376, andâ-Glu-181 stabilize the catalytic transition state
during MgATP hydrolysis (31). X-ray structural analysis of
bovine heart mitochondrial F1 with bound MgADP‚AlF3

concurs with this model (32). However, while available data
clearly show formation of a transition state at catalytic site
1 (the site of highest affinity for substrate), the question as
to whether a partial or true catalytic transition state forms at
catalytic site 2 is not yet settled.
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Recently, it was demonstrated that scandium fluoride
(ScFx) with MgADP forms a tight and potently inhibitory
complex that mimics the transition state of ATP hydrolysis
in myosin (33-35). The length of the Sc to oxygen bond is
known from small molecule crystallography to be 2.07-
2.18 Å (36, 37), which is similar to the Al to oxygen bond
(2.00 Å) in the myosin‚MgADP‚AlF4

- complex (3) and also
to the V to oxygen bond (2.09 Å) in the myosin‚MgADP‚
Vi complex (6). In contrast, the Be to oxygen distance (1.57
Å) of the myosin‚MgADP‚BeFx complex (3) is similar to
that of the Pγ to ADP-O bridge oxygen in ATP, and this
complex is thought to mimic the bound MgATP ground state.
Notably, the three transition state mimics, MgADP‚Vi,
MgADP‚AlF4

-, and MgADP‚ScFx, each produced different
degrees of domain movement within the myosin molecule,
and the degree of movement was correlated with the metal
to oxygen bond length (35), demonstrating the value of using
multiple probes.

To date, there have been no investigations of effects of
ScFx on F1-ATPase, and the first goal of this paper was to
establish whether MgADP‚ScFx could provide an alternative
and useful probe of the catalytic transition state inE. coli
F1-ATPase. The data confirm that it does. A second goal
was to obtain a direct optical probe of the transition state.
Fluorescence ofâ-Trp-148 in theâF148W mutant enzyme
was shown previously to respond differentially to nucleoside
triphosphate vs nucleoside diphosphate bound at catalytic
sites (38). Here, using ScFx, we demonstrate thatâ-Trp-
148 fluorescence also responds uniquely to the catalytic
transition state. By combined use of ScFx andâ-Trp-148
probes, we then test whether both catalytic sites 1 and 2 are
able to assume the transition state.

EXPERIMENTAL PROCEDURES

Strains of E. coli Used. Wild-type E. coli F1 and mutant
F1 enzymesâY331W,âT156A/âY331W,âK155Q/âY331W,
RR376Q/âY331W, andâF148W were prepared from strains
SWM1 (39), SWM4 (28), STH1 (40), SWM31 (41), SN3
(31), and RLL3 (42).

Preparation of Enzymes. F1 was purified as described (43).
Prior to use, all enzymes were passed through two 1 mL
centrifuge columns of Sephadex G-50 in 50 mM Tris-SO4,
pH 8.0, to deplete the catalytic sites of bound nucleotide
(44). Nucleotide-depleted F1 (depleted of both catalytic- and
noncatalytic-site-bound nucleotide) was prepared according
to Senior et al. (45). Specific ATPase activities (20°C, pH
8.5) were as follows: wild-type, 22 units/mg;âY331W, 8
units/mg;âF148W, 20 units/mg.âT156A/âY331W,âK155Q/
âY331W, andRR376Q/âY331W were all essentially zero.

Inhibition of F1-ATPase by MgADP‚ScFx. F1 was prein-
cubated at room temperature in 50 mM Tris-SO4, pH 8.0,
with additions of MgSO4, ScCl3, NaF, and NaADP as
described in Results. Aliquots were removed, and ATPase
activity was measured in 50 mM Tris-SO4, pH 8.5, 10 mM
NaATP, and 4 mM MgCl2, in a total volume of 1 mL for
3-5 min at room temperature, after which the reaction was
stopped with 1 mL of 10% (w/v) sodium dodecyl sulfate.
Phosphate release was measured as in ref46. All reactions
were linear with time and protein concentration.

