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ABSTRACT. Metal ligands of the V@& —adenosine diphosphate (ADP) complex bound to high-affinity
catalytic site 1 of chloroplast;Fadenosine triphosphatase (CkTPase) were characterized by electron
paramagnetic resonance (EPR) spectroscopy. This EPR spectrum contains two EPR species designated E
and F not observed when VfO-nucleotide is bound to site 3 of GFSite-directed mutation8E197C,
PE197D, andBE197S inChlamydomona&€F; impair ATP synthase and ATPase activity catalyzed by
CFF, and soluble CE respectively, indicating that this residue is important for enzyme function. These
mutations caused large changes in¥Aéhyperfine tensors of V& —nucleotide bound to site 1 but not

to site 3. Mutations to the Walker homology B aspart#®262C, fD262H, and fD262T of
Chlamydomona€F, caused similar effects on the EPR spectrum of%#QADP bound to site 1. These
results indicate that the conversion of the low-affinity site 3 conformation to high-affinity site 1 involves
the incorporatiorE197 andsD262 as metal ligands.

During ATP synthesis, the initial binding of ADP and conformations of the catalytic sites. The conformations of
phosphate to the;F, ATP synthase triggers a conformational each of the three catalytic sites in the crystal structure,of F
change in the F portion that increases the binding affinity ~ from bovine heart mitochondria diffeR). One site contains
of the substrates at this catalytic sifg.(In this high-affinity Mg?"-AMPPNP (31p), one has bound Mg—ADP (8pp), and
conformation, the equilibrium of bound substrates and one is empty ). However, when crystallized with nucle-
products is close to unity. At an adjacent catalytic site, a otide in the absence of Mg, the 383 portion of rat liver
conformational change also occurs that results in a decreasenitochondrial ir shows 3-fold symmetry despite the presence
in the affinity of this latter site for ATP relative to ADP. In  of the y subunit B).
this manner, the energy from the transmembrane proton The Mg*-induced structural asymmetry of the catalytic
gradient is used to maintain cellular ATP concentrations in sites also causes the large differences in nucleotide affinities
excess of that which would exist at equilibrium. (8). In the absence of Mg, the three catalytic sites of

Threea and threes subunits of ¢ alternate to form a  Escherichia coliF, bind ATP with the same affinity.
ring through which thex-helical coiled-coil of they subunit However, when ATP binds as a complex with Mgthe
passesd, 3). The asymmetry of thg subunit contributes to  affinity for nucleotides between the catalytic site conforma-
the formation of the different conformations of the catalytic tions can differ by as much as 5 orders of magnitude. This
sites that are primarily located on tife subunits. They suggests that the differences in affinity may in part result
subunit rotates as a result of ATPase activity catalyzed by from changes in the metal ligands during the conformational
purified F (4—6). Thus, during ATP synthesis, the,-F  changes at the catalytic sites.
mediated proton flux is believed to drive the rotation of the ~ Magnesium is difficult to study due to the lack of
y subunit in the opposite direction and thereby induce spectroscopic properties and is difficult to distinguish from
conformational changes of all the catalytic sites at the samewater in a crystal structure. Vanadyl%=0)2* provides a
time. direct probe of the types of groups that serve as ligands to

Nucleotides bind to the catalytic sites as a complex with the R metal cofactor $—11) because thé andg tensors
Mg?" that serves as a cofactor for the reactién The metal derived from the EPR spectrum of the bound ¥/Gre a
cofactor is required for the formation of the different direct measure of the nature of the equatorial metal ligands
(12). The observation that site-directed mutations of a metal

* This work was supported by National Institutes of Health Grant ligand change thé’V hyperfine parameters of the EPR
GM50202. spectrum of Izbound VG in a perceptible and predictable
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! Abbreviations: AMPPNP, 'sadenylyl imidodiphosphate;:Fex- . - . . .
trinsic membrane portion of the, ATP synthase, Cf; chloroplast Binding specificity studies of nucleotides to catalytic and
F1; EFy, Escherichia coliFy; MF4, mitochondrial f; TF;, thermophilic noncatalytic sites on spinach chloroplast iRdicate that

bacterial k; FRET, fluorescence resonance energy transfer; P-loop, ; ; ; ;
phosphate-binding loop: PMS, phenazine methyl sulfate: TNP nucleo- nucleotides bind to four sites that cannot be readily removed

