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ABSTRACT. f3-Arg-182 inEscherichia coliF-ATPase §-Arg-189 in bovine mitochondrial 4y is a residue
which lies close to catalytic site bound nucleotide (Abrahams et al. (198&)re 370 621-628). Here

we investigated the role of this residue by characterizing two mutBRE82Q ang3R182K. Oxidative
phosphorylation and steady-state ATPase activity of purifieddte severely impaired by both mutations.
Catalytic site nucleotide-binding parameters were measured using the fluorescence queiich-881

that occurred upon nucleotide binding to purifiedifom fR182QAY331W andsR182K/3Y331W double
mutants. It was found that (8)Arg-182 interacts with the-phosphate of MgATP, particularly at catalytic
sites 1 and 2, (bp-Arg-182 has no functional interaction with tifephosphate of MgADP or with the
magnesium of the magnesiumucleotide complex in the catalytic sites, and feArg-182 is directly
involved in the stabilization of the catalytic transition state. In these features the ®l&rgf182 resembles
that of another positively charged residue in the catalytic site, the conserved lysine of the Walker A
motif, 8-Lys-155. A further role of5-Arg-182 is suggested, namely involvement in conformational change
at the catalytic sitgg—a subunit interface that is required for multisite catalysis.

The bulk of ATP, the energy currency of cells, is synthe-  Recent X-ray structures of;From bovine mitochondria
sized by ATP synthase (also callegF-ATPase) found in (3), rat liver mitochondria g), and theoass; complex from
bacteria, chloroplasts, and mitochondiiaZ). This enzyme the thermophilic bacterium PS3 have advanced our
synthesizes ATP from ADP and Bsing a proton motive  understanding of the structure of the catalytic sites. By using
force and can function in the reverse direction in bacteria, these X-ray structures as a foundation and by genetically
hydrolyzing ATP to generate a proton gradient for nutrient engineering tryptophan residues into the catalytic sites to act
uptake and locomotion. A structurally complicated protein, as intrinsic fluorescent probes sensitive to nucleotide binding
ATP synthase consists of a peripheral portiop wWhich has (11—-13), our laboratory has investigated essential catalytic
three catalytic sites, and a hydrophobic membrane-spanningsite residues irEscherichia coliF;. Several residues have
portion, K, which acts as a proton conducting pathway. been found that coordinate magnesiu)( several directly

The intricate catalytic mechanism of ATP synthase has provide binding energy for nucleotide substrai®)( and
been made more amenable for study by the use of a simplersome stabilize the transition states|.
experimental system, solubilized,Bvhich exhibits ATPase One of the residues seen in the environment of catalytic
activity in the absence ofFF; contains 5 types of subunits ~ site-bound nucleotide inFs -Arg-182! As revealed in
in the stoichiometryogBsyde. The catalytic sites lie at the  the MgAMPPNP-containing catalytic site of bovine mito-
threeff—a interfaces with most of the amino acid residues chondrial i (3), a nitrogen of the guanidinium group of
which ligand to nucleotide being contributed by tfe  S-Arg-182 (3-Arg-189 in bovine F) lies 3.3 A from the
subunits 8). These sites differ from each other in their nearest oxygen of thg-phosphate of MgAMPPNP (Figure
conformation at any given moment during cataly&js é&nd 1). An essential role of this Arg in catalysis was indicated
this asymmetry is induced by thesubunit rotating within by the work of Park et al. 1(7) who showed that the
the o383 hexagon 4, 5) and by the residues which ligand to  replacement with either glutamine or alanine caused the loss
magnesium in the Mgnucleotide in the catalytic site§)( of both ATPase and ATP synthase activity. In the present
The three catalytic sites act sequentially, carrying out paper, we analyzed the role @FArg-182 in detail by
catalysis with strong positive cooperativit, (7, 8). At characterizing two double mutani$R182QFY331W and
substoichiometric concentrations, substrate MgATP binds SR182K3Y331W. The Tyr residue gi-331 makes van der
very tightly to just one catalytic site, and under these single- Waals contact with the adenine ring in the catalytic sit§),(
turnover or “unisite” conditions the equilibrium constant for and replacement of Tyr by Trp results in active enzyme with
the hydrolysis reaction is close to unity and product release Kea/Km Similar to wild-type. The inserted Trp has a strong
is very slow @). At cellular concentrations of MgATP, all  fluorescent signal that is quenched completely upon binding
three catalytic sites are filled and catalysis is accelerated 10 of nucleotide at the catalytic sitd1). This enabled us to
fold to achieve physiological rateg)( Catalysis fails to occur ~ measure binding parameters for MgATP, MgADP, free
in the absence of Mg, and uncomplexed (free) nucleotide (uncomplexed) ATP, and ADP at the catalytic sites of
binds to all three catalytic sites with equal, relatively low
affinity (6). LE. coli residue numbering is used throughout.
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Ficure 1: The X-ray crystal structure of the catalytic site afATPase.3-subunit residues are gray, andsubunit residues are pink.
Positively charged residugsArg-182 ands-Lys-155 as well as MgATP (M is depicted in green) are displayed. This is t@P site”