Fluorescence Measurements. Fluorescence measurements
were made in a SPEX Fluorolog 2 or Aminco-Bowman 2

spectrofluorometer. The excitation wavelength was 295 nm.
The fluorescence emission forâY331W-containing mutant
enzymes (â-Trp-331 fluorescence) was measured at 360 nm,
while for âF148W mutant F1, fluorescence emission spectra
between 310 and 380 nm were recorded. The final F1

concentration in the cuvette was 30-150 nM. All fluores-
cence measurements were made at room temperature in 50
mM Tris-SO4, pH 8.0. MgADP titrations were done in
buffer containing 2.5 mM MgSO4, and then NaADP was
added in increments. MgADP titrations in the presence of
ScFx were carried out in buffer containing 2.5 mM MgSO4,
0.3 mM ScCl3, and 10 mM NaF, and then NaADP was
added. Enzyme was incubated for 60 min before fluorescence
measurements were made. Inner filter and volume effects
were corrected by performing parallel titrations with wild-
type F1, and background signals due to buffer were sub-
tracted. Nucleotide binding parameters were analyzed by
fitting theoretical curves to the measured data points,
assuming theoretical models with one, two, or three types
of binding sites as described in ref41. MgADP concentra-
tions were calculated using the stability constant of 78µM
(29).

Materials.ScCl3 (99.9% pure) was from Aldrich (catalog
number 30785-8).

RESULTS

ATPase ActiVity of E. coli F1 Is Inhibited by MgADP plus
Scandium Fluoride.The results for wild-type enzyme are
displayed in Table 1. MgADP plus either ScCl3 or NaF
produced only∼10% inhibition (lines 2 and 3), which is
due to competitive inhibition by MgADP carried over from
the preincubation into the ATPase assay, plus minor inhibi-
tion of a few percent seen with ScCl3 and NaF alone.
Addition of MgADP with both ScCl3 and NaF together
produced strong (95%) inhibition (line 4), showing that ScFx
(ScFx) was the inhibitory agent. MgGDP and MgIDP were

Table 1: Inhibition ofE. coli F1 by MgADP-Fluoroscandiuma

additions

ATPase
activity

(%)

none 100
2.5 mM MgSO4, 1 mM NaADP, 0.3 mM ScCl3 91
2.5 mM MgSO4, 1 mM NaADP, 10 mM NaF 88
2.5 mM MgSO4, 1 mM NaADP, 0.3 mM ScCl3, 10 mM NaF 5
2.5 mM MgSO4, 1 mM NaGDP, 0.3 mM ScCl3, 10 mM NaF 8
2.5 mM MgSO4, 1 mM NaIDP, 0.3 mM ScCl3, 10 mM NaF 6
no MgSO4, 1 mM NaADP, 0.3 mM ScCl3, 10 mM NaF 91
2.5 mM MgSO4, 0.3 mM ScCl3, 10 mM NaF 45
2.5 mM MgSO4, 0.3 mM ScCl3, 10 mM NaF 70b

