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ABSTRACT: Site-directed mutants Y317C, Y317E, Y317F, Y317G, and Y317K were made to the catch-
loop tyrosine on thg subunit of the chloroplast;FATPase inChlamydomonasEPR spectra of V& —

ATP bound to site 3 of CFfrom wild type and mutants were obtained. Every mutant changeéthe
hyperfine parameters of the \fObound at this site in the catalytically active conformation of the enzyme
but had no effect on these parameters in the form that predominates when the enzyme activity is latent.
These results indicate that this residue is a ligand to the metal of t&-Magcleotide complex that
binds to the empty catalytic site. The mutations also decreasdd.tlué the ATPase activity to a much
greater extent thak../Ky. Thus, these mutations limit the rate of product @tgADP and phosphate)
release in the ATPase direction or, conversely, the initial binding of substrates in the ATP synthesis
direction. On the basis of these observations, coordinatighY817 by MgZ™—ADP that binds to the
empty catalytic site provides a means by which substrate binding could triggebunit rotation and
consequent conformation changesosubunits during ATP synthesis.

Synthesis of ATP from ADP and phosphate takes place
on the ! portion of the KF, ATP synthase and is driven

ratio of ATP/ADP far exceeds that found at equilibrium.
Because the conformations of the three catalytic sites are

by F,-mediated proton flux in response to a transmembrane staggered, each of the conformations is present on the

proton gradient. A large part of thesubunit of this enzyme
exists as am-helical coiled coil that extends the length of
the core of it formed by the surrounding threeand three

f subunits {—3). They subunit of purified fr rotates as a
result of ATPase activity4—6). Thus, during ATP synthesis,
the R-mediated proton flux is believed to drive the rotation
of the y subunit to change the conformations of the three
catalytic sites located primarily on thesubunits.

In the crystal structure of;Hrom bovine heart mitochon-
dria (1) the three catalytic sites were in different conforma-
tions with one that contained Mg—AMPPNP (3r), one
that contained Mg§—ADP (Bpp), and one that was empty
(Be). During ATP synthesis, the binding of Mig—ADP and

enzyme at any moment.

Nucleotides bind to the catalytic site as a complex with
Mg?" that serves as a cofactor for the reacti@). (The
asymmetry of the catalytic sites necessary for the release of
ATP against an unfavorable chemical gradient depends on
Mg?* as well as thes subunit. In the absence of Kigand
they subunit, the crystal structure of tlgs; complex from
the thermophilicBacillus PS3 has 3-fold symmetng). In
the rat liver mitochondrial Fstructure which was crystallized
in the absence of Mg, the asf; portion of the structure
shows 3-fold symmetry despite the presence oftlsabunit
(2). In the absence of Mg, the three catalytic sites bind
ATP with the same affinityX0). However, when ATP binds

phosphate to the empty catalytic site induces a conforma-as a complex with Mg, the affinity for nucleotides between

tional change so that the substrates become tightly boundihe catalytic site conformations can differ by as much as 5
(7). In this conformation, the equilibrium of bound substrates orders of magnitude. This suggests that the differences in
and products is close to unity. The two subsequent confor- affinity may in part result from changes in the metal ligands

mational changes of the catalytic site driven by the proton
gradient decrease the affinity of the bound tgATP
relative to that of M§"—ADP. Consequently, the nonequi-
librium proton gradient drives the formation of a nonequi-
librium chemical gradient in which the cellular concentration
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1 Abbreviations: AMPPNP, adenylyl imidodiphosphate;, Ehe
extrinsic membrane portion of thefs ATP synthase; Cf chloroplast
F1; P-loop, phosphate-binding loop also known as the Walker homology
A sequence; V&, vanadyl; WHB, Walker homology B sequence;
catch loop, Mk residues3Y311—-319.

during the conformational changes at the catalytic sites.