of ref 3; the actual nucleotide in the crystals was MgAMPPNP. (Rasmol software was kindly provided by Roger Sayle, Glaxo Research and

Development, Greenford, UK).

purified R from fR182QAY331W andfR182K[5Y331W
mutants. In addition, we tested the ability of from these

yields of purified mutant F are obtained using plasmid
pBWU13.4 derivatives expressed in strain DRB)( There-

mutants to form the catalytic transition state by measuring fore a 3.3 kbXhd-Ead fragment in pBWU13.4 was replaced

binding of the transition-state analogue, MgAB#uoro-
aluminate.

EXPERIMENTAL PROCEDURES

Construction of Mutant E. coli Strain8R182Q8Y331W
andSR182KpY331W Site-directed mutagenesis was carried
out according to the method of Vandeyar et &8)( Template
DNA for generating fR182QpY331W and SR182K/
BY331W mutations was M13mpl8 containing a 2.5 kb
HinDIlI- Kpnl fragment from plasmid pSWM41¢). This
fragment contains th8Y331W. The mutagenic oligonucle-
otide for fR182Q was GC GTA GGT GAACAG ACG

by the corresponding fragment from pSN1 to generate
plasmid pSN5 gR182K/5Y331W). pSN5 was introduced
into DK8 to generate strain SN5. This strain produced a high
yield of mutant k (0.2 mg/g wet wt cells).
Characterization of Mutant E. coli Strain&rowth yields
of SR182QpFY331W andfR182K/3Y331W mutant strains
in limiting (3 mM) glucose liquid medium and growth tests
on solid succinate medium were done as descri2ay (
Enzyme Purification and CharacterizatiofiR182Q/
BY331W R from strain SN2,fR182K[3Y331W F from
strain SN54Y331W F from strain SWM4 1), and wild-
type R from strain SWM1 22) were purified as described

CGT GAG GGT where bold letters are changes made for in ref 23. Nucleotide-depleted;Hdepleted of noncatalytic-

the mutation Arg— GIn (CGT — CAG) andG indicates a
silent mutation which introduces aflul site, used to identify
mutant. DNA sequencing confirmed the presenceRI82Q

and catalytic-site-bound nucleotide) was prepared as de-
scribed in ref24. Enzyme purity and subunit composition
were determined by SDS gel electrophore&is).(Protein

andY331W mutations and ruled out the presence of any concentrations were determined by the method of Bradford

undesired mutatianA 1 kb Nhd-Fsd fragment containing
BR182Q andBY331W was moved from replicative form

(26). ATPase activity measurements were carried out in 50
mM Tris/SQy,, 10 mM ATP, and 4 mM MgGl pH 8.5, at

phage to plasmid pSWM4 to generate a new plasmid pSN230 °C, and phosphate release was measured by the method

(AR182QpAY331W). pSN2 was introduced into JP17, a strain
which contains a deletion in the chromosoifiaubunit gene
(19), to generate strain SN2.

