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Studies of nucleotide binding to the catalytic
sites of Escherichia coli BY331W-F,-ATPase
using fluorescence quenching
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Most studies of nucleotide binding to catalytic sites of Escherichia
coli BY331W-F1-ATPase by the quenching of the BY331W fluores-
cence have been conducted in the presence of ~20 mM sulfate. We
find that, in the absence of sulfate, the nucleotide concentration
dependence of fluorescence quenching induced by ADP, ATP, and
MgADP is biphasic, revealing two classes of binding sites, each
contributing about equally to the overall extent of quenching. For
the high-affinity catalytic site, the Kq values for MgADP, ADP, and
ATP equal 10, 43, and 185 nM, respectively. For the second class of
sites, the Kq values for these ligands are ~1,000x larger at 8.1, 37,
and 200 pM, respectively. The presence of sulfate or phosphate
during assay results in a marked increase in the apparent Ky values
for the high-affinity catalytic site. The results show, contrary to
earlier reports, that Mg2+ is not required for expression of differ-
ent affinities for a nucleotide by the three catalytic sites. In
addition, they demonstrate that the fluorescence of the introduced
tryptophans is nearly completely quenched when only two sites
bind nucleotide. Binding of ADP to the third site with a Ky near mM
gives little fluorescence change. Many previous results of fluores-
cence quenching of introduced tryptophans appear to require
reinterpretation. Our findings support a bi-site catalytic mecha-
nism for Fi-ATPase.
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uring oxidative and photophosphorylation, F,F;-ATP syn-

thase is responsible for reversible synthesis of ATP coupled
to transmembrane movement of H* (or, in some bacteria, Na™).
The enzyme can be separated into two multisubunit compo-
nents, the membranous factor F,, which in bacteria consists of a
ring of ¢ subunits and an a and b subunit in a stoichiometry of
ab,c,, and the soluble factor F; with a subunit composition of
a3B3yde. Energy transformation by F,F is best described by the
binding change mechanism (1) and involves a rotation of a
complex of subunits (yec,, rotor) within the rest of the enzyme
(stator) (2, 3). Fy is the catalytic component of ATP synthase
and, when isolated, is capable only of net ATP hydrolysis. In the
crystal structure of F; from beef heart mitochondria (MF;), six
nucleotide-binding sites are located at the interfaces between «
and B subunits that are arranged alternately around an asym-
metrical a-helical-coiled coil formed by y-subunit (4). Three of
the nucleotide-binding sites formed mostly by side chains of 3
subunits are catalytic, and another three primarily on « subunits
are noncatalytic (5).

Three different conformations of B subunits in the crystal
structure of MF; are associated with asymmetric interactions
with the vy subunit and are thought to represent distinct states
that each of the catalytic sites sequentially assumes during
catalytic cycle according to the binding change mechanism (4).
That the y subunit plays a crucial role in determining properties
of the catalytic sites is supported by the crystal structure of
asfBs-subcomplex of F; from the thermophilic Bacillus PS3 (TF;).
In this structure, all of the B subunits are in very similar
conformations, and the three catalytic sites are in a state similar
to one of the three states (open) found in the crystal structure
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of MF; (6). In addition, the strong positive catalytic cooperat-
ivity in catalysis by F; (7, 8) that is mediated by a rotation of y
subunit (9, 10) is lacking in the azBs-subcomplex. Interactions
between « and B subunits are also considered as contributing to
the modulation of the state of catalytic sites in F; (11, 12).

Whether asymmetric interactions of the three 8 subunits with
v, together with «/p interactions, are sufficient to induce asym-
metry in the properties of the catalytic sites is not clear.
According to Senior and colleagues (13-15), intersubunit inter-
actions in F; alone cannot induce nucleotide-binding heteroge-
neity at catalytic sites. Based on observations obtained with
BY331W-mutant F; from Escherichia coli (EcF,), it has been
argued that in the absence of Mg?™, all three catalytic sites bind
nucleotides with identical and low affinity and are in a similar
state. Mg?* is considered to play a crucial role in inducing
asymmetry between catalytic sites, with high-affinity nucleotide
binding at a single catalytic site. This role, according to (15),
extends beyond Mg?* being simply a required cofactor. How-
ever, this point of view is difficult to reconcile with the different
reactivity toward chemical modifiers exhibited by each of the
EcF; catalytic sites in the absence of Mg?* (16).