Magnesium is difficult to study due to the lack of
spectroscopic probes and is difficult to distinguish from water
in a crystal structure. Vanadyl {(~=0)?* provides a direct
probe of the types of groups that serve as ligands to the F
metal cofactor 11—-13) because th& andg tensors derived
from the EPR spectrum of the bound ¥Oare a direct
measure of the nature of the equatorial metal ligardd. (
The observation that site-directed mutations of a metal ligand
change théV hyperfine parameters of the EPR spectrum
of Fi-bound VG in a perceptible and predictable manner
provided a means to identify specific residues as metal

ligands (5).
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A variety of metals will function as cofactors for theHs
ATP synthasel6). They are divided into either the Mty
type or the C& -type group. In the presence of Kig FF,

Chen and Frasch

5sCAGGCTGTAAAAGTACCGGCAGATGACG. The se-
lection primer that changed the restriction skenrl to
BamHI was Ps,sCGCCCCGAAGAACGGATCCCAAT-

can catalyze proton-gradient-driven ATP synthesis, and GATGAGCAGC;.

Mg?*-dependent ATP hydrolysis pumps protons in the
opposite direction. Concentrations of Rgn excess of ATP
inhibit activity. In the presence of €g ATP synthase and

Sequences of DNA were obtained using ABI PRISM
automatic sequencing to confirm the mutations in the
plasmids. The sequencing primer waSCGTACAGCTC-

ATPase-driven proton pumping do not occur. However, rates CTGCTTTCG. The mutated plasmids were purified by

of ATPase activity of purified Fare higher with C& than
with Mg?*. Vanady! falls in the Mg" group (L7) along with
Co?t, Mn?t, and Zit (16).

Chloroplast k retains nucleotides bound tightly at four
sites upon purification1®). Each of these sites has unique
characteristics that allow them to be depleted and filled with
Mg?*—nucleotide selectivelyl®). Nucleotide sites 1, 3, and
4 are catalytic while CFsite 2 is a noncatalytic site. The
most extensive characterization of metal ligands using®vO
EPR spectroscopy has been of,Gite 3 (L1-13, 15, 20,
21). This site has the lowest affinity for nucleotide and, thus,
is likely to correspond to the empty catalytic site in the MF
crystal structureX). As a result, little is known about this
site from crystallographic methods.

The ATPase activity of CHs latent upon purification from

cesium chloride ultracentrifugation and diluted to 1 mg/mL
prior to storage at-20 °C.

Transformation of the DNA plasmid containing mutated
atpB genes intoC. reinhardtii CC-373 cells employed
biolistic methods using the PDS-1000 particle delivery
system (Du Pont-New England Nuclea2p). Southern blots
as per Sambrook et aR2?) using3?P-labeled pBam10-spec
as the probe were used as an initial screen to identify
homoplasmic mutants. This was then confirmed by double-
stranded DNA sequencing.

Biochemical Characterization of C. reinhardtii Mutants.
Cell cultures were maintained for ea€h reinhardtii strain
as per Hu et al.Z1). The growth curves of the mutants were
determined by the change in optical density (cell scattering)
at 720 nm under photoautotrophic conditions as per Hu et

Fo and the thylakoid membranes but can be activated by g (27).

reduction of a disulfide on the subunit. In the latent form,
the predominant EPR species observed whed @ DP
complex is tightly bound to site 3 is known as species B
(12, 13). Under these conditions, the Walker homology
B-aspartate D262 inChlamydomona€F;) was identified

as a metal ligand at site 21). The P-loop threoning5T168

in Chlamydomona€F,) is not a metal ligand in site 3 of
latent Ck but becomes a ligand in lieu of the Walker

homology B-aspartate upon activation when the EPR signal

intensity from species B is converted to specieslg).(

We now report that mutations of the catch-loop tyrosine
(Y317 in Chlamydomona€F;) change thé'V hyperfine

tensors of EPR species C, indicating that this residue is a

metal ligand when V@& —nucleotide is bound to the
activated form of site 34g). In the bovine Mk crystal
structure, thgge catch-loop residues MBD316, MR3T318,
and MRSD319 hydrogen bond toy subunit residues
MF1yR254 and MiryQ255. Thus, these results show a direct
link between the binding of Md—nucleotide to the empty
catalytic site and the subunit. This link between the Mg
ligand and they subunit provides a possible escapement

mechanism during ATP synthesis to ensure that expenditure

of the protonmotive force to drive the rotation of the

subunit only occurs when substrates bind to the empty

catalytic site.

