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In the catalytic mechanism of ATP synthase, phos-
phate (P,) binding and release steps are believed to be
correlated to y-subunit rotation, and P; binding is pro-
posed to be prerequisite for binding ADP in the face of
high cellular [ATPJ/[ADP] ratios. In x-ray structures,
residue BAsn-243 appears centrally located in the P;-
binding subdomain of catalytic sites. Here we studied
the role of BAsn-243 in Escherichia coli ATP synthase by
mutagenesis to Ala and Asp. Mutation BN243A caused
30-fold impairment of F;-ATPase activity; 7-chloro-4-ni-
trobenzo-2-oxa-1,3-diazole inhibited this activity less po-
tently than in wild type and P; protected from inhibi-
tion. ADP-fluoroaluminate was more inhibitory than in
wild-type, but ADP-fluoroscandium was less inhibitory.
BN243D F,-ATPase activity was impaired by 1300-fold
and was not inhibited by ADP-fluoroaluminate or ADP-
fluoroscandium. 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole
activated BN243D F,-ATPase, and P; did not affect acti-
vation. We conclude that residue BAsn-243 is not in-
volved in P; binding directly but is necessary for correct
organization of the transition state complex through
extensive involvement in hydrogen bonding to neigh-
boring residues. It is also probably involved in orienta-
tion of the “attacking water” and of an associated sec-
ond water.

ATP synthase is the enzyme responsible for ATP synthesis
by oxidative phosphorylation or photophosphorylation in mem-
branes of bacteria, mitochondria, and chloroplasts. In its sim-
plest form, exemplified by the Escherichia coli enzyme studied
here, it contains eight different subunit types. Three catalytic
sites, located at the interfaces of o and B subunits in the
membrane-extrinsic asB5 hexagon, operate in concert to syn-
thesize ATP. Reactions at the catalytic sites are controlled by
rotation of the y subunit within the o385 hexagon. The vy sub-
unit is part of the “rotor,” composed of v, € and a ring of ¢
subunits. Passage of protons down the transmembrane proton
gradient, through the membrane-buried interface between the
Cring and the a subunit, energizes the rotor. A “stator” immobi-
lizes the catalytic sites during rotation. Consisting of the 5,8
subunits, the stator is attached to a subunit in the membrane
and to the a3B5 hexagon. Experimentally, the enzyme can be
resolved readily into water-soluble F,; and water-insoluble F,,
sectors, which correspond to the membrane-extrinsic asB5yde
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and membrane-located absc,;,, Subcomplexes, respectively. F;
retains catalytic ATPase activity (a physiological activity in
E. coli) and is used extensively for studies of the catalytic sites.
Current reviews of ATP synthase structure and function may
be found in Refs. 1-4. Novel experimental studies establishing
proton gradient-driven subunit rotation and rotation-driven
ATP synthesis are described in Refs. 5 and 6.

P, binding and release steps are believed to be important in
the catalytic mechanism of the enzyme because they are “en-
ergy-linked” and hence intimately linked to subunit rotation
(reviewed in Refs. 1-3). Further, we have proposed that proton
gradient-mediated P; binding is an important factor in the
ability of the enzyme to bind ADP during ATP synthesis in the
face of an apparently prohibitive ATP/ADP cellular concentra-
tion ratio (1, 2). Thus studies on determinants of P; binding in
catalytic sites are likely to be valuable in understanding the
catalytic mechanism. In a recent paper (7), we found that
BArg-246" is one residue that is important for binding of P;.

X-ray crystallography studies by Walker, Leslie, and col-
leagues (8—10) have revealed the structure of the P;-binding
subdomain in ATP synthase catalytic sites. Fig. 1, A-C, shows
the structures of catalytic sites containing the transition state
analog MgADP-AIF; (Fig. 1A), the late transition state/early
ground state analog MgADP-AIF; (Fig. 1B), and the posthy-
drolysis state with MgADP and SO?~ (Fig. 1C), respectively. In
Fig. 1, A and B, fluoroaluminate is believed to be in the position
of the y-phosphate, and in Fig. 1C, SO2™ is thought to mimic P;.
The central location of residue BAsn-243 in the P;-binding
subdomain is evident from Fig. 1. The ND2 atom of the Asn
side chain points toward the y-P/P; moiety, whereas the OD1
atom points toward neighboring residues that line the end of
the P;-binding pocket. Also, it may be noted that BAsn-243 lies
close to BArg-246, the P;-binding residue mentioned above. For
these reasons, we decided to investigate the possible role of
BAsn-243 in P; binding.