The catalytic site lacking bound nucleotide in the crystal
structure of MF; (17) and the catalytic sites in the crystal
structure of the azBs-subcomplex of TF; (6) contain a bound
sulfate ion. The presence of this sulfate in crystal structures
suggests that the inclusion of sulfate in earlier nucleotide binding
studies with BY331W-EcF; (13-15) may have affected the
results. In the present paper, we investigated nucleotide binding
to BY331W-EcF; in the presence and absence of Mg?* and
sulfate using the BY331W fluorescence as a signal. We used
BY331W-EcF; depleted of & subunit (3Y331W-edEcF;) (18) to
avoid heterogeneity in the enzyme forms during assay due to
partial dissociation of e.

The results show that, in the absence of sulfate, the concen-
tration dependence of the fluorescence quenching induced in
BY331W-edEcF; by ADP, ATP, and MgADP binding to the
catalytic sites is clearly biphasic. One site with very high affinity
and a second site with a much lower affinity contribute about
equally to the overall extent of quenching. Sulfate reduces the
affinity for nucleotide binding at the high-affinity catalytic site,
leading to an increase in the apparent K. The results show that
Mg?* is not required for the asymmetry of nucleotide binding to
the catalytic sites of the enzyme. They also show that most of the
fluorescence of introduced tryptophans is quenched when two
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Effect of sulfate on ADP and MgADP binding to the catalytic sites of BY331W-edEcF;. Fluorescence quenching induced by ADP (A) and MgADP (B) was

measured in MTE buffer (A) and MTE buffer containing additional 3.2 mM MgAc; (B) as described under Experimental Procedures in the absence (circles) and
presence of 2 mM (diamonds) and 20 mM (triangles) K;SO4. Solid and dashed lines in A and solid, dashed, and dotted lines in B represent the best fit of the data
to Eq. 2, and dotted line in A represents the best fit of the data to Eq. 3, with the results of the fit shown in Table 1.

sites become occupied. Thus, the relationship between the extent
of fluorescence quenching and nucleotide binding to all three
sites is markedly nonlinear. These findings support a bi-site
catalytic mechanism for F-ATPases (19-23).

Results

Binding of ADP, MgADP, and ATP Without Sulfate Addition. At
saturating nucleotide concentrations, ADP (Fig. 14), MgADP
(Fig. 1B), and ATP (Fig. 2) binding to the catalytic sites of
BY331W-edEcF; decreases the total fluorescence by ~50%.
This is similar to the results previously obtained both with
e-containing and e-free forms of BY331W-EcF; (18, 24, 25).
However, in contrast to the data reported in ref. 25, nucleotide
concentration dependence of the fluorescence quenching we
obtained in the absence of Mg?" was clearly biphasic (Figs. 14
and 2, circles). A model with two classes of independent binding
sites (Eq. 2) satisfactorily fits the data (Figs. 1 and 2, solid lines),
and the extent of quenching obtained upon filling the first and
second sites (Q; and Q» from Eq. 2, respectively) presented in
Table 1 indicates that nucleotide binding to each of the two
classes of catalytic sites contributes about equally to the total
fluorescence quenching. The Ky values for the higher affinity
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Fig. 2. Effect of sulfate on ATP binding to the catalytic sites of BY331W-
edEcF;. ATP-induced fluorescence quenching was measured in MTE buffer as
described under Experimental Procedures in the absence (circles) and pres-
ence of 2 mM K;SO4 (diamonds). Solid and dashed lines represent the best fit
of the data to Eq. 2, with the results of the fit shown in Table 1.
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class of the catalytic sites (Kq;) rise in the order MgADP <
ADP < ATP (Table 1). The results obtained both with ADP
(Fig. 14, circles) and ATP (Fig. 2, circles) show that the catalytic
sites of BY331W-edEcF; do exhibit asymmetry in nucleotide
binding in the absence of Mg?*. Different affinities of the
catalytic sites for a nucleotide in the absence of Mg?* have also
been observed with the homologous BY341W-mutant a3B57y-
subcomplex of TF; (26). We did not attempt to measure Ky
values for MgATP as has been done previously (18, 27) because
the rapid formation of catalytic site ADP makes it uncertain
what nucleotide affinity is being measured.