2.5 mM MgSO4, 0.3 mM ScCl3, 10 mM NaF 77c

a Wild-type E. coli F1 was passed through two 1 mL centrifuge
columns of Sephadex G-50 in 50 mM Tris-SO4, pH 8.0, and
preincubated at room temperature for 60 min in 50 mM Tris-SO4, pH
8.0, containing the additions indicated. 100µL aliquots (4-8 µg) were
removed and assayed for ATPase activity in 50 mM Tris-SO4, pH
8.5, 10 mM NaATP, and 4 mM MgCl2 in a total volume of 1 mL as
described in Experimental Procedures. Phosphate release was measured
as described in ref47. b Nucleotide-depleted F1 prepared as in ref46.
c Treated to remove nucleotide as follows. F1 was passed through one
centrifuge column in 50 mM Tris-SO4 and 0.5 mM EDTA, pH 8.0,
incubated at 20°C for 1 h with additional 4 mM EDTA, and then
passed sequentially through two centrifuge columns in 50 mM Tris-
SO4 and 0.5 mM EDTA, pH 8.0.
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able to substitute for MgADP (lines 5 and 6). Omission of
MgSO4 resulted in prevention of the potent inhibition seen
with the Mg-nucleotides (line 7). Exactly parallel results
were obtained with the mutant enzymes,âY331W and
âF148W, both of which have previously been shown to
exhibit ATPase activities similar to that of wild-type F1 (28,
38). It should be noted that partial inhibition occurred in the
presence of MgSO4, ScCl3, and NaF, without addition of
ADP (line 8). We suspected that this inhibition could result
from endogenous nucleotide being released from noncatalytic
sites and then, rather than rebinding to noncatalytic sites,
being instead trapped in catalytic sites by binding tightly with
ScFx. A similar phenomenon was seen with AlFx (29). To
test this possibility, we depleted the enzyme of noncatalytic-
site-bound nucleotide (see footnotesb and c of Table 1).
The experiments in lines 9 and 10 of Table 1 showed that
removal of endogenous noncatalytic-site nucleotide did
indeed reduce the inhibition significantly (residual inhibition
is presumably due to small amounts of ADP still bound to
the enzyme). Overall, data in this section indicated that ScFx
inhibits F1 by forming a tight-binding ternary complex with
MgADP (F1‚MgADP‚ScFx) at a catalytic site or sites.3

Dependence of inhibition of ATPase activity in wild-type
F1 on concentration of ScCl3 in the presence of 2.5 mM
MgSO4, 1 mM ADP, and 10 mM NaF is shown in Figure 1.
Half-maximal inhibition was obtained with 0.06 mM ScCl3

and nearly complete inhibition with 0.5 mM ScCl3. The time
course of inhibition of activity, displayed in Figure 2, showed
that half-maximal inhibition occurred within 10 min but full
inhibition required 60 min. The rate constant for inhibition
in the presence of 0.3 mM ScCl3 was 1.15× 10-3 s-1, and
the calculated second-order rate constant for complex forma-

tion was 3.8 M-1 s-1. This low value suggests that inhibition
does not proceed by a simple collisional process but rather
that ScFx first binds to F1‚MgADP and this is followed by
a slow isomerization step to yield the final F1‚MgADP‚ScFx-
inhibited complex. A similar conclusion was reached in
relation to inhibition of myosin ATPase activity by ScFx
(33) and has been reported in multiple papers to be the case
for inhibition of myosin, P-glycoprotein, and F1-ATPase by
Vi, AlFx, or BeFx. The data of Figures 1 and 2 were obtained
with wild-type enzyme; parallel results were seen with both
âY331W andâY148W enzymes.

ReactiVation of ATPase ActiVity after Inhibition by MgADP
and Scandium Fluoride.Vignais and colleagues had previ-
ously shown that MgADP‚BeFx irreversibly inhibits bovine
mitochondrial F1, whereas MgADP‚AlFx forms an inhibitory
complex which is quasi-irreversible (23, 24). Here we
measured reversibility of the inhibitory complexes formed
between wild-typeE. coli F1 and MgADP‚ScFx, MgADP‚
AlFx, and MgADP‚BeFx. F1 was preincubated with MgADP
and fluorometal to produce>95% inhibition as described
in the Figure 3 legend. It was then passed sequentially
through two centrifuge columns to remove unbound ligands,
EDTA was added, and samples were incubated at room
temperature and checked for recovery of ATPase activity
over a period of 100 h. EDTA was present in at least 12.5
excess over F1 (mol/mol), and since it has very high affinity
for Sc, Be, and Al ions, it served to trap all metal that was
released from F1. Figure 3 shows that F1 preinhibited by
MgADP‚ScFx (triangles) slowly regained ATPase activity
in a single-exponential reactivation process (solid line) with
a half-time of 12 h. In contrast, F1 inhibited by MgADP‚
BeFx (squares) remained inhibited over the whole 100 h time
period. F1 inhibited by MgADP‚AlFx (circles) regained
activity with a half-time of∼100 h (these data were not well
fit by a single-exponential reactivation process; thus no line
is drawn through them in the figure). Control F1, preincubated
in buffer alone, retained full activity throughout the experi-
ment. This experiment establishes that inhibition by MgADP‚