EXPERIMENTAL PROCEDURES

Construction of Ck Mutants in Chlamydomonas rein-
hardtii. The fTyr317 mutants were made as described by

To measure light-induced proton gradient formation,
thylakoid membranes were suspended in 50 mM Tricine, pH
8.3, and 50 mM KCI, and then diluted to a final chlorophyll
concentration of 5 mg of chlorophyll/mL in 2 mL of reaction
mixture that contained 50 mM Tricine, pH 8.3, 50 mM KCl,

10 mM dithiothreitol, 0.5ug/mL valinomycin, and 0.%M
9-aminoacridine. Fluorescence quenching was measured at
room temperature using a Spex FluoroMax-DM3000 with
excitation at 400 nm and emission at 450 nm.

For PMS-dependent photophosphorylation measurements,
the thylakoid particles were prepared as per Hu et2dl).
Samples were assayed in 1 mL of reaction mixture that
contained 1Qug of chlorophyll of dark-adapted thylakoid
membranes, 50 mM TricireNaOH (pH 8.0), 10 mM NacCl,
0.3 mM MgCh, 2 mM NaHPQ;, 0.3 mM ADP, 2.0x 10°
cpm [0-*2PJADP, 50 mM dithiothreitol, and 0.08 mM
phenazine methyl sulfate. The reaction mixtures were il-
luminated with an Oriel-66181 lamp at 2&. The reactions
were stopped by the addition of 4% trichloroacetic acid
(TCA). The ADP and synthesized ATP were separated using
silica thin-layer chromatography in a solvent of ammonium
hydroxide-2-propanot-water at a ratio of 11:7:2 (v/iv/v).
The amount of synthesized?P]JATP was determined using
a phosphor storage screen (Molecular Dynamics).

To measure ATPase activity, ammonium sulfate-precipi-
tated Ck was desalted usina 1 mL centrifuge column of
Sephadex G-50 in 100 mM Tricine (pH 8.0), and then stored
in 20 mM Tricine (pH 8.0), 10 mM KCI, 1 mM EDTA, and
5 mM ATP. The reaction mixture contained 20 mM Tricine

Chen et al. 15). The Chameleon mutagenesis kit (Stratagene) (pH 8.0), 1 mM EDTA, 50 mM dithiothreitol, 2 10° cpm

was employed to generatgpB mutations on pBam10.3-
spec following the provided protocol using two primers.
The mutagenesis primers wefY317C, sCAGGCTG-
TATGTGTACCGGCAGATGACG, fY317E,sCAGGCT-
GTAGAAGTACCGGCAGATGACG, BY317F, sCAGG-
CTGTATTTGTACCGGCAGATGACG, BY317G, sCA-
GGCTGTAGGTGTACCGGCAGATGACE, andpY317K,

[o-*2P]ATP, and MgCJ and ATP to obtain final concentra-
tions of 0.05-12 mM Mg —ATP. The reactions were
initiated by addition of 1«g of CF, followed by incubation

at 37°C for 4 min. Then 4% TCA was added to stop the
reactions. The ADP generated by {CRydrolysis was
separated from ATP using silica thin-layer chromatography
as described above. The amount @f*fP]JADP was deter-
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mined using a phosphor storage screen (Molecular Dynam'Table 1: Functional Comparison of Thylakoids from Wild Type

ics). and Mutants

EPR Analysedsolation of soluble CFATPase from wild- light-induced
type and mutanChlamydomonaand the selective filling photoautotrophic ~ H*-gradient ~ ATP synthase
of VO**—ATP into site 3 were carried out as per Chen et  strain growth raté (%)  formatior? (%) rate (%)
al. (15). A Bruker 580E spectrometer with a T&zrectangular wild type 100 100 100
standard cavity and a liquid nitrogen flow cryostat operated Y317F 100 100 79
at 125 K was used for EPR experiments at X-band (9 GHz). Y317C 13 100 6
Of the eight transitions that result from that fraction of :ggg zi igg ?
enzyme-bound V& where the axis (defined by the oxo  y317k <1 100 2

bond) is aligned parallel with the mggnetic field, the/2, aCells were grown at 25C at a light intensity of 8QuE-M~2-s71
—5/2;, +3/2;, +5/2,, and +7/2 transitions do not overlap  and measured as optical density (cell scattering) of the liquid culture
with the perpendicular transitions. The measurable parallel at 720 nm® Light-driven proton gradient formation in thylakoids from
transitions are distributed over a magnetic field range well Chlamydomonameasured by 9-aminoacridine fluorescence quenching.
in excess of 1000 G, and the high nuclear spin multiplicity ¢ Rates of PMS-dependent photophosphorylation in thylakoids from
of 5% amplifies any discrepancy between simulated and Chlamydomonas

observed field positions for these transitions. Therefore, a
set of hypotheticady, andg, values, derived from a simulation
that fits all five transitions well, can reasonably be expected
to be both unique and quite accurate. Simulations of the EPR
spectra employed the program QPOWZ3)