tides, 2(3)-trinitrophenyl nucleotides; WHB, Walker homology B~ BY ge] f"trati(_)n or qia|y.SiS- Sites 2 and 5 are nqncatalytic
sequence; catch loop, mitochondrial fEsidueg3Y311—319. and bind at sites primarily composed of theubunits {4).
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These sites bind ATP or'®&adenylyl imidodiphosphate
(AMPPNP) only as a complex with Mg but will not bind
ADP in the presence or absence of the cofactor. Upon
isolation there exists about 1.5 mol of ADP/mol of CF
distributed between catalytic sites 1 andL8)( Dissociation

of ADP from sites 1 and 4 is slow. However, nucleotides in
the medium can exchange into these sitg}.(Nucleotides

Chen et al.

Sequences of DNA were obtained by ABI PRISM
automatic sequencing to confirm the mutations in the
plasmids. The sequencing primer wslSCGTACAGCTC-
CTGCTTTCG. The mutated plasmids were purified by
cesium chloride ultracentrifugation and diluted to 1 mg/mL
prior to storage at-20 °C.

Transformation of the DNA plasmid containing mutated

exchange into site 4 much more slowly than at site 1 where atpB genes intoC. reinhardtii CC-373 cells employed

the metat-nucleotide complex exchanges more readily than
nucleotide alonel(7). The rate of exchange at this latter site
is also accelerated by the depletion of theubunit from
the enzyme18). Nucleotide can also bind to catalytic site 3
(16). Due to the lower affinity of site 3, the enzyme can be
depleted of nucleotide from this site by gel filtration.

biolistic methods using the PDS-1000 particle delivery
system (Du PontNew England Nuclear)2l). Southern
blots with3?P-labeled pBam10-spec as the probe were used
as an initial screen to identify homoplasmic mutants and were
confirmed by double-stranded DNA sequenci2g)(
Biochemical Characterization of C. reinhardtii Mutants.

Fluorescence resonance energy transfer (FRET) measurece” cultures were maintained for ea€h reinhardtii strain

ments made with TNP nucleotides bound specifically at CF

as described by Hu et al21). The growth curves of the

sites -3 enabled the positions of these sites to be mappedmutants were determined by the change in optical density
relative to each other and to locations of fluorescent groups (Cell scattering) at 720 nm under photoautotrophic conditions

covalently modified at unique locationd9). The most
extensive characterization of metal ligands by 2/@PR
spectroscopy has been of Cite 3 of which little is known
from crystallographic methods. The ATPase activity off CF
is latent upon purification from Jand the thylakoid

(21). For PMS-dependent photophosphorylation measure-
ments, the thylakoid particles were prepared according to
Hu et al. @1). Assays were donenia 1 mL volume of
reaction mixture that contained 1@ of chlorophyll of dark-
adapted thylakoid membranes, 50 mM Tricine-NaOH (pH

membranes but can be activated by reduction of a disulfide 8.0), 10 mM NacCl, 0.2 mM MgG| 2 mM NaHPO,, 0.2

on they subunit. In the latent form, the predominant EPR
species observed when ¥G-ADP complex is tightly bound
to site 3 is known as species B(Q 11). Under these
conditions the Walker homology B (WHB) aspartate, which
is /D262 inChlamydomona€F,, was identified as a metal
ligand at site 3 Z0). The P-loop threoninepsT168 in
Chlamydomona€F,;) is not a metal ligand in site 3 of latent
CF, but becomes a ligand in lieu of the Walker homology

mM ADP, 2.0x 1° cpm [0-*?PJADP, 50 mM dithiothreitol,
and 0.08 mM phenazine methyl sulfate. The reaction
mixtures were illuminated with an Oriel-66181 lamp at 25
°C. The reactions were stopped by the addition of 4%
trichloroacetic acid.

To measure ATPase activity, ammonium sulfate-precipi-
tated Ck was desalted o a 1 mL centrifuge column of
Sephadex G-50 in 100 mM Tricine (pH 8.0) and then stored

B aspartate upon activation when the EPR signal intensity in 20 mM tricine (pH 8.0), 10 mM KCl, 1 mM EDTA, and

from species B is converted to speciesiG)(

We now report the characterization of the EPR signal that
results when V@ —ADP is bound to high-affinity catalytic
site 1 of Chlamydomona€F:-e. Analysis of the effects of
site-directed mutations made/f®262 (the WHB aspartate)
and to SE197 on this EPR spectrum indicate that these
carboxyl groups coordinate the metal bound in this confor-
mation and contribute significantly to the affinity of site 1
for the metal-ADP complex.