The mutagenic oligonucleotide fBR182K was GC GTA
GGT GAA AAA ACG CGT GAG GGT, where bold letters
are changes made for the mutation ArgLys (CGT —
AAA) and G indicates a silent mutation which introduces
anMlul site. Construction of thR182K/3Y331W mutant

of van Veldhoven and Mannaerta?.

Fluorescence Measurementsn Aminco-Bowman 2 or
SPEX-Fluorolog 2 spectrofluorometer was used to measure
tryptophan fluorescence. The excitation and emission wave-
lengths were 295 and 360 nm, respectively. Prior to each
nucleotide titration, 100uL aliquots of R were pre-
equilibrated in 50 mM Tris/S@ pH 8, by passage through
two 1 mL Sephadex G50 centrifuge columns, thus depleting

plasmid, pSN1, was analogous to pSN2 above. However,the catalytic sites of bound nucleotide).( The final

the yield of F isolated from strain pSN1/JP17 was very low

concentration of Fin the cuvette was 50100 nM. All

(0.004 mg/g wet wt cells). Recently it was shown that high fluorescence measurements were done &2%or MgATP
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Table 1: Characterization d. coli Strains and Purified ~
ContainingfR182QpAY331W andpR182K/5Y331W Mutations

growth yield in  ATPase activity
limiting glucose  of purified R
mutation (%) (units/mg)
wild-type (pDP34N/JP17) 100 28
Unc (pUC118/JP17) 54
SR182QBY331WR 54 0.003
wild-type (pBWU13.4/DK8) 100 not done
Unc (pUC118/DK8) 40
PR1I82KPYIZIWA 45 0.14

2 ThefR182QBY331W mutation was expressed in strain JP17, and
the SR182K/5Y331W mutation was expressed in strain DK8. See
Experimental Procedures.

or MgADRP titrations, the buffer (50 mM Tris/SQpH 8)
contained 2.5 mM MgS©with NaATP or NaADP added
as indicated. For ATP or ADP titrations, the buffer (50 mM
Tris/SQ,, pH 8) contained 0.5 mM EDTA, with NaATP or
NaADP added as indicated. For MgADP titrations in the
presence of fluoroaluminate, the buffer (50 mM TrisiSO
pH 8) contained 2.5 mM MgS£0.5 mM AICl;, and 5 mM

NaF, and NaADP was added at increasing concentrations.
Enzyme was preincubated 60 min at room temperature before

fluorescence signals were measured to allow full inhibition
by fluoroaluminate to be obtained). Background signals
due to buffer were subtracted. Inner filter effects and volume
effects were corrected by carrying out parallel titrations with
wild-type F. Nucleotide-binding parameters were determined
from computer-generated fits to the measured desal3).

RESULTS
General. Earlier work (L7) on pR182Q andpR182A

Nadanaciva et al.
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FiGure 2: M@ATP binding to catalytic sites gfR182QAY331W

andfR182KBY331W Fi: (A) @, R182QBY331W F; O, fY331W
Fi; and (B)®, SR182KBY331W R; O, BY331W F. The lines

mutants had suggested an essential function for residueare computer-generated fits assuming a model with three different

B-Arg-182. To gain more detailed information we made the
mutantsfR182Q/Y331W andfR182K5Y331W. First it

binding sites. Calculatedy values are given in Table 2. See
Experimental Procedures for further details.

was necessary to check the functional properties of these

double mutants.

Functional Effects offR182QpY331W andpR182K/
AY331W MutationsGrowth yields of mutant strains were
tested in liquid medium containing limiting glucose. Table
1 shows that the strain containifi@r182QpY331W had a
growth yield the same as that of the Urmontrol (pUC118/
JP17), indicating that th8R182Q mutation abolished ATP

type (BY331W F, itself has a specific activity which is 50%
of that of wild-type F; ref 11).