-7/2” -5/2” +3/2H +5/2H +7/2H

a
To estimate the types of groups that serve as equatorial

ligands to VG' in each mutant, the observed valuesfgf

derived from simulation of the EPR spectrum were compared

with values of A, calculated from the coupling constants b n

obtained from model studied4, 24) by A A m
CIM— r\m‘

Aﬂcalc: Zni'A‘ﬂi/4 (1) I | . Yy l |
wherei counts the different types of equatorial ligand donor 2700 3000 3900 4200
groupsn; (n; = 1—4) is the number of ligands of typeand Field (Gauss)

Ai is the measured coupling constant for an equatorial ligand gigure 1: Parallel regions of V& EPR spectra of the VO—
donor group of typé (14). Similar equations can be written ~ ATP complex bound to site 3 of GBY317F (a). One mole

for g equivalent of a 1:1 mole ratio of VA—ATP was added to 70 mg
of CF, that had been depleted of metalucleotide from site 3.
RESULTS EPR conditions were as follows: field modulation frequency, 100

kHz; modulation amplitude, 0.5 mT; sweep rate, 0.95 mT/s; time
Effects of the Mutations on Enzyme Assembly and ATPconstant, 82 ms; microwave power, 2.0 mW; temperature, 125 K;

: . - : microwave frequency, 9.40135 GHz; number of scans, 100.
Synthesis.The yield of Ch purified from eachChlamy Simulated spectra of wild type (- - -) and mutant)(for species B

domonaglY317 mutant was approximately the same as that () and species C (c) were generated using the program QPOWA
isolated from the wild type. Preparations of the enzyme from with the experimental conditions above and ¥ hyperfine
each mutant contained all five subunits in approximately the parameters from Table 2.
same abundance as those of the wild type as determined by
SDS—polyacrylamide gel electrophoresis. These results The rates of phenazine methyl sulfate-dependent photo-
suggest that the mutations do not affect the synthesis andphosphorylation of thylakoids from the wild-type and mutant
assembly of the enzyme significantly when cultures were preparations are summarized in Table 1. The rates remained
grown on acetate. linear in all cases for up to 5 min. Even though the
The relative abilities of the mutant and wild-type strains Membranes were coupled to a similar extent as the thylakoids
of Chlamydomonago grow under photoautotrophic condi- from the wild-type cells, the ATP synthase activities of
tions are summarized in Table 1. The site-directed mutants/#Y317C, fY317E, fY317G, andfY317K were less than
of BY317E, BY317G, andBY317K were essentially in- ~ 10% of that of the wild type. The ATP synthase activity of
capable of photoautotrophic growth. TB¥317C mutant ~ AY317F was about 80% of the wild type. The results are
grew at 13% of the wild-type rate, and tf¢’317F mutant consistent with the relative ability of each mutant to grow
grew at about the same rate as wild type in the logarithmic Photoautotrophically.
phase. The latter mutant was able to maintain this rate of Coordination of Metal at Site 3 igY317 Mutants of CE
growth longer than the wild type. The ability of thylakoids Catalytic site 3 of latent CGFwas filled by the addition of 1
purified from Chlamydomona generate a proton gradient equiv of VO**—ATP in a 1:1 mole ratio. Figure 1a shows
upon illumination was examined by measuring the fluores- the parallel transitions that do not overlap with the perpen-
cence guenching of 9-aminoacridine (Table 1). No differ- dicular transitions in the EPR spectrum of ¥Coound in
ences were observed between the wild type and mutantsthis manner to the GFfrom the fY317F mutant of
which indicates that none of the thylakoids isolated from ChlamydomonasThe types of groups coordinated at the
the mutants was uncoupled. equatorial positions of V& strongly affect the magnitude
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Table 2: VG Coordination at Site 3 of GFrom Wild-Type and MutanChlamydomonas