EXPERIMENTAL PROCEDURES

Construction of Ck Mutants. Strains CC-125 and CC-
373 were obtained from th€hlamydomonas reinhardtii
Culture Collection at Duke University. The template for

double-stranded, oligonucleotide-mediated, site-directed mu-

tagenesis was the pBam10.3-spec plasr@ijl. (The D262
mutants were made as described by Hu et2)). (The same
protocol was used to make th@E197 mutations. The

5 mM ATP. ATPase activity was activated by incubating
soluble Ck in buffer containing 50 mM dithiothreitol and
20% (v/v) ethanol fo 1 h prior to assay. ATPase activity
was determined by use of an ATP-regenerating system
coupled to the oxidation of NADH. Each assay contained
20 mM tricine (pH 8.0), 1 mM EDTA, 50 mM dithiothreitol,

2 x 1¢ cpm [0-*2P]ATP, 11 mM MgC}, 10 mM ATP, 5
mM phosphenobpyruvate, 0.25 mM NADH, 8.5 units of
pyruvate kinase, and 7.5 units of lactic dehydrogenase. The
reactions were initiated by adding 1@ of CF, followed

by incubation at 37C. The reaction rate was based on the
initial rate of change of absorption at 340 nm to measure
the NADH concentration with a molar extinction coefficient
of 6220, typically within the first 30 s.

Preparation of Soluble CFand Ch-¢. Purification of Ch
from Chlamydomonashylakoids was accomplished as per
Hu et al. @1). The enzyme was depleted of metal-nucleotide
complex from site 3 according to Chen et al3), The
concentration of purified GFwas determined with an

Chameleon double-stranded mutagenesis kit (Stratagene) wasxtinction coefficient ofe = 0.483 cni (mg of CR)™! at

employed to generatatpB mutations on pBam10.3-spec
following the provided protocol with two primers. The
mutagenesis primers were as followE197C sGTTGGT-
GAACGTACCCGGTGCGGTAACGACCTTTAg; SE197D,
sGTTGGTGAACGTACCCGGGACGGTAACGACCTTT-
ACgs; and E197S,sGTTGGTGAACGTACCCGGTCCG-
GTAACGACCTTTAG;. The selection primer that changed
the restriction siteXmn to BamH|l was PsgCGCCCCGAA-
GAACGGATCCCAATGATGAGCAG.

277 nm (6).

Purification of Ch-¢ from Chlamydomonagollowed the
protocol used for spinact28) with some modifications. The
solubilized enzyme incubatedrfa h in buffer that contained
25 mM Tris-HCI (pH 7.9), 2 mM ATP, 5 mM DTT, 7.5%
(v/v) glycerol, and 5% (v/v) ethanol. The protein was put
on a chromatography column containing DEAE-cellulose that
had equilibrated at room temperature with a buffer that
contained 25 mM Tris-HCI (pH 7.9), 2 mM ATP, and 5 mM
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Table 1: Functional Comparison of Wild-Type afi#197 Mutants

photoautotrophic ~ ATP synthesis ATPase
genotype  growth raté (%) activity® (%) activity© (%)
WT 100 100 100
PE197C 6 4 3
BE197D 9 27 13
PE197S 5 10 5

aMeasured as the rate of increase in optical density (cell scattering) b

of the liquid culture at 720 nm in log phase at 26 with a light
intensity of 80uE M~2 s7%. P Based on the rate of 250mol of ATP
(mg of chlorophylth)* with Mg?*—ADP and phosphate concentrations
of 0.2 mM and 3 mM, respectively, with thylakoids from wild type.
¢ Based on the rate of 948mol of ATP hydrolyzed (mg of CFmin)*
with 10 mM Mg —ATP with CF purified from wild-type
Chlamydomonas

dithiothreitol. After the column was washed with equilibrat-
ing buffer, thee-subunit was eluted with buffer that contained
25 mM Tris-HCI (pH 7.9), 2 mM ATP, 5 mM dithiothreitol,
30% (v/v) glycerol, and 20% (v/v) ethanol. The column was
washed with buffer containing 25 mM Tris-HCI (pH 7.9),
and 2 mM ATP, and then Gk was eluted with buffer
composed of 25 mM Tris-HCI (pH 7.9), 2 mM ATP, and
400 mM NacCl.