3 GaCl3 in combination with NaF was found to be a potent inhibitor
of myosin ATPase, with properties similar to those of ScFx and AlFx
(35, 47). We found here that GaCl3 in combination with NaF had no
inhibitory effect onE. coli F1-ATPase. Similarly, although Vi has been
shown (26) to inhibit rat liver mitochondrial F1-ATPase (and a wide
range of other ATPases), we did not detect inhibition ofE. coli F1-
ATPase by Vi.

FIGURE 1: Effect of ScCl3 on ATPase activity of wild-type F1. F1
was passed through two 1 mL centrifuge columns of Sephadex G-50
in 50 mM Tris-SO4, pH 8.0, and preincubated at room temperature
for 60 min in 50 mM Tris-SO4, pH 8.0, containing 10 mM NaF,
2.5 mM MgSO4, 1 mM NaADP, and indicated concentrations of
ScCl3. 100 µL aliquots (4-8 µg) were removed and assayed for
ATPase activity as described in Experimental Procedures.

FIGURE 2: Time course of inhibition of wild-type F1 by MgADP-
fluoroscandium. F1 was passed through two 1 mL centrifuge
columns of Sephadex G-50 in 50 mM Tris-SO4, pH 8.0, and
preincubated at room temperature in 50 mM Tris-SO4, pH 8.0,
containing 0.3 mM ScCl3, 10 mM NaF, 2.5 mM MgSO4, and 1
mM NaADP. 100µL aliquots (4-8 µg) were removed at indicated
time intervals and assayed for ATPase activity as described in
Experimental Procedures.
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ScFx is noncovalent in nature and that MgADP‚ScFx is
trapped tenaciously in the catalytic sites.

Titration of âY331W F1 with MgADP in the Presence of
ScCl3 and NaF. The genetically engineeredâ-Trp-331 has
a fluorescence signal which is quenched upon addition of
nucleotide, enabling catalytic site nucleotide binding affinities
and stoichiometries to be determined (28). Here we moni-
tored binding of MgADP toâY331W F1 in the presence and
absence of ScCl3 plus NaF.4 Control experiments showed
that neither NaF nor ScCl3 alone had any influence on
MgADP binding toâY331W F1 (data not shown). Data for
MgADP binding in the absence of ScFx (Figure 4 circles)
were similar to those previously published (28, 41). These
data were well fit by a model assuming three binding sites
of different affinities, with calculated binding parameters
beingKd1 ) 0.04µM, Kd2 ) 1.8 µM, andKd3 ) 34.8µM.
The data for MgADP binding in the presence of ScFx (Figure
4, triangles) were very different. Values for these binding
parameters, using a three-site model as above, wereKd1 < 1
nM, Kd2 < 0.01µM, andKd3 ) 20.5µM. The Kd1 andKd2

values should be considered as upper estimates only, since
the first catalytic site was already filled at the lowest
concentration of added MgADP. It can, however, be stated
with certainty that ScFx greatly enhanced MgADP binding
affinity at both catalytic sites 1 and 2, whereas it had little
effect at site 3. The data confirm that ScFx inhibits
F1-ATPase by forming a tightly bound catalytic site MgADP‚
ScFx complex and raise the serious possibility that both

catalytic sites 1 and 2, but not site 3, can form a transition
state conformation.

We repeated the experiments of Figure 4 in the absence
of Mg2+ to determine whether free ADP binding was
enhanced by ScFx. The results (data not shown) were that,
in the absence of Mg2+, ADP bound to all three catalytic
sites with equal affinity (Kd1, Kd2, Kd3 ) 29µM), as expected
from previous work (40, 41), and that ScFx did not
significantly change this pattern. Additionally, we carried
out MgADP binding experiments as in Figure 4, but using
âT156A/âY331W mutant F1. Residueâ-Thr-156 is a direct
ligand of the Mg2+ in substrate MgATP or product MgADP
bound at catalytic sites, and MgADP binding curves in this
mutant resemble free ADP binding curves in the parent
âY331W (40) because the Ala mutation removes the Mg2+-
coordinating hydroxyl oxygen. We found no enhancement
of MgADP binding by ScFx inâT156A/âY331W mutant
F1. These data confirm that it is the MgADP‚ScFx complex
that causes inhibition and show that Mg2+ is required, as
expected for a transition state analogue.