Direct measurement of P; binding to F; or intact ATP syn-
thase catalytic sites is difficult due to low affinity for P; in
absence of a proton gradient (1, 2). The x-ray crystallography
studies suggested alternative, indirect approaches, namely the
use of surrogates for P; or the y-P of ATP such as fluoroalumi-
nate, fluoroscandium, and fluoroberyllate, or the use of NBD-
Cl1,2 which reacts specifically with residue BTyr-297 (10), lo-
cated at the end of the P; binding subdomain (Fig. 1D). The
value of this last approach is enhanced by the fact that protec-
tion from covalent reaction with NBD-Cl is afforded by P; in the
concentration range 2—10 mwm, as was first shown by Perez et al.
(11) with mitochondrial membranes and confirmed by us (7) in
E. coli F; and membrane F,F,. Here we utilized these methods
to study the role of residue BAsn-243 in the P;-binding subdo-

LE. coli residue numbering used throughout.
2 The abbreviations used are: NBD-Cl, 7-chloro-4-nitrobenzo-2-oxa-
1,3-diazole; DTT, dithiothreitol.
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main. It was anticipated that this residue might not be directly
involved in P; binding, since it lacks positive charge; rather, it
appeared more likely from its central position in the P;-binding
subdomain to be involved in hydrogen bond formation with
surrounding residues, including BArg-246, and also with water
molecules, including, indirectly, the putative “attacking wa-
ter.” We mutagenized residue BAsn-243 to Ala to remove the
side chain and eliminate hydrogen bond interactions and to
Asp to introduce a negative charge and retain hydrogen bond-
ing capacity. The two mutant enzymes, while both functionally
impaired, showed different properties when subjected to assays
aimed at examination of P; binding and transition state char-
acteristics, allowing deductions about the role of the natural
residue BAsn-243.

EXPERIMENTAL PROCEDURES

Purification of E. coli F';, Assay of ATPase Activity of Purified F;, and
Measurement of Growth Yield in Limiting Glucose Medium—F, was
purified as described in Ref. 12. Prior to experiments, F, samples (100
ul) were passed twice through 1-ml centrifuge columns (Sephadex G-50)
equilibrated in 50 mum TrisSO,, pH 8.0, to remove catalytic site-bound
nucleotide (13). ATPase activity was measured in 1 ml of assay buffer
containing 10 mM NaATP, 4 mm MgCl,, 50 mm TrisSO,, pH 8.5. Specific
activity was measured at 30 °C (wild type, BN243A) or 37 °C (wild type,
BN243D). Measurements of inhibition of ATPase activity by inhibitors
were done at 23 °C (wild type, BN243A) or at 37 °C (8N243D). Reactions
were started by the addition of enzyme and stopped by the addition of
SDS to 3.3% final concentration. P; released was assayed as described in
Ref. 14. For wild-type F,, reaction times were 2-10 min. For mutant
enzymes, reaction times were 30 min (SN243A) or 120 min (BN243D).
All reactions were shown to be linear with time and protein concentra-
tion. Growth yield in limiting glucose was measured as described in
Ref. 15.

E. coli Strains—For purified F;, wild-type strain SWM1 was used
(16). For fluorescence titrations with purified F,, strain SWM4
(BY331W) (17) was used as the “wild-type.” Mutant strains were
BN243A/BY331W and BN243D/BY331W, both in strain DK8 (18) and
constructed as below.

Construction of Mutant Strains of E. coli—pSNG6 is a plasmid con-
taining the BY331W mutation from plasmid pSWM4 (17) introduced on
a Sacl-Eagl fragment into pBWU13.4 (19), which expresses all of the
ATP synthase genes. The template for oligonucleotide-directed mu-
tagenesis was M13mpl8 containing the HindIII-Xbal fragment from
pSN6. Mutagenesis was by the method of Vandeyar et al. (20). Muta-
genic oligonucleotides were as follows: BN243A (CTGCTGTTCGTC-
GACGCCATCTATCGTTAC, where the underlined bases introduce the
mutation and a new Sall site) and BN243D (CTGTTCGTTGAC-
GATATCTATCGTTAC, where the underlined bases introduce the mu-
tation and a new EcoRV site). DNA sequencing was performed to
confirm the presence of mutations and absence of undesired changes in
sequence, and the mutations were transferred to pSN6 on Sacl-Eagl
fragments, generating the new plasmids pZA3 (BN243A/BY331W) and
pZA4 (BN243D/BY331W), respectively. Each plasmid was transformed
into strain DK8 (18) containing a deletion of ATP synthase genes for
expression of the mutant enzymes.