Tryptophan Fluorescence PropertiesR182Q8Y331W
and pR182KBY331W k. The tryptophan fluorescence
spectra of purified Ffrom SR182QpY331W andsR182K/
BY331W were similar to that g8Y331W (shown in refL1).
Saturating amounts of nucleotide quenched gkErp-331

synthase activity in vivo. It has been established previously fluorescence signals completely, showing that all three

that thefY331W mutation by itself has little effect on growth
yield (11). The strain containinggR182K/3Y331W had a
growth yield which exceeded that of the Uncontrol by
5% (Table 1), indicating that ATP synthesis occurs at a very
low rate when Arg is replaced by Lys #t182. Neither

catalytic sites became occupied in both mutants and enabling
catalytic site nucleotide-binding parameters to be measured.
MgATP Binding to fR182QpY331W and/R182K/
BY331W k. The titration curve for MgATP binding to
BR182QpBY331W F (filled circles) and the corresponding

mutant strain grew on succinate plates, confirming that the curve for 5Y331W F (open circles) are shown in Figure

BR182Q angd¥R182K mutations severely reduced oxidative
phosphorylation. Purified j~from both mutants had a
molecular size similar to that of wild-type;Fas deduced
from the Sephacryl S300 elution profile during the last step
of the purification procedure. SD%olyacrylamide gel
electrophoresis of purified ;From both of these mutants
showed a subunit composition identical to that of wild-type.
Table 1 reports specific ATPase activities of purifigdiem
both mutantsR182QpY331W K had very low specific
activity equal to 0.01% of wild-type, whilg3R182K/
BY331W R had a specific activity which was 0.5% of wild-

2A. The lines are computer-generated fits assuming a model
with three different binding sites. Calculated dissociation
constantsiy) are given in Table 2. It is evident from Figure
2A that, while cooperative binding of MgATP was retained,
the SR182Q mutation decreased MgATP-binding affinity
considerably. The effect was greatest at the highest-affinity
site (site 1), where binding affinity for MgATP was reduced
by about 30-fold, but changes were also seen at sit€;2 (
increased 6-fold) and at site B4z increased 3-fold).

Figure 2B shows MgATP binding t8R182K/3Y331W
F1. Here, too, a model assuming three different binding sites
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Table 2: Catalytic Site Nucleotide Binding ParametergRfL.82Q/ ' ' ' '
BAY331W, R182KBY331W, andfY331W R? A
~ 3t
BR182QBY331W AR182KBY3ZIW  BY331W “_(;
MgATP E
Ka1 0.8 0.14 0.028 g
Kaz 12.8 3.6 21 > ol
Kaa 116 41 39 o
ATP z
Kag,Kaz,Kas 665 87 7t =4
MgADP s
Kaz 0.08 0.05 0.08 8 41
Ka2,Kas 9.3 9.7 14 3
ADP 2
Ka1,Kaz,Kag 45 26 28 3
3Kgq values are given in micromolat From ref14. ¢ From ref11. ° 0 . . . .
ZFrom ref16 0.01 01 1 10 100 1000
[MgADP] (uM)

occupied catalytic sites (mol/mol F,)

occupied catalytic sites (mol/mol F,)

1 10 100 1000 10000
[ATP] (uM) 0.01 0.1 1 10 100 1000
[MgADP] (uM)

Ficure 4: MgADP binding to catalytic sites ¢gfR182Q3Y331W
andfR182KY331W R: (A) @, R182QBY331W K; O, fY331W

F;; and (B) ®, SR182K[3Y331W F; O, fY331W F. The lines
(solid for SR182QSY331W andfR182K/fY331W FK; dotted for
BY331W F,) are computer-generated fits assuming a model with
two types of binding site. Calculatd€ values are given in Table
2. See Experimental Procedures for further details.

BY331W F (open circles). The lines represent a computer-
generated fit for a model with a single class of binding site.
One can see th@#iR182Qp/Y331W F had reduced binding
affinity for ATP as compared t8Y331W F. The calculated
Kq value (Table 2) reveals that ti#&R182Q mutation reduced
binding affinity for free ATP by about 10-fold. The
1 10 100 1000 10000 calculated total number of binding siteN, was 2.8 for
PR182QpLY331W F and 2.9 forfY331W. As can be seen
[ATP] (uM) from Figure 3B, there was essentially no difference between
Ficure 3: ATP binding to catalytic sites gfR182QBY331W and the titration curves for free ATP binding tBR182K/
BR1B2KBY33LIW Fi: (A) @, R182QBY331W F; O, fY33IW Fy; BY331W andfY331W F. CalculatedKy values are given