experimental calculated
signal intensity parameters parameters most probable V&
strain ratio species C/B A (MHz) a Ai(MHz) Oi equatorial ligands
EPR species B
WT 497.2 1.948 498.8 1.946 RCOO i P HxO ROH
Y317F 497.2 1.948 498.8 1.946 RCOO i P HxO ROH
Y317C 497.2 1.948 498.8 1.946 RCOO i P HxO ROH
Y317E 497.2 1.948 498.8 1.946 RCOO i P HxO ROH
Y317G 497.2 1.948 498.8 1.946 RCOO i P HxO ROH
Y317K 496.2 1.949 498.8 1.946 RCOO i P HxO ROH
EPR species C
WT 0.87 456.5 1.958 456.3 1.958 ArOH i P ROH ROH
Y317F 0.21 467.0 1.955 467.8 1.954 RCOO i P ROH ROH
Y317C 0.43 452.4 1.960 449.7 1.962 RSH i P ROH RNH,
Y317E 0.26 467.8 1.954 467.8 1.954 RCOO i P ROH ROH
Y317G 0.24 467.8 1.954 467.8 1.954 RCOO ; P ROH ROH
Y317K 0.71 458.5 1.960 459.9 1.958 RMNH P ROH ROH

aDerived using QPOWA? Calculated from eq 1.

of g, and A, that determine the position of the center of the  The functional groups at the catalytic site that are available
parallel transitions and the spacing between them, respec{for metal ligation identified from the jcrystal structures
tively. Of these parameters, the coupling constant for the (1, 2) are all highly conserved i€hlamydomona€F,. Of
equatorial ligand donor groupy, shows the largest and most these functional groups, four combinations that could serve
easily discerned changes as a function of the types of groupsas equatorial ligands in the Y317F mutant resuljvalues
that serve as equatorial ligands. of 459.89, 467.83, 468.06, and 476.60 MHz as calculated
Two sets of parallel transitions are observed fron?VO from eq 1. As shown in Table 2, the best fit of the
ATP bound to latent site 3 gfY317FCF, (Figure 1a) that experimental values ofy, and A, for species C to those
are similar to EPR species B and C reported previously for calculated by eq 1 was consistent with a group of ligands
wild-type CR (12, 13). The simulated spectra for EPR that differ from the wild type by single substitution of oxygen
species B and C froffiY317FCF, are shown as solid lines  from either a carboxyl or phosphate group in lieu of the
in spectra b and c of Figure 1, respectively. About 700 tyrosine hydroxyl group. The value & calculated from
experimental data points were measured to define the regionthis ligand set differed from the experimental value by about
of the experimental spectrum shown where the parallel and0.8 MHz.
perpendicular features do not overlap. Each data point in  The ratios of the amplitudes of the simulated spectra for
Figure 1a was signal-averaged 100 times (the result of 100EPR species B and C from each mutant that, when summed,
scans). Both the position and shape of the five independentreproduced the experimental spectrum are also shown in
spectral features in each EPR species in the experimentallable 2. These data provide the ratio of the amount of
spectrum were fit by a single combination gf and A, vanadyl bound in the form that gives rise to species B versus
derived from the simulated spectrum, which are designatedspecies C. The3Y317F mutation decreased the signal
as experimental parameters in Table 2. The precision of theintensity of species C relative to species B by about 4-fold.
values ofA, andg, depend on several factors including the ~ From the data of Figure 2, the Y317C mutant decreased
sensitivity of the EPR cavity, the concentration of enzyme- A, of species C by 4.1 MHz to a value of 452.4 MHz. A
bound VG, and the number of scans that were signal- decrease in hyperfine coupling is anticipated from the
averaged. On the basis of 22 separate samples, the wildincorporation of a sulfhydryl group as a ligand in exchange

type form of EPR species B was determined to hAye= for an aromatic hydroxyl. However, a single substitution of
497.5+ 0.1 MHz. The error inherent in the measurement this type is calculated from eq 1 to decredgédy 21 MHz.
of EPR species C was about the same. The only set of equatorial ligands that satisfies the constraints