Protein Concentration, Purity, Subunit Composition, and Trp Con-
tent of Mutant Enzymes—Protein concentration was determined by the
Bradford method (21). Purity and subunit composition was determined
by SDS-gel electrophoresis (22). Trp content was determined by incu-
bation of varied amounts of enzyme at room temperature for 15 min in
6.3 M guanidine hydrochloride, and then fluorescence emission at 360
nm (A, = 295 nm) was measured and compared with wild-type enzyme
and N-acetyl-tryptophanamide as references. For calculations, 1 mg/ml
F, was taken as 2.62 uM.

Fluorescence Titrations—The method utilizes the quench of fluores-
cence of introduced residue BTrp-331 that occurs upon nucleotide bind-
ing to catalytic sites (23). Titration with MgADP and MgATP was
carried out in 50 mm TrisSO,, pH 8.0, 2.5 mm MgSO, at room temper-
ature. NaADP and NaATP were added incrementally. For ATP and
ADP titrations, the buffer was 50 mm TrisSO,, pH 8.0, 0.5 mm EDTA.
Excitation was at 295 nm, emission was at 360 nm in a SPEX Fluorolog
2 spectrofluorometer. Final enzyme concentration in the cuvette was
150-200 nM, and enzyme was incubated 10 min at room temperature
before titration was begun. Background signals due to buffer were
subtracted, and volume and inner filter effects were corrected by car-
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TaBLE 1
Effects of BAsn-243 mutations on cell growth and F,-ATPase activity

i a Growth on Growth yield in ATPase activity
Mutation succinate limiting glucose® of purified F,®
% umol/min/mg
Wild type +++ 100 28°; 427
Null - 46 —
BN243A + 88 0.95¢
BN243D - 51 0.033%

“ Wild type, pPBWU13.4/DKS8; null, pUC118/DKS.

® Data are means of six determinations that agreed closely (+10%).
¢ Measured at 30 °C.

< Measured at 37 °C.

rying out parallel titrations with wild-type F,. Calculation of nucleotide
binding parameters was accomplished by fitting theoretical curves to
the measured data points using SigmaPlot. The binding models used
are described in Table II and in Refs. 23 and 24.

Inhibition of ATPase Activity—For fluoroaluminate, fluoroscandium,
and fluoroberyllate inhibition, F; was incubated for 60 min at 23 °C in
50 mm TrisSO,, 2.5 mm MgSO,, 1 mM NaADP, and 12 mm NaF at a
protein concentration of 0.4-2.0 mg/ml in the presence of AlCl,, ScCl,,
or BeSO,, added at varied concentrations (see “Results”). 50-ul aliquots
were then added to 1 ml of ATPase assay buffer, and activity measured
as above. It was confirmed in control experiments that no inhibition was
seen if MgSO,, NaADP, or NaF was omitted. For NBD-CI inhibition of
purified F;, NBD-Cl was prepared as a stock solution in dimethyl
sulfoxide and protected from light. Enzyme (0.4—2.0 mg/ml) was reacted
with NBD-Cl for 60 min in the dark, at 23 °C, in 50 mm TrisSO,, pH 8.0,
2.5 mM MgSO,, and then 50-ul aliquots were transferred to 1 ml of
ATPase assay buffer to determine activity. Where protection from
NBD-Cl inhibition by ADP or P; was determined, F, was preincubated
60 min with protecting agent before the addition of NBD-Cl. MgSO, was
present, equimolar with ADP or P;. Control samples containing the
ligand without added NBD-C1 were included. Neither P; (up to 50 mm)
nor MgADP (up to 10 mm) had any inhibitory effect alone. For meas-
urement of azide inhibition, sodium azide at varied concentrations was
added directly to the ATPase assay buffer, to which F, was added to
start the reaction.

RESULTS

Properties of BN243A and BN243D Mutants of E. coli ATP
Synthase—The role of residue BAsn-243 in the phosphate-bind-
ing subdomain of E. coli ATP synthase catalytic sites was
investigated by mutagenesis. Mutants SN243A and gN243D
were obtained by oligonucleotide-directed mutagenesis and ex-
pressed in the ATP synthase complex in strain DKS8, which
lacks all ATP synthase structural genes. The additional muta-
tion BY331W was present in both cases to allow monitoring of
nucleotide binding affinity and stoichiometry in purified F; by
fluorescence titration. It has been previously established that
the BY331W mutation alone does not significantly impair ATP
synthase function (17). Table I shows that the mutation
BN243A reduced growth yield moderately and allowed partial
growth on plates containing succinate, demonstrating that it
partly impaired oxidative phosphorylation in vivo.® The
BN243D mutation prevented growth on succinate plates and
reduced growth yield strongly, showing that oxidative phospho-
rylation was greatly impaired.