and (B) ®, fR182KBY33IW R; O, fY331W . The lines are 3 14116 2. ForpR182KBY331W R the calculated total
computer-generated fits assuming a model with a single type of

binding site. Calculatedy values are given in Table 2. See NuUMber of binding sites was 2.7. .
Experimental Procedures for further details. Overall, the MgATP- and ATP-binding data in Figures 2

and 3 indicated that theR182Q mutation markedly reduced
fit the data well. Figure 2B and the calculat&g values binding affinities for MgATP and free ATP, whereas in
(Table 2) indicate that thgR182K mutation had affected contrast thg3R182K mutation had no significant effect on
MgATP binding only at the highest-affinity site where there free ATP binding and only a minor effect on MgATP binding
was a 5-fold decrease in binding affinity. at catalytic site 1.
ATP Binding tofR182QpY331W anR182KSY331W MgADP Binding to fR182QpY331W andfR182K/
F,. Figure 3A shows the titration curve for free ATP binding AY331W k. Figure 4, parts A and B, show MgADP-binding
to fR182QBY331W K (filled circles) compared with  data tofR182QfY331W andfR182K/3Y331W F, respec-

occupied catalytic sites (mol/mol F)
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Ficure 5: ADP binding to catalytic sites gfR182QfY331W and
PR182K[BY331W R: (A) @, R182QBY331W F; O, fY331W F;
and (B)®, fR182K5Y331W F; O, fY331W F. The lines are

1000

computer-generated fits assuming a model with a single type of

binding site. CalculateKy values are given in Table 2. See
Experimental Procedures for further details.

tively, and it is clear that neithefR182Q norpR182K
impaired MgADP binding at any of the catalytic sites. The
lines (solid for fR182QpBY331W andfR182K3Y331W;
dotted forfY331W F) are fits to a model assuming 2 classes
of binding sites, a model that has proved satisfactory to
describe MgADP binding in previous work 1, 16) and was
also satisfactory here. Calculatéglvalues are given in Table
2. (The N values for the two classes of sites occupied by
MgADP in fR182QpAY331W K wereN; (high-affinity site)
= 1.1 andN, (low-affinity sites)= 1.8; the respectivé\
values forpR182K/fY331W F were 0.9 and 1.8).

ADP Binding tofR182QfY331W angsR182K3Y331W
F.. Titration curves for free ADP binding t#R182Q/
AY331W andfR182K3Y331W F, are shown in Figure 5,

Nadanaciva et al.

MgADP or ADP at any of the three catalytic sites.

MgADP-Fluoroaluminate Binding tgR182QpY331W
andpR182KAY331W k. MgADP—fluoroaluminate inhibits
F1-ATPase potently and was suggested to be an analogue of
the nucleotide species occurring during the catalytic transition
state of the ATP hydrolysis and synthesis reactionsiin F
(28—30). In a recent study 1), we measured MgADP-
binding properties 0fY331W F, in the presence of AlGI
and NaF to assess possible formation of a transition-state-
like intermediate. We found that fluoroaluminate greatly
enhanced MgADP-binding affinity at the highest-affinity site
(Kg1 changed from 0.0&M to <1 nM). There was also a
significant although smaller increase in MgADP-binding
affinity at site 2 but no change in affinity at site 3. Two
mutant enzymes3K155Q andfE181Q), in which ATPase
activity is essentially inactivated, showed no changes of
MgADP binding on addition of fluoroaluminate. From this
work we proposed that MgADPfluoroaluminate binds and
mimics the catalytic transition state at site 1, adopts a partial
transition-state-like structure at site 2, and does not bind at
site 3. Sincgs-Arg-182 lies in the catalytic site close to the
nucleotide phosphates (Figure 1), it is potentially a residue
responsible for the stabilization of the catalytic transition
state. Hence, MgADP-binding properties @¢iR182Q/
BY331W andpR182KBY331W F were determined in the
presence of AlGland NaF.