Effect of Sulfate and Phosphate on Binding Patterns. As noted
earlier, crystal structures suggest that sulfate is present at
catalytic sites and could interfere with nucleotide binding. The
results shown in Figs. 1 (diamonds and triangles) and 2 (dia-
monds) demonstrate that sulfate indeed can markedly increase
the Kq4,1 values for ADP, MgADP, and ATP for binding to the
high-affinity catalytic site. In the absence of nucleotide, 2 and 20
mM sulfate increased the fluorescence of BY331W-edEcF; by
~5% and 10%, respectively (for comparison, 20 mM sulfate
increased fluorescence of the wild-type edEcF; by ~2%). In the
presence of 2 mM sulfate, the asymmetry of ADP, MgADP, and
ATP binding to the catalytic sites of BY331W-edEcF; became
less noticeable (diamonds in Figs. 1 4 and B and 2, respectively)
largely due to an increase in the apparent Kq; values (Table 1).

Triangles in Fig. 14 show the ADP-dependence of BY331W-
edEcF; fluorescence quenching obtained when sulfate concen-
tration was increased to 20 mM. In this case, the model with one
class of binding sites (Eq. 3) satisfactorily fits the data with the
K4 and Q; values of 36 uM and 46%, respectively (Table 1 and
Fig. 14, dotted line). When BY331W-EcF, was titrated by Lobau
et al. (25) with ADP in a medium containing 50 mM Tris/SO4
buffer at pH 8 (sulfate concentration of ~17 mM) (figure 3B in
ref. 25), a single K4 was sufficient to fit the data. A single
apparent Ky of 63 and 85 uM for ADP binding to BY331W-
edEcF; under the same conditions was reported in the absence
and presence of &, respectively (18).

In addition to decreasing the affinity of nucleotide binding to
the high-affinity site, sulfate may also reduce, although to a lesser
extent, the affinity of MgADP for binding to the lower affinity
class of catalytic sites on BY331W-edEcF; (Fig. 1B, triangles). In
the presence of 20 mM sulfate, the apparent Kq4; and Kq4 values
for MgADP of 1.8 and 28 uM, respectively, obtained in the
present study (Table 1 and Fig. 1B, triangles and dotted line) are
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Table 1. Best-fit parameters of the nucleotide-induced fluorescence quenching
in BY331W-edEcFq

Lo L

Additions Estimated

Nucleotide  Sulfate, MM  Phosphate, mM Kg,1, M Q1 % Kg,2, M Q2, %

ADP* - — 0.043 + 0.007 23409 37 =8 244 + 1.2

ADP* 2 - 1.8+ 0.6 217 £4 36 =12 27 =4

ADP?* 20 — 37 = 3% 46 + 18

ADP* - 5 24 *+0.6 27.1 £ 3.5 60 = 20 255 £ 3.2
" MgADP* - 0.01 £ 0.002 227 £ 0.7 81+13 23.7*+038
" MgADP* 2 - 0.35 +0.2 218+ 8 47 +26 247 *38
[ ) MgADP* 20 — 1.8 +0.3 228 £ 2.5 28 =5 27.2 £ 2.4

ATP* - - 0.185 £ 0.03 25+ 1 200 = 60 234 +138

ATP* 2 - 75=*2 225=*5 100 = 30 258 4.6

*Fit to Eq. 2.

TFit to Eq. 3.

*Kq from Eq. 3.
5Q; from Eq. 3.

close to the values (0.7 and 25 uM, respectively) obtained earlier
with BY331W-edEcF; under similar conditions (18).

Similar to sulfate, P; also significantly inhibits quenching of the
BY331W-edEcF; fluorescence induced by ADP at lower con-
centrations (Fig. 3, diamonds). The results of the best fit to Eq.
2 (Fig. 3, dashed line, and Table 1) show that P; reduces the
apparent ADP affinity for binding to the high-affinity catalytic
site. As shown in Table 1, the assumption that quenching in the
absence of sulfate or phosphate is governed by the filling of two
classes of nucleotide-binding sites of equal abundance differing
in affinity ~1,000-fold is well supported by the results.