Purified F, proteins were obtained and shown to have the
same subunit composition and purity as wild-type enzyme by
SDS-gel electrophoresis. Trp content was 12 mol/mol in both
mutant enzymes, confirming their purity. Specific ATPase ac-
tivities are shown in Table I. BN243A enzyme was 30-fold less
active than wild-type. Preliminary assays showed that BN243D
had very low activity at the standard assay temperature of
30 °C; hence, it was necessary to assay at 37 °C for long times.
We confirmed that the reaction stayed linear for at least 2 h,

3 It should be noted that high expression in the system used increases
the amount of ATP synthase in the membranes.
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TaBLE II
Nucleotide binding parameters of mutant enzymes

K, values are given in uM and are means of calculated values from
three or four independent titrations, which agreed closely.

BY331W BN243A BN243D

ADP

Kyp Ko, 89 59 22

Kys"
ATP

K, Ky, 76 230 289

d.’s’a

MgADP?

K, 0.06 0.07 0.02
K;» 2.4 28 2.7
s 41 151 19

MgATP*
K, 0.04 0.06 15
K, 1.6 25 3.1
K, 35 25 78

¢ In previous work (13, 23-25), we found that titrations of BY331W F,
with ADP or ATP were fit best by a model assuming one type of binding
site. Similarly, the titrations for BN243A and BN243D were fit best by
the same model.

®In previous work (13, 23-25, 27-29), we found that titrations of
BY331W F; with MgADP could be fit equally well to a model with two
types of binding site or to one with three types of site, but fit poorly to
a model with just one type of site. Since x-ray structures (4, 8, 9)
indicate that the three catalytic sites are structurally different, we used
a three-site model here.

¢ Previous work (13, 23—-25, 27-29) has established that titrations of
BY331W F, with MgATP are fit best by a model with three types of
binding site. The same was found here with the BN243A and SN243D
mutants.

and the very low rate of nonenzymatic ATP cleavage was con-
trolled for. BN243D F; ATPase activity was reduced by 1300-
fold relative to wild type; thus, the introduction of Asp in place
of Asn had a severe effect.

Catalytic Site Nucleotide Binding Properties of the Mutant
BN243A and BN243D F, Enzymes—Nucleotide binding to cat-
alytic sites of soluble F; was determined using the quench of
fluorescence of the introduced pTrp-331. Calculated K, values
for ATP, ADP, MgATP, and MgADP are shown in Table II. In
BY331W enzyme (representative of wild type) ATP and ADP
are known from previous work to bind with the same affinity at
all three sites (13, 24), and this behavior was also seen in the
mutants. In BN243A, K,;pp, was slightly lower than in
BY331W, but BN243D bound ADP 4-fold more tightly than
BY331W, showing that the introduced carboxyl did not appear
to interact with the negative charge on ADP. In both mutants
ATP binding was weakened (by 3—4-fold), with BN243D show-
ing the larger effect. In BY331W enzyme, MgADP and MgATP
bind to the three catalytic sites with widely different affinities
(13, 24). This “asymmetric” behavior was retained in the mu-
tants. The BN243A mutant bound MgADP more weakly than
BY331W at site 2 (by 12-fold) and site 3 (by 4-fold), with K j opp)
at site 1 similar to normal. The BN243D mutant bound MgADP
more tightly than BY331W at site 1 (by 3-fold) and site 3 (by
2-fold) with K pp) at site 2 similar to normal. BN243A bound
MgATP similarly to BY331W at site 1, but with 16-fold lessened
affinity at site 2 and similar affinity to BY331W at site 3,
whereas BN243D bound MgATP 4-fold more weakly at site 1
and 2-fold more weakly at sites 2 and 3. Overall, except for the
two cases noted where the changes in K; were on the order of
10-fold, the changes seen were small (e.g. compare with previ-
ous data showing 30—4000-fold changes in other impaired mu-
tant enzymes) (24, 25). In both mutants, all three catalytic sites
would be occupied by MgADP or MgATP at saturation (~1 mm),
and no general trends were evident in perturbation of nucleo-
tide binding that could readily explain the effects seen on
ATPase activity.
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Inhibition of ATPase Activity of F; by Analogs Fluoroalumi-
nate, Fluoroscandium, and Fluoroberyllate—Wild-type or
BY331W E. coli F{-ATPase is strongly inhibited by AlCl; in
combination with NaF, ADP, and Mg?* (26, 27). Experiments
from our laboratory showed that MgADP-fluoroaluminate
forms a tenaciously bound inhibitory complex with F, that
mimics a transition state (27-29). X-ray crystallography sub-
sequently deduced the structure of mitochondrial F; with both
ADP-AIF, and ADP-AIF, species bound (8, 9) (Fig. 1, A and B),
from which it is clear that the fluoroaluminate moiety occupies
the position of the y-P of ATP or of P; in the catalytic sites. Fig.
2A shows that the BN243A mutant F; was inhibited more
potently than wild type by ADP-fluoroaluminate. IC;, values
were as follows: wild type, 70 um; BN243A, 18 uM. In contrast,
the BN243D mutant was fully resistant to inhibition.