Differences in the microwave frequency used to obtain a of available ligands from the crystal structure and results in
spectrum change the field positions at which the parallel g, and A, values close to that observed for EPR species C
transitions appear even though this does not affect the valuedrom the Y317C mutant is shown in Table 2. This group of
of g, andA,. The simulated spectra for EPR species B and ligands includes coordination by a sulfhydryl and a second
C from wild-type Chk are shown as dashed lines in spectra substitution where a lysine amino nitrogen becomes an
b and c of Figure 1, respectively. The microwave frequency equatorial ligand. Although the calculated value/Affor
used in the experimental spectrum was used to generate botlthis ligand set from eq 1 deviates from the experimental value
simulated spectra in order to provide a direct comparison of by 2.7 MHz, it is the only ligand set that fits with the ligands
the changes in the EPR spectrum that result from the available in the catalytic site. It is noteworthy that when
mutation. The parallel transitions of EPR species B from changes in théV hyperfine tensors of V& bound to
the mutant were the same as those of the wild type, indicating catalytic site 3 were induced by site-directed mutations to
that the®V hyperfine components of species B remained ST168 andsD262, the cysteine mutation induced a second
unchanged. However, in species C, the parallel transitionsligand substitution in addition to the coordination by the
of the mutant were clearly different from those of the wild sulfhydryl (15, 21).
type. The values of, for EPR species C of the wild-type The Y317C mutation also decreased the ratio of EPR
andSY317F enzymes differed by 10.5 MHz (Table 2). species C/B by about 2-fold (Table 2). The change in the
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2750 3050 3950 4250 2750 3050 3950 4250

Field (Gauss) Field (Gauss)

FiGURE 2: Parallel regions of V& EPR spectra of the VO— FicUre 4: Parallel regions of V& EPR spectra of the VO—
ATP complex bound to site 3 of GBY317C (a). One mole ATP complex bound to site 3 of GFY317G (a). One mole
equivalent of a 1:1 mole ratio of V—ATP was added to 45mg  equivalent of a 1:1 mole ratio of VA—ATP was added to 35 mg

of CF; that had been depleted of metalucleotide from site 3. of CF, that had been depleted of metalucleotide from site 3.
EPR conditions were as follows: field modulation frequency, 100 EPR conditions were as follows: field modulation frequency, 100
kHz; modulation amplitude, 0.5 mT; sweep rate, 0.95 mT/s; time kHz; modulation amplitude, 0.5 mT; sweep rate, 0.95 mT/s; time
constant, 82 ms; microwave power, 2.0 mW, temperature, 125 K; constant, 82 ms; microwave power, 2.0 mW; temperature, 125 K;
microwave frequency, 9.66183 GHz; number of scans, 200. microwave frequency, 9.66393 GHz; number of scans, 280.
Simulated spectra of wild type (- - -) and mutant)(for species B Simulated spectra of wild type (- - -) and mutant)(for species B

(b) and species C (c) were generated as in Figure 1. (b) and species C (c) were generated as in Figure 1.

T2y 512y 43y 452 T2 T 17 R Y, YRRV, YR /)

b W
b A A A A
c ‘ V \ > c , r V V v

| | : | : | 2700 3000 3900 4200
2750 3050 3950 4250

Field (Gauss)

Field (Gauss) Ficure 5: Parallel regions of V& EPR spectra of the VO—

Ficure 3: Parallel regions of V& EPR spectra of the VO— ATP complex bound to site 3 of GFY317E (a). One mole
ATP complex bound to site 3 of GFY317K (a). One mole equivalent of a 1:1 mole ratio of VA—ATP was added to 39 mg
equivalent of a 1:1 mole ratio of VAD—ATP was added to 25 mg  of CF, that had been depleted of metalucleotide from site 3.
of CF; that had been depleted of metalucleotide from site 3. EPR conditions were as follows: field modulation frequency, 100
EPR conditions were as follows: field modulation frequency, 100 kHz; modulation amplitude, 0.5 mT; sweep rate, 0.95 mT/s; time
kHz; modulation amplitude, 0.5 mT; sweep rate, 0.95 mT/s; time constant, 82 ms; microwave power, 2.0 mW; temperature, 125 K;
constant, 82 ms; microwave power, 2.0 m\W; temperature, 125 K; microwave frequency, 9.40536 GHz; number of scans, 200.
microwave frequency, 9.66025 GHz; number of scans, 300. Simulated spectra of wild type (- - -) and mutaft)(for species B
Simulated spectra of wild type (- - -) and mutant)(for species B (b) and species C (c) were generated as in Figure 1.
(b) and species C (c) were generated as in Figure 1.