CFy-¢ was depleted of metainucleotide complex bound
to site 1 by gel-filtration chromatography with Sephadex
G-50 equilibrated in buffer containing 50 mM HEPES (pH
8.0), 2 MM EDTA, 1 mM ATP, and 500 mM NaCl. The
fraction that contained GFe was concentrated to about 2

mL and then eluted from a second Sephadex G-50 column

equilibrated with 50 mM HEPES (pH 8.0), 1 mM ATP, and
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Ficure 1: Parallel regions of V& EPR spectra of V& —ATP
bound to site 3 of CFfrom (a) wild type, (b) SE197C, €¢) SE197D,

and @) SE197S mutants o€hlamydomonasEach spectrum was
obtained after addition of 1 equiv of VVO—ATP to a solution
containing 60 mg of CE Other EPR conditions were as follows:
microwave frequency, 9.5609 GHz; number of scans, 250; field
modulation frequency, 100 kHz; modulation amplitude, 0.5 mT;
sweep rate, 0.95 mT/s; time constant, 82 ms; microwave power,

500 mM NacCl to remove EDTA. The sample was concen- 1.0 mw, temperature, 100 K. Simulated spectra for species B (solid

trated to 0.3 mL in 50 mM HEPES (pH 8.0) and 175 mM
NaCl.
EPR Measurement€W-EPR experiments were carried

out at X-band (9 GHz) using a Bruker 580E spectrometer

with a TEo, rectangular standard cavity and a liquid nitrogen

flow cryostat operating at 125 K. Simulations of these EPR

lines) and species C (dotted lines) were generated by the program
QPOWA with the experimental conditions above ahdhyperfine
parameters from Table 2.

40 h, although E197D sustained photoautotrophic growth for
a longer duration than E197C and E197S.

spectra were accomplished with the computer program The rates of photophosphorylation of thylakoids isolated

QPOWA @4, 25).

from the wild-type and mutant preparations are also sum-

To estimate the types of groups that serve as equatoria|marized in Table 1. The rates were determined within 30

ligands to VG* in each mutant, the observed valuesfgf
derived from simulation of the EPR spectrum by QPOWA

min of cell disruption where the extent of uncoupling induced
by thylakoid purification was not limiting to the photophos-

were compared with values of these tensors calculated withPhorylation rate 21). The activity of the E197D mutant, the

the coupling constants obtained from model studi€s Z6)
by

A1|calc = Z niAﬂi/4 (1)

wherei counts the different types of equatorial ligand donor
groups,ni(=1—4) is the number of ligands of typeandA;

most conservative change, was 27% that of the wild type.
The activity of the other mutants was10% of wild-type
activity.

The effects of the mutations on ATPase activity of purified
CF, were about the same as on photophosphorylation (Table
1). The highest activity was observed with the E197D mutant
(13% of wild type), while E197C had the lowest activity

is the measured coupling constant for equatorial ligand donor (3%). No significant differences in the yield or subunit

group of type (12). Similar equations were used to calculate
gi from a given set of equatorial ligands for comparison with
those derived experimentally.

RESULTS

Effects of JE197 Mutations on Catalytic Aclity. The
relative ability of the mutant and wild-type strains of
Chlamydomona® grow under photoautotrophic conditions
is shown in Table 1. All of the E197 mutants affected the
rate of photoautotrophic growth significantly. The initial

composition of purified CFwere observed between the wild
type and E197 mutants.

Effects ofSE197 Mutations on EPR Species from¥/©
ADP Bound to site 3 of GFFigure 1a shows parallel features
of the EPR spectrum of V@ bound as the V& —ATP
complex to site 3 of CFfrom wild-type Chlamydomonas
The types of groups coordinated at the equatorial positions
of VO?* strongly affect the magnitude af, and A, that
determine the position of the center of the parallel transitions
and the spacing between them, respectively. Of the eight

doubling times of E197D, E197C, and E197S were about transitions that result from that fraction of \¥Omolecules
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Ficure 2: Parallel regions of V& EPR spectra of the VO—
ADP complex bound to site 1 of Gf from wild-type Chlamy-
domonasOne mole equivalent of a 1:1 mole ratio of ¥O-ADP
was added to 38 mg of Gk as prepared in Experimental
Procedures. EPR conditions were as follows: field modulation
frequency, 100 kHz; modulation amplitude, 0.5 mT; sweep rate,
0.95 mT/s; time constant, 82 ms; microwave power, 1.0 mW,

Chen et al.