The MgADP-fluoroberyllate complex is thought to provide a
tenaciously trapped ground state analog of MgATP (e.g. see
Ref. 30). As Fig. 2B shows, this complex strongly inhibited the
wild-type enzyme, whereas BN243A was inhibited less po-
tently, and BN243D was resistant to inhibition. The MgADP-
fluoroscandium complex has been shown to be a transition
state analog in F;-ATPase (31). It strongly inhibits wild-type
enzyme (Fig. 2C), whereas BN243A enzyme was only partly
inhibited, by ~25%, and, unexpectedly, there was stimulation
in the BN243D enzyme.

In summary, the two mutant enzymes behaved divergently.
The BN243D mutation uniformly disrupted interactions in the
catalytic site between the enzyme and transition state or
ground state analogs. The BN243A mutation had more variable
consequences, in one case strengthening interaction (fluoroalu-
minate) and in the other two cases weakening it. The results
show clearly the importance of residue BAsn-243 for correct
transition state formation.

Inhibition of ATPase Activity of F; by Azide—Azide is a
potent inhibitor of F;-ATPases in general, although its mode of
inhibition remains controversial (32, 33). It has not yet been
located in x-ray structures of F,. In one view (33), azide forms
a tightly bound MgADP-N3 complex at catalytic sites, possibly
mimicking MgADP-Pi; in another view (32), azide disrupts
positive catalytic site cooperativity. Fig. 3 shows that the mu-
tant BN243A was inhibited by 25%, whereas BN243D was
inhibited by only 6% at 0.5 mm azide. It should be noted that
BY331W F, is strongly inhibited by azide (32).

Effect of NBD-Cl on the Mutant Enzymes—NBD-Cl is a well
established, potent inhibitor of F; ATPase activity. It reacts
specifically and covalently with residue BTyr-297, which is
situated at the end of the phosphate binding pocket. Fig. 1D
shows the x-ray structure of the BE catalytic site containing
the NBD-O-tyrosyl adduct after reaction. P; protects against
NBD-CI inhibition (11), and this property may be used as an
assay of binding of P; in the BE catalytic site (7). Residue
BAsn-243 is located very close (~3 A) to residue B-Tyr-297
(Fig. 1, A-C); therefore, we were interested in studying the
effects of NBD-Cl on the ATPase activities of the mutant
enzymes. Fig. 4A shows that in contrast to wild type, which is
virtually completely inhibited by NBD-Cl, BN243A F,; was
inhibited maximally by 85%. If, at the end of a 60-min incu-
bation with 150 um NBD-CIl, we added a further 200 um
concentration of NBD-CIl and incubated for a further 60 min,
no additional inhibition occurred, showing that the fully re-
acted enzyme retained significant residual activity. Surpris-
ingly, BN243D mutant F, showed activation of ATPase activ-
ity upon reaction with NBD-Cl (Fig. 4B). The addition of 4 mm
DTT to the mutant enzymes after reaction with NBD-Cl
reversed the effects (Fig. 5). The BN243A enzyme became
reactivated, and the BN243D enzyme activity decreased. This
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Fic. 1. X-ray structures of catalytic sites in mitochondrial F,-ATPase showing the phosphate binding subdomain. A, the BDP site
of the AlF, -inhibited enzyme (8). Residue numbers correspond to E. coli numbering with mitochondrial numbering in parentheses. Distances are
given in Angstroms. B, the BDP site in the AlF ;-inhibited enzyme (9). C, the BADP + P, (“B-half-closed”) site in the AlF, -inhibited enzyme (8). The
sulfate ion is thought to occupy the position of natural P;. D, reacted NBD-O-Tyr-297 in the BE site (10). In A-C, the ND2 atom of residue fAsn-243
points toward the fluoroaluminate or sulfate, with the OD1 atom pointing away. In D, a rotation of the Asn side chain has occurred.
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FiG. 2. Inhibition of BN243A and SN243D mutant F, ATPase activity by fluoroaluminate, fluoroberyllate, and fluoroscandium. A,
inhibition of ATPase after preincubation for 60 min with 1 mm MgADP, 12 mm NaF, and varied AICL,. B, inhibition of ATPase after preincubation for
60 min with 1 mm MgADP, 12 mm NaF, and varied BeSO,. C, inhibition of ATPase after preincubation for 60 min with 1 mm MgADP, 12 mm NaF, and
varied ScCl,. O, wild-type; o, BN243A; A, BN243D. Note that in this and in subsequent figures, ATPase activity was measured at 23 °C (wild type,
BN243A) or 37 °C (BN243D). Data are means of at least quadruplicate experiments. Variation was +10% between different experiments.