Figure 6A shows titration curves for MgADP binding to
BR182QBY331W F in the presence or absence of AICI
plus NaF. It can be seen that the two curves are essentially
identical, indicating that fluoroaluminate did not alter the
MgADP-binding affinity of fR182QpY331W F at any of
the three catalytic sites. This is in contrast to the large
increase in MgADP-binding affinity shown k§Y331W R
in the presence of fluoroaluminate (ré6, and above).
Therefore we concludgR182QpBY331W F cannot form
the catalytic transition state.

Figure 6B shows titration curves for MgADP binding to
nucleotide-deplete@R182K/3Y331W F, in the presence or
absence of AIG plus NaF? It can be seen that in the
presence of fluoroaluminate there was a very large increase
in binding affinity for MgADP. A model assuming three
different classes of binding sites fit well to the data for
MgADP binding in the presence of fluoroaluminate (as was
seen prevously in reflé for MgADP—fluoroaluminate
binding to fY331W enzyme), and calculated dissociation
constants were the followingKq1 < 1 nM, Kgz = 0.04uM,
and Kgz = 12.8 uM. In absence of fluoroaluminate, using
the same model, calculated dissociation constants tgre
= 0.02uM, Kgz = 2.0uM, andKyz = 26.7 uM. (A model
assuming two types of binding sites fit these latter data
equally well, and the calculated values wikg = 0.04uM,

N; = 1.2, Kge = 11.0uM, andN, = 1.7). Thus it is clear
that in pJR182KBY331W K, fluoroaluminate did affect

parts A and B, respectively. In both cases, the lines are fits binding affinity of MgADP. The affinity increased greatly
to a model assuming a single class of binding site. Calculatedat site 1, significantly at site 2, but not at site 3, similar to

Kq values are given in Table 2. The total number of binding
sites, N, occupied by ADP was 2.7 fqfR182Q5Y331W
and 2.8 forfR182K[3Y331W . It is evident that neither
SR182Q nopR182K affected free ADP binding significantly
at any of the catalytic sites.

To summarize, the binding data for MgGADP and free ADP
demonstrate thap-Arg-182 is not involved in binding

what was seen previously iY331W F. Hence SR182K/
BY331W R, like fY331W F, can form a catalytic transition-
state structure.

2 |n cases where fluoroaluminate increases MgADP-binding affinity
at catalytic sites, net transfer of nucleotide from noncatalytic to catalytic
sites may occurl6). Hence completely nucleotide-depleted(fmade
as in ref24) is used in such cases.
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' ' ' ' T F1 the fluorescence signal ¢i-Trp-331 is quenched com-
A pletely when the catalytic site binds nucleotide, making it
possible to determine the catalytic site nucleotide equilibrium
binding parameters of the double mutant enzymes.
The extremely low rates of steady-state ATPase exhibited
by fR182QpBY331W andSR182K[Y331W F (Table 1)
and the absence of oxidative phosphorylation in the mutant
strains leave no doubt th8tArg-182 is crucial for catalysis.
There seems to be a strict requirement for Ar@-dt82, as
even the conservative Lys substitution impaired steady-state
ATPase in lfby 99%. The low rates of steady-state catalysis
reported here are of similar magnitude to those observed in
PR182Q andfR182K R by Park et al. 17).
0 . . : . ; Our results demonstrate thAtArg-182 accelerates ca-
0.01 0.1 1 10 100 1000 talysis in two major ways: one by providing binding energy
[MgADP] (M) for MgATP and the second by stabilizing the catalytic
transition state. The first function is indicated by the decrease
T ' : : ' ' in MgATP-binding affinity seen when Arg is replaced by
the neutral residue glutamine. From the binding affinities in
Table 2, calculated MgATP-binding energies contributed by
p-Arg-182 are 2.0 kcal/mol at site 1, 1.1 kcal/mol at site 2,
and 0.6 kcal/mol at site 3. Interaction @fArg-182 with the
y-phosphate of MgATP is strongest at the high-affinity site,
where catalysis is thought to occl®)( That interaction is
primarily with the y-phosphate is evident from the lack of
effect of the mutations on MgADP- or ADP-binding affinity.
The second important role BfArg-182 is the stabilization
of the transition state. X-ray crystallographic studies showed
that MgADP—fluoroaluminate and MgGD#Pfluoroaluminate
are tight-binding transition-state analogues in myo8if,(
o L . L ) ! nucleoside diphosphate kinasg?), nitrogenase 33), and
001 01 1 10 100 1000 G proteins 84—38). Earlier reports 28—30, 41) indicated
[MgADP] (uM) that MgADP—fluoroaluminate binds with a stoichiometry
o o of 2 mol/mol i and suggested that MgADRluoroaluminate
Ficure 6: MADP binding to catalytic sites gfR182Q5Y331W ¢4 |d pe a transition-state analogue inATPase. Recent