Table 2: 5%V Hyperfine Tensors of EPR Species Observed from
Vanadyl Bound as V& —ATP to site 3 of Wild-Type angBE197
Mutants of Ck

species B species €
genotype A (MHz) o] A (MHz) i
wild type 497.5 1.9475 456.5 1.9575
E197C 497.5 1.9475 456.5 1.9575
E197D 497.5 1.9475 456.5 1.9575
E197S 497.5 1.9475 456.5 1.9575

a Derived by simulation of the experimental spectra with QPOWA.

spectra b, ¢, and d, respectively. Simulation of these spectra
resulted in the same values Af andg, that were observed
with the wild-type enzyme (Table 2). Thus, E197 is not an
equatorial ligand to V& at site 3 in the conformations that
give rise to either species B or species C.

Characterization of EPR species from %G ADP Bound
to CF-e. Addition of 1 equiv of VG*—ADP to wild-type
CF-¢ prepared as described in Experimental Procedures
resulted in the EPR spectrum shown in Figure 2. Under these
conditions, the metalADP complex preferentially binds to
site 1 of the enzymél@). Three EPR species were observed.
The simulated spectra that provide the best fit to each species
are also shown in Figure 2. These spectra were obtained
under the experimental conditions with the valuesApand
gy shown in Table 3.

microwave frequency 9.661350 GHz, 160 scans, temperature, 125 The majority of the signal intensity (54%) derived from

K. Simulated spectra for species E with = 521 MHz andg, =
1.9390 @), species F withA; = 501.5 MHz andy, = 1.9455 b),
and species C withy, = 456 MHz andg, = 1.9575 €) were
generated by the program QPOWA with the experimental conditions
above and théV hyperfine parameters from Table 3.

=712 =512 +3/2

+512 +1R

L . i i . i
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Ficure 3: Parallel regions of V& EPR spectra of V& —ADP
bound to Ch-¢ from the SE197D mutant ofChlamydomona®ne
mole equivalent of a 1:1 mole ratio of VO-ADP was added to
12 mg of Ch-¢. EPR conditions were as follows: field modulation
frequency, 100 kHz; modulation amplitude, 0.5 mT; sweep rate,
0.95 mT/s; time constant, 82 ms; microwave power, 1.0 mW,;

VO?"—ADP bound to site 1 in a manner that gave rise to an
EPR species designated species F for which the valdg of
was 501.5 MHz. On the basis @ alone, it appears that
this species might be similar to EPR species B observed
when VG*—nucleotide is bound to site 3 of latent CF
However, the simulated spectrum of EPR species B, based
on the®V hyperfine couplings in Table 2, is not a good fit
to this spectrum due to differencesgn Thus, EPR species

F results from V@™ bound in a manner that differs from
that which gives rise to EPR species B. An EPR species
designated species E for which the valuépfvas 521 MHz
accounted for 36% of the signal intensity. The remaining
10% of the EPR signal intensity resulted from a species with
5W/-hyperfine tensors closely similar to EPR species C that
originates from VG"—nucleotide bound to site 3.

The best fit of EPR species E to eq 1 is consistent with
three equatorial oxygen ligands from carboxyl or phosphate
groups and one equatorial oxygen ligand from a water
molecule. The equatorial ligands that fit best with EPR

temperature, 125 K; field modulation frequency, 9.65741 GHz; Species F to eq 1 differ from species E only in that a hydroxyl
number of scans, 808. The simulated spectrum (dotted line) wasoxygen from a tyrosine is the fourth ligand in lieu of the