Effect of Fluoroscandium on MgADP Binding toâK155Q/
âY331W andRR376Q/âY331W Mutant F1. Residuesâ-Lys-
155 andR-Arg-376 are critical for steady-state catalysis and
essential for stabilizing the catalytic transition state (31, 32,
48). Panels A and B of Figure 5 show MgADP binding
titrations for the mutant enzymesâK155Q/âY331W and
RR376Q/âY331W, respectively. In both enzymes, MgADP
binding in the presence or absence of ScFx was identical,
showing that ScFx had no effect on MgADP binding affinity.
These data confirm that the F1‚MgADP‚ScFx complex
mimics a catalytic transition state.

Fluorescence Signal ofâ-Trp-148 F1 ProVides a Direct
Optical Probe of the Catalytic Transition State.The geneti-
cally introducedâ-Trp-148 inâF148W mutant F15 provides
a valuable fluorescent probe of F1 catalytic sites, because
its signal shows differential responses to bound nucleoside
triphosphate vs nucleoside diphosphate (38, 49). Figure 6

4 ScCl3 (0.3 mM) with or without 2.5 mM MgSO4 and 10 mM NaF
showed no optical absorbance in the wavelength range 230-450 nm.

5 â-Trp-148 is the only Trp residue present inâF148W mutant F1
(38).

FIGURE 3: Reactivation of wild-type F1 that had been preinhibited
by MgADP-fluoroscandium, MgADP-fluoroaluminate, or
MgADP-fluoroberyllate. F1 was passed through two 1 mL
centrifuge columns of Sephadex G-50 in 50 mM Tris-SO4, pH
8.0, and then was preincubated for 60 min at room temperature in
buffer containing the following additions: (∆) 0.3 mM ScCl3, 10
mM NaF, 2.5 mM MgSO4, and 1 mM NaADP; (O) 0.5 mM AlCl3,
10 mM NaF, 2.5 mM MgSO4, and 1 mM NaADP; (0) 1.0 mM
BeSO4, 10 mM NaF, 2.5 mM MgSO4, and 1 mM NaADP. Each
sample was passed sequentially through two 1 mL centrifuge
columns of Sephadex G-50 in 50 mM Tris-SO4, pH 8.0, and EDTA
was added to a final concentration of 50 or 100µM (same results
obtained). Duplicate 5µL aliquots (4-8 µg) were removed at
indicated time intervals and assayed for ATPase activity as
described in Experimental Procedures. Results are from three
independent experiments.

FIGURE 4: Titration of âY331W F1 with MgADP in the presence
or absence of fluoroscandium. F1 was prepared by passage through
two 1 mL centrifuge columns of Sephadex G-50 in 50 mM Tris-
SO4, pH 8.0: (O) absence of fluoroscandium; (2) presence of
fluoroscandium. The lines are fits to a model assuming three binding
sites of different affinities.
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shows fluorescence spectra ofâF148W enzyme alone (curve
1), together with spectra obtained in the presence of MgADP‚
ScFx (curve 2), MgAMPPNP (curve 3), and MgADP (curve
4). It is seen that MgADP‚ScFx caused a large increase of
fluorescence emission, together with a blue shift. Neither
effect occurred if Mg2+ was omitted. Relative fluorescence
emission at 325 nm, withâF148W alone as baseline, was
MgADP‚ScFx,+28%; MgAMPPNP,+14%; and MgADP,
-3%. MgADP‚BeFx (an MgATP analogue) and MgATP
plus azide gave the same fluorescence increase as MgAMP-
PNP, and MgADP‚AlFx gave the same increase as MgADP‚
ScFx. These data demonstrate that theâ-Trp-148 fluores-
cence signal provides a direct optical probe of the catalytic
transition state, in addition to discriminating the ATP-bound
and ADP-bound ground states.