Discussion

Fluorescence Properties of Tryptophan in Proteins. For discussion of
the results, it is important to point out that the quantum yield for
tryptophan fluorescence in proteins may vary from near zero to
~0.35 (28). In EcF;, BY331W residues have been estimated to
have an average quantum yield of 0.13 (29). This means that
fluorescence of these residues is significantly quenched even in
the absence of bound nucleotides. As noted later in this discus-
sion, results presented here and other published results give

evidence that the fluorescence of the inserted tryptophans
differs considerably.

Asymmetry of Nucleotide Binding in the Absence of Mg2+. The
nucleotide concentration dependence of the BY331W-edEcF;
fluorescence quenching in the absence of Mg?* (Table 1 and
Figs. 14 and 2, circles) shows that at least two of the three
catalytic sites exhibit significantly different affinities to a nucle-
otide. These results show that Mg?* is not required for expres-
sion of an asymmetry in the nucleotide-binding properties by the
catalytic sites of EcF;. In the absence of sulfate, the high-affinity
catalytic site in BY331W-edEcF; binds MgADP with a K4 of 10
nM (Table 1) and ADP with a K4 of ~50 nM (Table 1). The
results dispute the notion (13-15) that Mg?™" plays a special role
in, and is obligatory for, the asymmetry of the catalytic sites on
EcF,. It appears that the catalytic-site asymmetry in Fy, including
the capacity to express the high-affinity catalytic site, is deter-
mined primarily by nonequivalent interactions of the three S
subunits with the single vy subunit.

The Marked Decrease in Nucleotide Affinity Caused by Sulfate. Re-
sults presented in Figs. 1 and 2 show that 2 mM sulfate increases
the values of K4 for ADP, MgADP, and ATP binding to the
higher affinity class of the catalytic sites in BY331W-edEcF;
without appreciably affecting the values of K4» and the corre-

o bt IR A IR e B NI
: 50 F o No phosphate ,/¢=_ sponding O and Q; values (Table 1). Further increases in Kq,1
o - E values for ADP apd MgADP are observed with the addition of
S ok - 5mM phosphate 2 20 mM sulfate (Fig. 1, triangles). With 20 mM sulfate, only one
g [ h Kgvalue, which is practically undistinguished from the K values
g [ ] obtained in the absence or presence of 2 mM sulfate, gives a good
2 3%r ] fit to the data obtained with ADP (Table 1 and Fig. 14, dotted
ﬁ C ] line). The ability of sulfate to decrease the affinity of BY331W-
g 20 F A edEcF; catalytic sites for nucleotides is likely responsible for
S [ ] removal of endogenous nucleotides from the catalytic sites of the
] s ] enzyme during column centrifugation (30) in the presence of

o 10 .

s F ] sulfate (24).

Z F Vo . Bandyopadhyay et al. (26) have suggested that endogenous
0 nucleotides bound at the noncatalytic sites of Y331 W-EcF; are
001 01 L 10 100 1000 responsible for the apparent lack of asymmetry in the nucleotide
ADP, uM binding in the absence of Mg?* reported earlier (24). Our results

Fig.3. Effect of phosphate on ADP binding to the catalytic sites of BY331W-
edEcF. ADP-induced fluorescence quenching was measured in MTE buffer as
described under Experimental Procedures in the absence (circles) and pres-
ence of 5 mM phosphate (diamonds). The data obtained in the absence of
phosphate (circles) and the corresponding solid line are from Fig. 1A. Dashed
line represents the best fit of the data to Eq. 2 with the results of the fit shown
in Table 1.
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make it more likely that the main reason that the catalytic-site
asymmetry had not been detected in the absence of Mg?* was the
presence of ~17 mM sulfate that competed with nucleotide
binding to the high-affinity site.

In the crystal structure of the azBs-subcomplex of TF; (6),
sulfate at the catalytic sites occupies a position close to that of
the B-phosphate of nucleotide bound at the catalytic site in the
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crystal structure of MF; (4). An electron density that is consis-
tent with a bound sulfate ion has also been found in the open
catalytic site in the crystal structure of MF, (17). This density is
located in a region of the P-loop residues that are involved in
interactions with the phosphoryl groups of bound nucleotide
(ADP and AMPPNP) in occupied catalytic sites (17). Such
sulfate binding would be expected to reduce the ADP and ATP
binding at the catalytic sites.