generated from the'V hyperfine parameters in Table 3. water. The residue analogous@blamydomona€F,8E197
where the molecular axis (defined by the oxo bond) is aligned is within 5 A of the Mg" at the/3pe site of bovine Mk as
parallel with the magnetic field, the-"/y, —5, +3, is the Walker homology B aspartatg§262 in Chlamy-
+5/5, and+7/4 transitions (shown) do not overlap with the domona}(2). The effects of mutations to these residues on
perpendicular transitions. the binding of V3*—ADP to site 1 of Cl-¢ were examined
Two sets of parallel transitions are observed in Figure 3 for changes in thé'V hyperfine tensors as an indication of
from VO2*—ATP bound to latent site 3 that correspond to metal coordination.
EPR species B and C as reported previoudl@).( The Effects ofSE197 Mutations on EPR Species from%/©
simulated spectra for EPR species B and C (continuous andADP Bound to Cl¢. Figure 3 shows parallel transitions of
dotted lines, respectively) were derived from the values of EPR spectra of V& bound as V@ —ADP to Ch-¢
A, andg, shown in Table 2. The parallel transitions of the containing theBE197D mutation. The total intensity of the
EPR spectra from V& —ATP bound to site 3 of the E197C, EPR signal is directly proportional to the amount of %O
E197D, and E197S mutants of C&re shown in Figure 1,  bound to the enzymelB). The signal intensity per mole of
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Table 3: 5V Hyperfine Tensors of EPR Species Observed from Vanadyl Bound &-VADP to Wild-Type and Mutant Cfe

total signal signal intensity
intensity? of each EPR speciés
genotype (% of wild type) AP (MHz) aP (% of wild type)
wild type 100 456.5 1.9575 16 2 species C
501.5 1.9455 54t 4 species F
521.0 1.9390 365 species E
BE197D 16 456.5 1.9575 162
PE197C 41 457.5 1.9575 w2
497.5 1.9475 32
PE197S 41 456.5 1.9575 01
497.5 1.9475 323
pD262H 56 456.5 1.9580 251
498.0 1.9475 31
pD262T 51 458.0 1.9575 261
496.5 1.9475 261
pD262C 46 457.5 1.9575 21
497.5 1.9465 14-2
529.5 1.9370 2% 2

aCalculated as intensity (mole of GE-scan)?. ® Derived from the simulation of the EPR spectrum with QPOWA&alculated as intensity
(mole of CR-e-scanj?* as a percentage of the total signal intensity of wild type.

-12 -512 +3/2 +5/2 +7/2 =712 -5/2 +3/2 +5/2 +7/2
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Field (Gauss) .

L 1 !
FiGURE 4: Parallel regions of V&-EPR spectra of V& —ADP 2700 3100 3900 4300
bound to Clr¢ from the fE197C mutant o€hlamydomonane Field (G

mole equivalent of a 1:1 mole ratio of VVO-ADP was added to ield (Gauss)

25 mg of Ch-¢. EPR conditions were as follows: field modulation  Fgyre 5: Parallel regions of V& EPR spectra of V& —ADP
frequency, 100 kHz; modulation amplitude, 0.5 mT; sweep rate, hound to Ci-¢ from the fE197S mutant o€hlamydomonaOne

0.95 mT/s; time constant, 82 ms; microwave power, 1.0 mW; mole equivalent of a 1:1 mole ratio of VVO-ADP was added to
temperature, 125 K; field modulation frequency, 9.663416 GHz; 18 mg of Ch-¢. EPR conditions were as follows: field modulation
number of scans, 360. Simulated spectra obtained from the EPRfrequency, 100 kHz; modulation amplitude, 0.5 mT; sweep rate,
conditions above withy = 497.5 MHz andg, = 1.9475 @) or .95 mT/s; time constant, 82 ms; microwave power, 1.0 mW;
with A; = 456.5 MHz andg, = 1.9575 p) were generated as in  temperature, 125 K; field modulation frequency, 9.66169 GHz;
Figure 2. number of scans, 362. Simulated spectra obtained from the EPR

conditions above witth, = 497.5 MHz andg, = 1.9475 @) or
enzyme per scan of the E197D mutant was only 16% that .. A, = 456.5 MHeralndg” = 1.9575 b) wg”re generateg)as in

of the wild type (Table 3). Thus, compared to the wild-type Figure 2.

enzyme, very little binding of V& —ADP occurred. A single

EPR species was observed for which tH¥-hyperfine carboxyl or phosphate groups, a hydroxyl oxygen from serine

coupling was closely similar to EPR species C of site 3 or threonine, and a water molecule. The EPR species

(Table 3). comparable to species C of site 8 & 456 MHz) was still
The E197C and E197S mutations affected the binding of present. On the basis of the signal intensity per mole of

VO?"—ADP to site 1 of Cl¢ in a similar manner (Figures  enzyme per scan, the signal intensity of this species in both