experiment showed that in both cases, the reaction of NBD-Cl
was specifically with residue BTyr-297 (34, 35). It also as-
sured us that the rather low ATPase activity of the BN243D

mutant F,; preparation is in fact referable to the mutant F;
and not to a contaminant protein.

It was apparent therefore that mutation of BAsn-243 to Ala
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Fic. 3. Effect of azide on BN243A and BN243D mutant F,
ATPase activity. Varied concentrations of sodium azide were added
directly to the ATPase assay medium. O, wild-type; o, BN243A; A,
BN243D. Data are means of at least quadruplicate experiments. Vari-
ation was =10% between different experiments.

or Asp affected reactivity of the proximal BTyr-297 with
NBD-CI and produced different effects in regard to the residual
ATPase activity of the fully reacted enzymes in the two
mutants.

It was of interest to find out whether the ATPase activity in
the NBD-Cl-reacted BN243D enzyme had become sensitive to
the inhibitors MgADP-fluoroaluminate, MgADP-fluoroberyl-
late, or MgADP-fluoroscandium. BN243D enzyme that had
been activated by preincubation with 300 um NBD-CI (as in
Figs. 4B and 5) was then further incubated with MgADP, NaF,
and 0.5 mum AlIClg, 0.1 mm BeSOy, or 0.5 mm ScCl, as in Fig. 2.
In no case was inhibition seen (data not shown).

MgADP Protects against the Effects of NBD-Cl—MgADP, at
relatively high concentrations required to keep the BE catalytic
site occupied in time average, protects against NBD-CI inhibi-
tion of wild-type E. coli F; and F;F, (7). Fig. 6A shows that
MgADP protected BN243A F, from inhibition by NBD-Cl, with
50% protection achieved at around 4 mm MgADP, similar to
wild type. Incubation of either wild-type or BN243A enzyme
with MgADP alone did not result in inhibition of ATPase ac-
tivity, up to around 10 mm MgADP, when inhibition began to
occur presumably as a result of MgADP carryover into the
assay. Fig. 6B shows that MgADP also protected against the
activation of ATPase in BN243D mutant F;, with a similar
EC;, of around 4 mm. These experiments showed that NBD-Cl
is reacting in the BE sites in the mutants and confirmed that
the low ATPase activity in BN243D is indeed referable to mu-
tant F, as opposed to a contaminant, because it showed the
same ECg, for protection by MgADP as in wild-type.

Reaction of Mutant Enzymes with NBD-CI in the Presence of
P,—The rate of inhibition or activation of ATPase activity in
BN243A and BN243D mutant F, by NBD-CI was measured in
the presence and absence of P;. In wild type (Fig. 7A), 2.5 and
10 mum P, had clear effects, protecting from inhibition by NBD-
CL. Similar effects were seen in BN243A (Fig. 7B), where reac-
tion with NBD-CIl was slower (as was also seen in Fig. 4A) but
nevertheless significant protection by P; was evident. In con-
trast, activation of ATPase in fN243D was unaffected by the
presence of P; up to 10 mm (Fig. 70).

DISCUSSION

The important role of P; binding and release steps in the
catalytic mechanism of ATP synthase has been discussed in
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current reviews (1, 2, 36). Early work indicating that these
were “energy-linked” steps can now be interpreted as showing
a direct linkage between y-subunit rotation and events in the
catalytic sites. Additionally, we have hypothesized that initial
binding of P; is a critical component of ATP synthesis mecha-
nism because it enables selective binding of ADP in the face of
a high cellular ATP/ADP concentration ratio. Progress has
been delayed, however, by the inability to directly measure and
distinguish P; binding to one or another of the three catalytic
sites in soluble F;, the most amenable experimental system.
This difficulty was overcome here by use of indirect methods,
namely the use of fluoroaluminate, fluoroscandium, and flu-
oroberyllate as surrogates for P; and/or the y-phosphate of ATP,
and an assay in which protection from NBD-CI inhibition of
ATPase activity is afforded by P;, as reported earlier by Perez
et al. using mitochondrial F, (11). X-ray structures show that
residue BAsn-243 is centrally located in the P;-binding subdo-
main of catalytic sites (8—10) (Fig. 1, A-C) with its side chain
ND2 atom pointing toward the P,/y-P moiety and the OD1 atom
pointing toward residues that demarcate the end of the P;-
binding pocket. A BLAST search showed that BAsn-243 is
totally conserved. It seemed likely therefore that BAsn-243
could be involved in P; binding, and here we used the ap-
proaches noted above to study the role of residue BAsn-243.