The cause of the increase in fluorescence when sulfate binds
in the absence of nucleotide is uncertain. The inserted trypto-
phans at sites 1 and 2 already show considerable quenching, and
this may be partially relieved by the sulfate.

Effect of Phosphate on Nucleotide Affinity. Similarly to sulfate, P;
reduces ADP binding to the high-affinity catalytic site in
BY331W-edEcF; (Fig. 3 and Table 1). P; binding with Ky values
in the range of 100 uM for at least two sites has been recently
detected in EcF; in the presence of Mg?* using pressure dialysis
(31). No competing effects of P; on nucleotide binding to
catalytic sites monitored by the fluorescence quenching were
reported with BY331W-EcF in the presence of Mg?* (27, 32)
and with BY331W-EcF,F; in the absence of Mg?* (33). This is
likely due to the presence of ~20 mM sulfate in these experi-
ments, which would have already reduced nucleotide affinity
significantly.

Site Filling and Fluorescence Quenching. Without sulfate present,
the two-component nature of the ADP and MgADP concentra-
tion dependence of quenching of nearly all of the extra fluores-
cence of BY331W-edEcF; is clearly evident (Figs. 1 and 2 and
Table 1). Both components have approximately equal ampli-
tudes. The binding at one high-affinity site and at a second site
with Ky values ~30-70 uM have been reported by others to
result in quenching of nearly all of the extra fluorescence. This
includes titration of BY331W-EcF; fluorescence with MgADP
(25, 27, 29, 34) and MgAMPPNP (27, 32) and titration of the
homologous BY341W-mutant as3Bsy-subcomplex of TF; with
MgADP and MgATP (26, 35, 36). Each component could
logically represent binding at only one catalytic site. This would
mean that nearly all observed quenching occurs when only two
sites are filled. An alternate interpretation has been that one of
the components reflects binding at two catalytic sites with close
or identical affinities for a nucleotide. Such an explanation has
been suggested for interpreting the results obtained during
titration of BY331W-EcF; fluorescence with MgADP (25, 27, 29,
34) and MgAMPPNP (27, 32). However, the occurrence of
nearly identical affinities seems unlikely in view of the well
documented differences in the structure and chemical properties
of the three catalytic sites (see refs. 20 and 37 for review). Our
and other results are consistent with a requirement of only filling
of two sites for the near total fluorescence quenching. This would
mean that the tryptophan present at a third site must contribute
little to the extra fluorescence from the inserted tryptophans,
and if it binds nucleotide at a higher concentration, this is not
reflected in a fluorescence change. That this somewhat unex-
pected behavior is what actually occurs is considered in the
following section.

Nucleotide Binding at a Third Site Occurs with Little or No Fluores-
cence Quenching. The possibility that all three catalytic sites fill with
MgADP with Ky values <100 uM is rendered unlikely by recent
results obtained by Ahmad and Senior (38—41). The authors
investigated the efficiency of MgADP in protecting one of the
catalytic sites from modification by NBD-CI (42-46) in wild-type
EcF; and in a range of double-mutant EcF; containing the
BY331W substitution. The half-time of the wild-type EcF; inacti-
vation by 0.1 mM NBD-CI was increased from ~7 min in the
absence of the nucleotide (figure 8A in ref. 39) to 60 min in the
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presence of ~4 mM MgADP (figure 7A in ref. 39). The results lead
to an apparent Ky value for MgADP of ~0.5 mM. This value is
significantly higher than the apparent K4 value of 35-40 uM for
MgADP that have been obtained for the lowest affinity catalytic site
in BY331W-EcF; under identical conditions using nucleotide-
induced fluorescence quenching (39, 40).

In addition, results obtained with EcF; containing double
mutations BY331W/BR246Q, BY331W/BR246K, and BY331W/
BR246A (39); BY331W/BN243A (40), BY331W/aR376K, and
BY331W/aR376Q (41, 47); and BY331W/BR182K (41, 48) allow
estimation of Ky values for MgADP from the nucleotide-
conferred protection against inactivation by NBD-CI. The values
are 7- to 180-fold higher than those reported for the catalytic site,
with the lowest affinity to the nucleotide using the fluorescence
quenching method. These results mean that MgADP binding to
the third catalytic site in BY331W-EcF; takes place after the
fluorescence of the three BY331W residues has already been
quenched almost completely or completely due to nucleotide
binding to the first and second catalytic sites. Such findings
warrant the conclusion that nucleotide binding at a third site has
little effect on fluorescence quenching.