4 and 5). The signal intensity per mole of enzyme per scan mutants was about the same (10%) as observed in the wild

of these mutants was about half (41%) that observed with type.

wild type. Neither EPR species E or F was observed with  Effects 0fD262 Mutations on EPR Species from4©

these mutants. Instead, the majority of the signal intensity ADP Bound to Clre. The EPR spectra from VAO—ADP

in the spectra of the E197C and E197S mutants derived frombound to site 1 of Cfe that contain the WHB aspartate

an EPR species for whichy was 497.5 MHz. Thev mutationgsD262H and5D262T are shown in Figures 6 and

hyperfine tensors of this species are closely similar to those 7, respectively. The effects of these mutations on the EPR

of EPR species B of site 3. The equatorial ligands for this spectra were similar to those of the E197C and E197S

species that fit eq 1 best consist of two oxygens from mutations. The total signal intensity per mole of enzyme per
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FiGURE 6: Parallel regions of V& EPR spectra of V& —ADP
bound to Ck-¢ from the5D262H mutant ofChlamydomona®ne
mole equivalent of a 1:1 mole ratio of VO-ADP was added to
15 mg of Ch-¢. EPR conditions were as follows: field modulation
frequency, 100 kHz; modulation amplitude, 0.5 mT; sweep rate,
0.95 mT/s; time constant, 82 ms; microwave power, 1.0 mW,;
temperature, 125 K; field modulation frequency, 9.66251 GHz;

3900

number of scans, 180. Simulated spectra obtained from the EPR

conditions above withh, = 497.5 MHz andg, = 1.9475 @) or
with A, = 456.5 MHz andg, = 1.9575 p) were generated as in
Figure 2.

-7/2 =512 +3/2 +5/2 +7/2
a
b
1 s 1 | \ J
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Ficure 7: Parallel regions of V& EPR spectra of V& —ADP
bound to Ch¢ from the$D262T mutant oChlamydomonane
mole equivalent of a 1:1 mole ratio of VO-ADP was added to
15 mg of Ck-¢. EPR conditions were as follows: field modulation
frequency, 100 kHz; modulation amplitude, 0.5 mT; sweep rate,

Chen et al.
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Ficure 8: Parallel regions of V& EPR spectra of V& —ADP
bound to Ch-¢ from the3D262C mutant ofChlamydomonagne
mole equivalent of a 1:1 mole ratio of VVO-ADP was added to
27 mg of Ch-¢. EPR conditions were as follows: field modulation
frequency, 100 kHz; modulation amplitude, 0.5 mT; sweep rate,
0.95 mT/s; time constant, 82 ms; microwave power, 1.0 mW;
temperature, 125 K; field modulation frequency, 9.659345 GHz;
number of scans, 425. Simulated spectra obtained from the EPR
conditions above witl®y, = 529 MHz andg, = 1.9370 @), with A,

= 497.5 MHz andy, = 1.9475 b), and withA; = 456.5 MHz and

o = 1.9575 €) were generated as in Figure 2.

similar to species B of site 3A( was 498 MHz) was
observed. The signal intensity of this species was comparable
to that observed in GFe that contained the E197C and
E197S mutants.

Figure 8 shows parallel transitions of EPR spectra of VO
bound as V@ —ADP to CR-e containing theD262C
mutation. As with the other mutants, the affinity of ¥G-
ADP for site 1 was decreased by about 2-fold from wild-
type Ch-¢ (to 46% of wild type, Table 3) and EPR species
E and F were not observed. The EPR species wjthf 456
MHz (equivalent to species C) was present with the same
relative signal intensity (9%) as in the wild type (Figure 8c).
Although the EPR species similar to species B of site 3 was
observed, its signal intensity was about half (14%) of that
observed in CFe that contained the other mutants examined
(Figure 8b). An EPR species wity = 529 MHz comprised
the majority of the signal intensity (23%) observed im&F
that contained the D262C mutation (Figure 8a). The equato-

0.95 mT/s; time constant, 82 ms; microwave power, 1.0 mW; rial ligands for this species that fit best to eq 1 consist of
temperature, 125 K; field modulation frequency, 9.662505 GHz; two oxygens from carboxyl or phosphate and two oxygens
number of scans, 400. Simulated spectra obtained from the EPRfrom water molecules. Thus, this species differs from species

conditions above withy, = 497.5 MHz andg, = 1.9475 @) or i St
with A, = 456.5 MHz andy, = 1.9575 b) were generated as in E by a single substitution of a carboxyl for a water molecule.