Titration of theâ-Trp-148 fluorescence enhancement as
a function of MgADP‚ScFx concentration should in principle
allow one to decide whether the whole+28% enhancement
is derived just from MgADP‚ScFx binding at site 1 or from
binding at sites 1 and 2. This would address the important
question as to whether a transition state conformation is able

to form only at site 1 or at both sites 1 and 2. However,
MgADP‚ScFx binds very tightly; for example, as Figure 4
demonstrates inâY331W F1, 0.1 µM MgADP‚ScFx was
already sufficient to fill both catalytic sites 1 and 2. This
poses two experimental difficulties, first that most of the
MgADP added becomes bound to the enzyme and calculation
of unbound MgADP is then imprecise, and second that
determination of the true MgADP concentration (as opposed
to ADP) is itself subject to error.

Titration of the Catalytic Sites with MgIDP‚ScFx.We had
shown previously that in wild-typeE. coli F1 KM(MgITP)
was significantly higher thanKM(MgATP) and MgIDP bound
with lower affinity than MgADP (43and unpublished work).
MgIDP‚ScFx was potently inhibitory (Table 1). We carried
out fluorescence titrations to determineKd values for MgIDP
and MgIDP‚ScFx inâY331W F1, and the results are shown
in Table 2 (lines 1 and 2). Figure 7A (triangles) shows the
titration curve forâY331W F1 with MgIDP‚ScFx. TheKd

for filling of site 1 was very low, but theKd for filling of
site 2 was 1.1µM, which is significantly higher than the
corresponding value for MgADP‚ScFx (Table 2, line 4) and
within a range where titration can be carried out confidently.

In Figure 7B (triangles) titration ofâF148W F1 with
MgIDP‚ScFx is shown, and it is apparent that the same
maximal enhancement of fluorescence ofâ-Trp-148 is
achieved with MgIDP‚ScFx at saturation (+27%) as with
MgADP‚ScFx (+28%, Figure 6). By comparison of panels
A and B of Figure 7 (triangles) it is clear that maximal
fluorescence enhancement is reached when site 2 has just
been filled. The dotted line in Figure 7B is a fit to the
MgIDP‚ScFx (triangles) data, assuming that the change in
fluorescence enhancement caused by filling of site 1 is equal
to that caused by filling of site 2 and that filling of site 3

FIGURE 5: Titration of âK155Q/âY331W F1 andRR376Q/âY331W F1 with MgADP in the presence or absence of fluoroscandium:(A)
âK155Q/âY331W F1; (B) RR376Q/âY331W F1; (O) absence of fluoroscandium; (2) presence of fluoroscandium.

FIGURE 6: Effect of MgADP-fluoroscandium on the tryptophan
fluorescence spectrum ofâF148W F1. Curves: 1 (dotted line),
âF148W F1 in buffer (50 mM Tris-SO4, pH 8.0); 2,âF148W F1
in buffer plus 2.5 mM MgSO4, 0.3 mM ScCl3, and 10 mM NaF,
with 22 µM NaADP (no increase was observed at concentrations
up to 1 mM NaADP); 3,âF148W F1 in buffer plus 1 mM
MgAMPPNP; 4,âF148W F1 in buffer plus 1 mM MgADP.

Table 2: Binding of MgIDP and MgIDP‚ScFx toâY331W F1
a

ligand Kd1 (µM) Kd2 (µM) Kd3 (µM)

MgIDP 1.2 100 3500
MgIDP‚ScFx <0.1 1.1 1900
MgADP 0.04 1.8 34.8
MgADP‚ScFx <0.001 <0.01 20.5
a Fluorescence experiments were carried out as described in Figure

4, except that MgIDP substituted for MgADP.Kd values were calculated
as described in Experimental Procedures. Values for MgADP and
MgADP‚ScFx from Figure 4 are included for comparison.
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does not contribute to fluorescence enhancement. The data
indicate that both sites 1 and 2 adopt the same transition
state conformation with MgIDP‚ScFx.