andpR182K[3Y331W F in the presence or absence of fluoroalu- K f laborat 6 t t to thi
minate: A, presence of fluoroaluminat&), absence of fluoroalu- work from our laboratory X6) gave strong support to this

minate. (A)SR182QBY331W: the lines are computer-generated Notion. We have proposed.§) that the dramatically in-
fits assuming a model with two types of binding site. (B) creased binding of MgADPfluoroaluminate at site 1K
Nucleotide-deplete@R182K/5Y331W R the lines are computer- <« 1nM) represents binding of a transition state and the
generated fits assuming a model with three types of binding site increased binding affinity at site 2 could be indicative of a

(4) or two types of binding sited). partial transition-state-like structure. Data obtained here with
Summarizing, the data with MgADMluoroaluminate ~ #R182QBY331W R (Figure 6A) showed that MgADP-
show that (a)R182QBY331W F, cannot form the catalytic binding affinity was not affected by fluor_o_alumlnate; thus
transition state, indicating that-Arg-182 is one of the theﬁR182Q_ enzyme cannot f_orm the transition state. Cl_e_a_rly,
residues involved in stabilizing the transition state, yet (b) 5-Ar9-182 is one of the residues necessary for stabilizing

BR182KBY331W F, can form the transition state, demon- the transition state.

strating that replacement of Arg with Lys still allows  /-Arg-182 does not interact with product MgADP, as
formation of the transition state. evidenced from the unaltered MgADP-binding properties of

PR182QpBY331W F (Figure 4A). Neither is it involved in

DISCUSSION coordinating Mg" at the catalytic sites, since both MgATP

The aim of this work was to investigate the roleffrg- (Figure 2A) and MgADP (Figure 4A) bound in a cooperative,
182, a residue essential for catalysis in ATP synthase. Theasymmetric manner i8R182QSY331W F, contrasting with
crystal structure of F(3) reveals that one of the nitrogens the symmetric binding pattern shown by futants which
of the guanidinium group g8-Arg-182 lies 3.3 A from the lack functional side chains of residues involved in liganding
nearest-phosphate oxygen, 6.9 A from the nearggihos- Mg?*. For exampleS-Thr-156,3-Asp-242, ang3-Glu-185
phate oxygen, and 3.9 A from magnesium in the MgAMP- have been found to directly or indirectly (via water mole-
PNP-containing catalytic site. Stacked against the adeninecules) coordinate My at the catalytic sites, and removal of
ring of the bound nucleotide i$-Tyr-331 which, when the side chains of any of these residues results in noncoop-
replaced by Trp, acts as an intrinsic fluorescent probe erative (symmetric) binding of both MgATP and MgADP
sensitive to nucleotide binding. In this study, we constructed (14).
two double mutants,fR182QpBY331W and fR182K/ Interestingly, the characteristics displayed/fyrg-182
BY331W, to study the functions gf-Arg-182. In purified in binding MgATP and stabilizing the transition state

occupied catalytic sites (mol/moi F,)

occupied catalytic sites (mol/mol F.)
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resemble those of another positively charged residue in theal. (3) found that another residue in this regiezArg-376,