Figure 2. DISCUSSION

scan of the D262H and D262T mutants was-18% higher The results presented here describe the binding environ-
(56% and 51%, respectively) than in the E197C and E197Sment of the metatADP complex at the high-affinity
mutants (Table 3). These small increases in total intensity catalytic site 1 of Cre that is clearly distinct from that found
were due to an increase in the amount of the signal intensity at the low affinity catalytic site 3. The data indicate that both
comparable to species C of site® & 456 MHz). As with E197 and D262 contribute ligands to the metal cofactor only
the other mutants, an EPR species Wi hyperfine tensors  in the high-affinity conformation of the activated enzyme.
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FiIGURE 9: Summary of effects of mutations on the metal coordination o \*@ADP bound to site 1 of Cfe. The types of groups shown
as equatorial ligands were derived from best fits of ¥&hyperfine values from Table 3 to eq 1.

The Mg" cofactor is required to induce the catalytic site carboxyl groups from both residues serve as equatorial metal
conformations that differ in their affinity for nucleotid8&)( ligands. In most of the mutants, addition of ¥'G-ADP to
Thus, the conformational changes that promote the selectiveCF-¢ resulted in the formation of an EPR species that closely
release of ATP from the enzyme result in part from changes resembles EPR species B from ¥G-nucleotide bound to
in the coordination of the metal. site 3 of latent CE However, it is unlikely that this EPR
The >V hyperfine tensors of V& —nucleotide bound to  species results from VA—ADP bound to site 3 in the
the EPR species C form of site 3 was not affected by either species B conformation for two reasons. First, activation of
the mutations to E197 (Figure 1) or to D2620), indicating the enzyme converts the VO-ADP bound to site 3 from
that neither residue was an equatorial &%digand in this the species B to the species C ford0,(11). Second, the
conformation. Of the three EPR species observed uponD262 mutations have been shown to change thé
addition of 1 equiv of V&"—ADP to site 1 of Cl¢, the hyperfine parameters of species B from ¥@nucleotide
species closely similar to the activated form of site 3 (species bound to site 3Z0). However, niether the value & nor g
C) comprised about 10% of the bound %G-ADP. Neither from the “species B-like” signal of V&—ADP bound to
the E197 or D262 mutations altered the abundanc&\or site 1 was affected by these same mutants (Table 3). Thus,
hyperfine parameters of this species significantly. Thus, aboutit is unlikely that the mutations created a condition in which
10% of the VG™—ADP probably became bound to site 3 the meta-ADP complex bound to the latent form of site 3
of CFi-e. Since depletion of the subunit activates the preferentially to site 1.
enzyme, EPR species B, observed wher?¥&hucleotide Figure 9 shows a summary of the most probable equatorial
is bound to site 3 of latent GKFigure 1), is not anticipated  ligands in each mutant based on the types of groups that
to be present under the conditions in which %¥©ADP is best fit as equatorial ligands calculated from eq 1 with the
bound to site 1 of CFe. values ofA, andg, from Table 3. The presence of this EPR
Under the conditions in which VO—ADP is bound to species withA, = 498 MHz (similar to species B) when
site 1 of Ch-¢ presented here, the metaducleotide complex ~ VO?"—ADP is bound to site 1 of the E197 and D262 mutants
can exist in either of two conformations that give rise to is explained by a hydroxyl ligand from a serine or threonine
EPR species E and F. All of the mutations to E197 and D262 in lieu of the carboxyl group that was mutated. With the
examined affected these EPR species indicating that theE197C and E197S mutants, the carboxyl of D262 remains a
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ligand (Figure 9c), while the D262H, D262T, and D262C metal at site 313). Due to this difference in affinity, metal

mutants retain the carboxyl of E197 as a ligand (Figure 9d). coordination by E197 and D262 may be sufficient to pull

The A andg tensors that result are the same in either case.the Mg"—nucleotide complex into a position that results in

Although the identity of the hydroxyl group is unknown, the juxtaposition of nucleotide with residues such as the

the P-loop threonine is the most likely candidaZe 13). P-loop lysine that result in the overall dissociation constant
For that fraction of the wild-type enzyme in which the for nucleotide and facilitate ATP synthesis.

bound VG™—ADP gave rise to EPR species E, the ligands
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