Panels A and B of Figure 7 (circles) show parallel
experiments using MgIDP‚AlFx instead of MgIDP‚ScFx.
Figure 7A (circles) presents titration ofâY331W F1 with
MgIDP‚AlFx, yielding Kd values of<0.1 µM, 5 µM, and
3.2 mM for binding to sites 1, 2, and 3, respectively. These
values are significantly higher than the corresponding values
for MgADP‚AlFx (29). Figure 7B shows titration ofâF148W
F1 with MgIDP‚AlFx. Maximal fluorescence at saturation
was+28%, the same as with MgADP‚AlFx, and it is evident
from comparison of panels A and B of Figure 7 (circles)
that maximal fluorescence enhancement occurs when site 2
has just been filled. The solid line in Figure 7B is a fit to
the MgIDP‚AlFx (circles) data, assuming that equal incre-
mental change of fluorescence enhancement occurs on filling
of site 1 and site 2, with no enhancement caused by filling
of site 3. These data further support the conclusion that both
sites 1 and 2 form a transition state conformation.

One point that should be discussed in relation to inter-
pretation of these experiments is that data for filling of sites
are derived usingâY331W F1 (Figure 7A) whereasâF148W
F1 fluorescence is used to probe the transition state confor-

mation (Figure 7B). The question arises as to how similar
these two enzymes are in terms of nucleotide-binding
parameters. Both have been well characterized (28, 38).
âF148W shows somewhat weaker nucleotide binding; for
example,KM(MgATP) is 45µM for âY331W and 195µM
for âF148W (parallel value for wild type) 90 µM), and
parameters for MgADP and MgAMPPNP binding differ by
similar ratios. This was reflected by the data of Figure 7B,
because calculation ofKd values for filling of site 2 from
the fits indicated that these values were elevated 2-fold
(MgIDP‚AlFx) and 5-fold (MgIDP‚ScFx) in âF148W as
compared toâY331W. Therefore, the conclusion that both
sites 1 and 2 contribute to fluorescence enhancement in
âF148W F1 is well supported.

DISCUSSION

General. This work establishes three main points: (1)
MgADP-fluoroscandium (MgADP‚ScFx) is a new analogue
of the catalytic transition state in F1-ATPase, (2) the
fluorescence signal ofâ-Trp-148 inâF148W mutant enzyme
is greatly enhanced by MgADP‚ScFx or MgIDP‚ScFx,
providing the first direct optical probe of the catalytic
transition state, and (3) titration ofâF148W fluorescence
enhancement with MgIDP‚ScFx demonstrates that in F1-
ATPase both catalytic sites 1 and 2 can assume a catalytic
transition state conformation simultaneously. Currently dis-
cussed models of F1-ATPase catalytic mechanism envisage
that, even underVmax conditions where all three sites are
occupied by Mg-adenine nucleotide, only one site hydro-
lyzes MgATP at any one time (51). The new data presented
here bring this assumption into question.

MgADP-Fluoroscandium Is a Catalytic Transition State
Analogue.MgADP in combination with ScFx was found to
form a noncovalent but very tightly bound and potently
inhibitory complex at the catalytic sites of the F1 sector of
ATP synthase. MgADP‚ScFx was bound at both catalytic
sites 1 and 2 with greatly enhanced affinity as compared to
MgADP alone, but little effect was seen at catalytic site 3.
ScFx-enhanced ADP binding was Mg2+ dependent. Removal
of â-Lys-155 andR-Arg-376 side chains, both of which are
involved in forming the catalytic transition state (31, 32, 48),
negated the effects of ScFx on MgADP binding. These data
together demonstrate that MgADP‚ScFx is acting as a
transition state analogue. The Sc-O bond distance of 2.07-
2.18 Å (see the introduction) is consistent with this conclu-
sion.