Mutations BN243A and BN243D were generated to remove
the Asn side chain (Ala) and to substitute it by an isosteric but
negatively charged side chain (Asp), respectively. This pro-
duced enzymes with distinctly different properties. BN243A
impaired cellular oxidative phosphorylation somewhat and re-
duced purified F;-ATPase activity by 30-fold; BN243D strongly
impaired oxidative phosphorylation and reduced F,-ATPase by
1300-fold. It was evident, therefore, that BAsn-243 does have
an important role. Fluorescence titrations using the SY331W
reporter probe were carried out in order to determine K, values
for ADP, ATP, MgADP, and MgATP at catalytic sites of the
mutant enzymes. It was seen that all four nucleotides bound to
all three catalytic sites in both mutant enzymes at saturation
(~1 mm); thus, impaired ATP synthase or ATPase activity
could not be ascribed to failure to fill the catalytic sites. As
described under “Results,” changes in K; values were mostly
small, and there was no obvious trend or trends that could be
correlated with loss of function. We concluded that the func-
tional defects in the mutant enzymes are therefore more likely
to be related to reaction chemistry and/or P; binding
characteristics.

The BN243A enzyme showed different behavior toward the
transition state analogs MgADP-fluoroaluminate and MgADP-
fluoroscandium (Fig. 2). MgADP-fluoroaluminate was more in-
hibitory than in wild type, and MgADP-fluoroscandium was
less inhibitory. MgADP-fluoroberyllate was also less inhibitory
in BN243A than in wild type. We conclude that whereas BAsn-
243 does not directly interact with the transition state nucleo-
tide, removal of the Asn side chain changes the orientation of
ligands that make contact with the transition state. A similar
conclusion could apply to the MgADP-fluoroberyllate ground
state analog.* In the BN243D enzyme, inhibition by MgADP-
fluoroaluminate and MgADP-fluoroscandium was lost, show-
ing that introduction of Asp disrupted transition state stabili-
zation drastically. In this enzyme, MgADP-fluoroscandium
even increased ATPase activity somewhat (Fig. 2C), an effect
that we have not seen in any other enzyme and have no ready
explanation for. Inhibition by MgADP-fluoroberyllate was also
lost in the BN243D mutant.

* An X-ray structure of F, in complexation with MgADP-fluoroberyl-
late has not yet been published.
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Fic. 5. Reversal of NBD-Cl effects by DTT. Purified F, was pre-
incubated 60 min at 23 °C with or without 150 um NBD-CI, and then
incubation was continued for a further 60 min with or without the
addition of 4 mm DTT, after which ATPase was assayed. In each group
of histograms the order is, from left to right, wild-type, BN243A, and
BN243D. Data are means of at least triplicate experiments. Variation
was *+5% between different experiments.

The mutant enzymes largely (BN243A) or almost completely
(BN243D) abrogated inhibition by sodium azide. As discussed
earlier, there are currently two schools of thought regarding
the explanation for azide inhibition in F;, one suggesting that
azide forms a tight binding MgADP-N3 complex at catalytic
sites that possibly mimics MgADP-P,; and the other suggesting
that, at least in E. coli F,, azide interrupts positive catalytic
cooperativity. As is discussed below, P, binding seems to be
retained in BN243A F,; We feel therefore that a likely expla-
nation of the current data is that azide inhibits by interrupting
catalytic cooperativity in wild-type E. coli F; and that such
cooperativity is already reduced in the two mutant enzymes.

NBD-CI inhibited ATPase activity of BN243A mutant en-
zyme somewhat less potently than in wild type and left a
residual activity of around 15% after complete reaction. P; at
2.5 and 10 mM concentration gave clear protection from inhi-
bition by NBD-CI. This result demonstrates that removal of the
BAsn-243 side chain by mutagenesis to Ala did not result in

loss of P, binding in the BE catalytic site, where NBD-Cl reacts.
The loss of function in BN243A must therefore be related to
changes in transition state complex interactions as noted
above. NBD-Cl activated the ATPase of F, from pN243D. The
activation was DTT-reversible and MgADP-protectable, so it
appeared to result from reaction of NBD-Cl with BTyr-297 in
the BE site, just as the more usual inhibition of ATPase in
wild-type enzyme does. The activation was not affected by
presence of P;; therefore, binding of P; in the BE site was lost in
the BN243D mutant. This, together with the severely impaired
interaction with the transition state complex noted above, ap-
pears to bring about the very strong impairment of function
seen in BN243D.