species C in this mutant (Table 2). The second nearest ligand
relative affinities for VG*—ATP bound in these two  set allowable by the available groups in the crystal structure
conformations is due solely to the changes in the ligands was calculated to hava, = 467.83 MHz. This mutation
that give rise to EPR species C because this mutation diddecreased the ratio of EPR species C/B by 0.16, which was
not affect the®'V hyperfine parameters of EPR species B the smallest change observed in any of the mutants.
relative to wild type. Figures 4 and 5 show the effects of the Y317G and Y317E

The EPR spectrum that resulted from %& ATP bound mutations, respectively, on the EPR spectra oPVVOATP

to site 3 of Ck with the Y317K mutation is shown in Figure  bound to site 3. These mutants effected the binding of
3. The®V hyperfine tensors of EPR species C increased as VO?"—ATP to site 3 in a closely similar manner. Neither
the result of the Y317K mutation while those of EPR species mutant caused any changes in EPR species B. HowAyer,
B remained unchanged. The valueAyffor a single ligand of EPR species C decreased 11.3 MHz to a value of 467.8
substitution of an amine for an aromatic hydroxyl calculated MHz, consistent with a carboxyl or phosphate oxygen
from eq 1 was about 1 MHz of the experimental value of substituted for a tyrosine hydroxyl group as an equatorial
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Table 3: Comparison of Kinetics Constants of MgATPase kca{_KM of the MQH__ATP‘?SG activity. S't_e 3 of chloroplast

Activity of CF; from ChlamydomonaVild Type and Mutants Fiis th? catalytic site with lowest _afﬂmty for_ the metal
Strain Kt Vo Ko - nucleotide complex_, therepy makmg it equivalent to the
WT 196 > e 0719 empty (g) ca_ltalytlc site of mltoghorjdrlallFThus, the effects
Y317F 128 071 45 0352 of the mutations on ATPase kinetics and the EPR spectra of
Y317C 6.5 0.14 0.9 0.152 VO?2*—nucleotide binding to site 3 concur that this tyrosine
Y317E 5.9 0.16 1.0 0.169 is important for the initial binding of the metahucleotide
Y317G 10.0 0.19 1.2 0.120 complex to the empty catalytic site.
Y317K 23.8 0.19 1.2 0.050

Third, gY317 provides a direct link between initial
" Units are as follows:Ky, MM; Vma, umol of phosphate (mg of - substrate binding and the energy-driven conformational
CR) ™" min™% keay S5 KealKu, s-mM™. changes due to its location. This tyrosine is the first residue
. o of the catch loop that makes one of the three major contact
metal ligand in like manner to the Y317F mutant. Both points between thes and y subunits. Hydrogen bonds
mutants also decreased the ratio of EPR species C/B by aboubetweeny subunit residues MFR254 and MiyQ255 and
3.5-fold. . _ loop residues opfe (MF,3D316, MRT318, and Mi3D319)

Mg?*—ATPase activity of purified CFfrom the wild-type  sypunit until the empty site fills with substrates, despite the
and mutant strains dthlamydomonawas determined as a  exertion of constant torque by the proton gradient. In so

function of substrate concentration. When plotted as a doubleqging, the dissipation of energy from the proton gradient

reciprocal plot, the data from each mutant were linear. The \you|d only be able to occur when the catalytic sites are filled,
kinetic constants of the ATPase activities are summarized gych that tight coupling between the gradient and ATP

in Table 3. In most cases, the mutations affedtggto a synthesis is maintained.
greater extent thakca/Kw. The kear andkeafKy of SY317F When these site binds substrate as a complex withag
decreased by 3- and 2-fold, respectively. THe317C, ligation of the tyrosine by the metal may be sufficient to