That nucleotide binding at a third catalytic site with a K4 in the
mM range is not associated with a change in fluorescence is also
shown by the lack of increased quenching as >1 mM nucleotide
concentrations are approached (Figs. 1 and 2). The lack of
fluorescence quenching associated with nucleotide binding at a
third site, and the practically complete quenching of fluores-
cence of the three BY331W residues at saturating nucleotide
concentrations (see also refs. 18 and 27), lead to the conclusion
that the extent of quenching reflects the occupancy of two, and
not three, catalytic sites. As noted earlier, we conclude that these
results support the bi-site mechanism suggested for the
F-ATPases.

Such a conclusion harmonizes with results obtained when the
double aW463F/BY341W-mutant ozp3y-subcomplex of TF; was
titrated with MgATP (49). They strongly suggested unequal
contributions from each of the three catalytic sites to either the
initial fluorescence or the nucleotide-induced fluorescence
quenching, or to both.

Other Evidence Supporting Bi-Site Catalysis. It warrants mention
that the bi-site mechanism is also supported by measurements of
the catalytic site occupancy during steady-state MgATP hydro-
lysis by MF; (23) and EcF; (Y.M.M., V.V.B,, and Richard L.
Cross, unpublished data). In these studies, the amount of bound
nucleotide was measured using a centrifugal filtration method.
They show that, as ATP concentration is increased, rapid
catalytic turnover occurs as two catalytic sites become filled with
nucleotide.

In contrast, fluorescence quenching data obtained with
BY331W-EcF; during MgATP hydrolysis, with a single K, of
20-40 uM (18, 27, 50), have been interpreted as showing that
rapid catalytic turnover occurs only when three catalytic sites
have been filled with nucleotide (13, 15, 27). This and most
earlier interpretations based on the quenching of the fluores-
cence of introduced tryptophans appear to need reconsideration.

Experimental Procedures

Enzyme Preparation. To generate BY331W mutation (27), a
mutant construct p3UBY331W was obtained using mutagenic
oligonucleotide 5'-TGGGTATCTGGCCGGCCGTT, with
bases in italic generating the mutation and p3U™ plasmid (51)
as a template and expressed in JP17 strain (52).
BY331W-EcF; was purified according to ref. 53, with the
modifications described in ref. 9. BY331W-EcF; depleted of ¢
subunit (BY331W-edEcF;) was prepared as described (54).
Before use, BY331W-edEcF; was treated to remove nucleo-
tides bound at the catalytic sites as described (24) with the
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following modifications. BY331W-edEcF; was diluted to a
concentration of 4.5 uM by a buffer composed of 20 mM
Mops/Tris, pH 8.0, 150 mM sucrose, 0.2 mM EDTA (MTSE
buffer) and containing additionally 20 mM K,SO,. After a
10-min incubation at room temperature (22°C), the enzyme
was centrifuged through a column (30) equilibrated with
MTSE buffer containing additionally 20 mM K,SO4. The
column effluent was incubated for 20 min and subjected to a
second centrifugation through a column equilibrated with
MTSE buffer containing additionally 20 mM K,SO,. After
20-min incubation, sulfate was removed from the enzyme
solution using two centrifugations through columns equili-
brated with MTSE buffer and a 20-min incubation period
between the centrifugations.

Fluorescence Measurements. Fluorescence was measured using a
FluoroLog FL3-21 spectrofluorometer (Jobin Yvon) at 22°Cin
1 cm X 1 cm quartz cuvettes under constant stirring. The
excitation wavelength was 295 nm (2-nm bandpass), and the
emission wavelength was 360 nm (10-nm bandpass). The
fluorescence assay (final volume 2 ml) was initiated by adding
BY331W-edEcF; (final concentration 7-8 nM) into a medium
containing 20 mM Mops/Tris (pH 8.0) and 0.2 mM EDTA
(MTE buffer) and nucleotides and anions as specified in the
figure legends. The fluorescence intensity was measured 10
min later. Where indicated, the assay medium contained an
additional 3.2 mM MgAc,. The extent of the fluorescence
quenching (Q) was calculated according to
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