â-Trp-148 Fluorescence Enhancement ProVides the First
Direct Optical Probe of the Catalytic Transition State.
Addition of MgADP‚ScFx to theâF148W enzyme caused a
substantial enhancement of fluorescence, by+28% at 325
nm. In contrast, nucleoside triphosphate analogues MgAMP-
PNP and MgADP‚BeFx, or MgATP in the presence of azide,
gave+14% enhancement, and MgADP gave-3% quench.
This fluorescence enhancement provides the first direct
optical probe of the transition state. MgADP‚AlFx, another
transition state analogue, gave the same degree of fluores-
cence enhancement as MgADP‚ScFx. In the X-ray structure
of F1-ATPase (50), residueâ-Phe-148 is stacked against
residueâ-Phe-312 in bothâDP (MgADP-containing) and
âTP (MgAMPPNP-containing) catalytic sites, whereas in the
âE (empty) site, the two Phe residues are arranged end-on

FIGURE 7: (A) Titration ofâY331W F1 with MgIDP in the presence
of ScFx or AlFx: (triangles) titration with NaIDP in the presence
of 2.5 mM MgSO4, 0.3 mM ScCl3, and 10 mM NaF; (circles)
titration with NaIDP in the presence of 2.5 mM MgSO4, 1.0 mM
AlCl3, and 10 mM NaF. The lines are fits to a model assuming
three binding sites of different affinities. (B) Titration ofâF148W
F1 with MgIDP in the presence of ScFx or AlFx: (triangles) titration
with NaIDP in the presence of 2.5 mM MgSO4, 0.3 mM ScCl3,
and 10 mM NaF; (circles) titration with NaIDP in the presence of
2.5 mM MgSO4, 1.0 mM AlCl3, and 10 mM NaF. The lines are
fits to the data assuming that sites 1 and 2 contribute equal
increments to the fluorescence enhancement and that site 3
contributes zero.
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to each other. It is likely that rearrangements of the relative
positions of these two residues are responsible for the
different fluorescence signals seen under different conditions
of catalytic site occupancy.

The Transition State Is Mimicked at Catalytic Sites 1 and
2, but Not Site 3, by MgADP‚ScFx.Recently, we reviewed
models for MgATP hydrolysis by F1-ATPase (51), noting
that all current models make the assumption that only one
catalytic site hydrolyzes MgATP at any one time, although
direct evidence for this assumption is lacking. In previous
work (29) we noted that AlFx enhanced binding affinity for
MgADP at both sites 1 and 2, but not at site 3, and we
discussed the implications of this finding, proposing that a
true transition state complex formed at site 1 and a partial
transition state-like structure formed at site 2. It is pertinent
to note that previous literature had established clearly that,
at saturation, the stoichiometry of MgADP‚AlFx bound to
F1 was 2 mol/mol (24, 25, 27).

The new data with MgADP‚ScFx reported here caused
us to reconsider whether a true transition state might also
form at site 2, because there was greatly enhanced binding
of MgADP by ScFx at both sites 1 and 2 (Figure 4). With
the â-Trp-148 fluorescence as a direct optical probe, and
using the more weakly binding MgIDP‚ScFx, we were able
to examine this possibility experimentally. The data of Figure
7 showed that the large fluorescence enhancement ofâ-Trp-
148 seen on addition of MgIDP‚ScFx is caused in ap-
proximately equal parts by binding at sites 1 and 2. The same
result was found with MgIDP‚AlFx. Therefore, at least when
fluorometal analogues of the transition state are used, a
transition state-like conformation is able to form at both
catalytic sites 1 and 2. This does not prove that, during
steady-state catalysis, two sites are hydrolyzing MgATP
simultaneously or that, if they are, they both contribute
equally to the overall turnover rate. Sites 1 and 2 differ
considerably in binding affinity for the nucleoside diphos-
phate-fluorometal complex; thus they are not identical in
structure even with the transition state analogue bound.
Nevertheless, the data certainly suggest that two sites have
the potential to hydrolyze MgATP simultaneously and that
the current dogma that only one site is catalytically active
at any one time may be incorrect.
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