BY317E, andfY317G mutants hadtcar and kea/Km values break the hydrogen bonds by deforming the loop, thereby
that were 12-14-fold less and 46-fold less, respectively,  triggeringy subunit rotation and conformational changes of
than those of wild type. Only thdY317K mutant showed )" three catalytic sites. Because all three catalytic sites
decreases irkar and kealKw that were about the same  change conformation in response to the rotation ofjthe

magnitude (14-fold). subunit, rotation will necessarily induce one site to form the
conformation that leads to product dissociation. Hydrogen
DISCUSSION bonds between the subunit and the catch loop of this newly
The data presented here suggest héB17 provides a  formed e site would limit they subunit rotation to 120
direct link between initial substrate binding and the energy- per catalytic event. The evidence presented here is consistent
driven conformational changes for three reasons. First, thewith the participation of the catch-loop tyrosingy(317) in
BY317 mutations are rate limiting to the step of substrate an escapement mechanism commonly used in clocks to limit
binding to the empty site and its conversion to the tight site the expenditure of a constant applied force to the incremental
during ATP synthesis. In most every case, mutations at this movement of the hands. It is noteworthy that mutations to
residue decreased the, of Mg?*—ATPase activity to a  the equivalent of MyN256 or to DDLTD (MR3315—319)
much greater extent thaka/Ky. These data indicate that in the catch loop lowered the cooperativity of Efatalysis
these mutants significantly limit the rate of product MVig and energy coupling2b).
ADP and phosphate) release but have less effect on catalysis While the data presented here clearly show thé317 is
or substrate (M§—ATP) binding. Thus, in the ATP  a metal ligand at site 3, the retention of significant catalytic
synthesis direction, this tyrosine is important for the intial activity in the Y317F mutant also shows that metal ligation
binding of Mg*—ADP and phosphate and the first confor- in itself is not a critical factor in the contribution of this
mational change that results in tightly bound substrates. Theresidue to enzymatic activity. Although Y317F and Y317G
binding of substrates to the empty catalytic site triggers the are both incapable of providing a ligand to the metal and
rotation of they subunit in response to the proton gradient both have apparently formed the same equatorial ligands to
(7) in an as yet undetermined way. This rotation in turn the VO**—nucleotide, only Y317F has substantial catalytic
changes the conformation of each catalytic site. function. The obvious difference between these residues is
Second, the results presented here showAN&t7 is a that phenylalanine has a large, hydrophobic side chain with
metal ligand when Mg —ATP binds to the activated form  substantial rigidity, while glycine essentially lacks a side
of site 3 of ChlamydomonasCF,. All of the mutants chain and increases flexibility of the catch loop. The lack of
examined here changed tB&/ hyperfine parameters of catalytic function in the other mutants examined may also
species C, the EPR species that arises from"V@ucleotide be explained by the absence of a large, rigid group at this
bound to the activated and catalytically competent form, but position. Displacement of a bulky side chain by the metal
had no effect on species B, the form that predominates in nucleotide may be sufficient to deform the catch loop enough
the latent, nonfunctional state. The decreases in the ratio ofto break the hydrogen bonds and allow the rotation ofythe
EPR species C/B observed for all mutants indicate that the subunit. It is very likely that this is one of a few groups on
binding of VO** —nucleotide to the functional species C form the enzyme involved with the coupling of substrate binding
is less favorable in the mutants than in wild-type;CiE is andy subunit rotation-induced conformational changes.
noteworthy that the mutations caused similar changes in the It is noteworthy that His465 of the helicase domain from
ratio of species C/B as to the differences betwkgnand the helicase primase of bacteriophage T7, which shares the
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same structural core with thg RTPase, occupies a position
closely similar to the Fcatch-loop tyrosine26). The T7

helicase forms a hexameric ring of subunits around one strand 12

of duplex DNA much like kagfs surrounds thes subunit

(27,

28). The unwinding of DNA by the T7 helicase results

from dTTPase-driven rotation of this strand of DNA via a

binding-change type mechanism in a manner similar to the

ATPase-driven rotation of thg subunit 9). On the basis
of the position of T7 helicaseHis465 in the loop that
connects the metalnucleotide binding site to the site of

contact with the rotating DNA strand, this residue has been

postulated to act as a conformational switch in rotati).(
Little is known about the binding site for the divalent metal
that is a required cofactor for nucleotide hydrolysis in T7
helicase 26). Consequently, more work is required to
determine if T#His465 and CEBY317 serve a similar

function.
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