Fig. 1, A-D, shows the spatial relationship of BAsn-243 to
selected residues in four x-ray crystallography structures,
namely the BDP site of the AIF, structure (8), the BDP site of
the AlF; structure (9), the BADP + P; site of the AlF, structure
(8), and the BE site of the NBD-Cl-reacted structure (10). We
made a compilation of distances between atoms of BAsn-243
and neighboring residue atoms in these four structures (data
not shown) from which it was apparent that residue BAsn-243
is in position to make hydrogen bonds with several residues
within and lining the P; binding pocket, notably with gVal-179,
Blle-244, BTyr-245, BArg-246, BAla-295, and BTyr-297. In gen-
eral, the interactions between BAsn-243 and other residues
were the same in A-C of Fig. 1, but after reaction with NBD-C1
(Fig. 1D) several of the distances between BAsn-243 atoms and
other residue atoms were significantly changed.

Using the “Deep View Swiss-Pdb Viewer” program,” we at-
tempted to discern what effects the mutations might have on
these distances. The results are obviously not based on real
structures but lead to interesting speculations. The BN243A
mutation removes all possible hydrogen bonds involving ND2
and OD1 atoms, which contribute most to interactions with
neighboring residues in wild type. Loss of structural organiza-
tion caused by disruption of hydrogen bonds within the P;
binding subdomain of the catalytic site is therefore a likely
outcome of the BN243A mutation. This was associated with
moderate loss of function, perturbation of transition state or-

5

5N. Guex, A. Diemand, M. C. Peitsch, and T. Schwede (2004) Deep
View Swiss-Pdb Viewer, Version 3.7, available on the World Wide Web
at us.expasy.org/spdbv/mainpage.html.
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ganization, and some changes in nucleotide binding character-
istics, but did not lead to loss of P, binding. In the pN243D
mutation, the new atom OD2 (replacing ND2) could potentially
hydrogen-bond to BVal-296, replacing the interaction with
BAla-295 in wild type. Most of the other interactions listed
above for BAsn-243 should be retained, since they involve the
OD1 atom. There is the additional, strong possibility that
charge neutralization occurs between BAsp-243 and BArg-246,
given the proximity of the two residues. Thus, the more drastic
effects on function seen in the BN243D mutation can be inter-
preted as due to formation of a different pattern of hydrogen
bonds around residue 243, with charge neutralization of res-
idue BArg-246 probably contributing strongly to loss of P; bind-
ing. In the BN243D mutant, reaction with NBD-CIl produced

apparent changes to potential hydrogen-bonding interactions,
which differed from those seen in wild-type (BAsn-243) after
reaction with NBD-CI. However, exactly how they contribute to
activation of ATPase in BN243D F, remains obscure.

The role of BAsn-243 in orienting water molecules in the
catalytic site should also be discussed. X-ray structures (8, 9)
have located one particular water molecule called the “attack-
ing water” close to residue BGlu-181, the “catalytic carboxylate”
residue, which is known to form part of the transition state
complex (8, 9, 27). In the (BDP)AIF, catalytic site, representing
the transition state complex, the attacking water lies 3.3 A
from a second water, which in turn lies 2.9 A from BAsn-243
atom ND2. The two waters lie 2.5 and 3.2 A, respectively, from
the catalytic carboxylate BGlu-181. In the (BDP)AIF; catalytic
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site, representing a late transition state/early ground state, the
attacking water is 2.8 A from the second water, which in turn
is 3.3 A from BAsn-243 atom ND2. Mutations BN243A and
BN243D could therefore be affecting the transition state struc-
ture through effects on positioning of the attacking water
molecule.

In summary, residue BAsn-243 lies in the center of the P;-
binding subdomain of ATP synthase catalytic sites. It is not
directly involved in P; binding but is necessary for reaction
chemistry via correct organization of the transition state com-
plex. It is involved in extensive hydrogen bonding to neighbor-
ing residues. It is also most probably involved in orientation of
the attacking water and of an associated second water. Muta-
tion to Ala partly disrupts the transition state and has moder-
ate inhibitory effects on function. Mutation to Asp grossly
disrupts the transition state, prevents P; binding (probably
through charge neutralization of BArg-246), and results in
marked dysfunction.
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