catalytic site 8-Lys-155. This conserved Lys, which lies in
the Walker A motif (P-loop) of the catalytic site (Figure 1),
is crucial for catalysis39, 40), and interacts specifically with
they-phosphate of MgATP, primarily at catalytic sites 1 and
2 (15). Like 3-Arg-182,3-Lys-155 also stabilizes the transi-
tion state {6) and has no significant role in binding MgADP
(15). Thus, during MgATP hydrolysigi-Arg-182 and3-Lys-
155 provide binding energy for MgATP by interacting with
the negatively charged oxygens of thehosphate. As the

which lies very close to the nucleotide phosphates, takes up
a different position depending upon whether nucleoside di-
or tri-phosphate occupies the catalytic site. Interaction of
B-Arg-182 with a-lle-348 and/or a-Thr-349 could be
important for maintaining this function. Thus, substitution
of 5-Arg-182 by Lys could still provide positive charge to
support close to normal binding of nucleotide and stabiliza-
tion of the transition state, but lacking the guanidinium group,
it may not be able to form important interactions witirhr-

reaction develops, they stabilize the transition state, but then349 or other residues across fhea interface. Hence, while

they have no interaction with the product MgADP. Presum-
ably, during ATP synthesis, changes in catalytic site con-
formations (“binding changes”) cause these two residues to
weaken their interaction with the-phosphate of MgATP
as the site containing MgATP enters the lowest-affinity state,
thus enabling newly formed MgATP to be released.

In contrast tofR182Q/Y331W F, nucleotide-binding
parameters ofR182K/3Y331W F were in general similar
to those 0f3Y331W F. The only impairment of nucleotide
binding seen iBR182KY331W K, was a 5-fold decrease
in MgATP-binding affinity at the highest-affinity site. A
similar reduction in MgATP-binding affinity —fold) in
BR182K R was reported by Park et allY). It is unlikely
that this small increase iKy; for MgATP could be
responsible for the large loss of activity. Furthermore, the
PR182KY331W enzyme bound MgADPfluoroaluminate
(Figure 6B) in a manner similar to that 8¥331W F (16).
Both enzymes showed dramatic enhancement of MgADP
binding by fluoroaluminate at site 3Lsignificant though
smaller increase in affinity at site 2, and no change at site 3.
Therefore thefR182K[3Y331W F appears well able to
achieve the catalytic transition state. This is consistent with
unisite experimentsl(y) on fR182K R, which showed that

this enzyme has normal unisite catalysis, with rate constants

for hydrolysis and resynthesis of bound MgATP similar to
those for wild-type. It is therefore both surprising and
intriguing that, despite having near-normal nucleotide-binding
parameters and the ability to achieve the transition state,
BR182K[FY331W R cannot carry out normal rates of steady-
state catalysis.

The location of3-Arg-182 in the catalytic site may provide
an answer to this paradog-Arg-182 lies at the catalytic
sitef—a. interface and is close to several amino acid residues
in the adjacenti-subunit (see Figure 1). Specifically, the
main-chain carbonyl oxygens of residuedle-346, o-Ser-
347, a-lle-348, anda-Thr-349 all lie within 3.5 A of the
fB-Arg-182 guanidinium group in the5TP” catalytic site 8).
Hydrogen bonds are likely betweBpArg-182 NH2 nitrogen
and the main-chain carbonyl oxygena{Thr-349 (distance
equals 2.72 A) and thg-Arg-182 NE nitrogen and the main-
chain carbonyl oxygen of residuelle-348 (distance equals
2.96 A). We have previously demonstrated, from studies on
mutations ina-subunit at the catalytic sit8—a interface,

that conformational changes transmitted across this interface

are essential for and integral to steady-state, multisite
catalysis (reviewed in reR). Supporting the idea that

movement of residues occurs at this interface, Abrahams et 23.

3 We do not have exact estimatestaf; in eitherfR182K/3Y331W
or fY331W enzyme because the Muoroaluminate-binding affinity
at site 1 is very high, so they may differ.

neither its ability to bind nucleotide nor its ability to stabilize
the transition state is impairegR182K/5Y331W F, fails
to reach wild-type rates of steady-state catalysis.
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