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Vanadyl as a Probe of the Function of the
F1-ATPase-Mg+ Cofactor

Wayne D. Frasch

The Mg+ dependent asymmetry of the-RTPase catalytic sites leads to the differences in affinity for

nucleotides and is an essential component of the binding-change mechanism. Changes in metal ligands

during the catalytic cycle responsible for this asymmetry were characterized by vaviédy ©)?*,

a functional surrogate for Mg. The5V-hyperfine parameters derived from EPR spectra of VO
bound to specific sites on provide a direct probe of the metal ligands. Site-directed mutations of
metal ligand residues cause measurable changes tf\typerfine parameters of the bound ¥%Q
thereby providing a means to identification. Initial binding of the metal-nucleotide to the low-affinity
catalytic site conformation results in metal coordination by hydroxyl groups from the P-loop threonine
and catch-loop threonine. Upon conversion to the high-affinity conformation, carboxyl groups from
the Walker homology B aspartate and ME197 become ligands in lieu of the hydroxyl groups.

KEY WORDS: F1-ATPase; ifF,-ATP synthase; vanadyl.

The RF,ATP synthase uses the nonequilibrium (Hausrathet al., 1999), and the f~, from yeast (Stock
transmembrane gradient derived from photosyntheticlight et al, 1999). The threex and threeg subunits, which
energy or the oxidation of metabolites to drive the reac- fold in a similar manner, are arranged alternately like seg-
tion ADP+ P <+ ATP+ H,O beyond the point of equi-  ments of an orange around a large portion ofjttseibunit.
librium and thereby maintain high cellular concentrations The binding sites for the nucleotides are at the interfaces
of ATP. Many enzymes use ATP hydrolysis to return the betweenx andg subunits. The catalytic sites are predom-
ATP/ADP-R chemical gradient toward equilibrium as an inantly in the 8 subunits with some contributions from
energy source for catalysis. Under some conditions, the groups on the: subunits and, conversely, with the noncat-
enzyme can catalyze ATP hydrolysis that pumps protons alytic sites.
inthe reverse direction across the membrane. However, the In the structure of F from bovine mitochondria,
F1F, from mitochondria and chloroplasts employ specific the three catalytic sites are asymmetric in that one con-

mechanisms to minimize this reverse reaction. tains bound M&"—ADP (8pp), one contains bound Mg-
The intrinsic membranefprotein complex mediates  AMP—PNP (an analog of ATP)3¢p), and one is empty
proton translocation. The extrinsic membranepFotein (Be) (Abrahamset al,, 1994). Such asymmetry was pre-

complex can be solubilized from the membrane where, dicted from experiments that served as the basis of the
in the absence of fAt can catalyze ATP hydrolysis. Par-  binding-change hypothesis (O’Neal and Boyer, 1984). In
tial structures of soluble JFhave been determined from this hypothesis, the enzyme adopts a conformation at one

bovine mitochondrial i, shown in Fig. 1 (Abrahanet al,, of the three catalytic sites in which ADP and phosphate
1994), rat liver mitochondria (Bianchet al, 1998), the are tightly bound. In this high-affinity conformation, the
thermophilic BacilluPS3(Shirakiraet al., 1997),E. coli equilibrium of the ADP+ P, <> ATP+ H,O reaction is

close to unity and, therefore, the synthesis of ATP is not

1 Center for the Study of Early Events in Photosynthesis, Department of the energy'requ{nng _StEp‘ InStead’. input of energy.from
Plant Biology, Arizona State University, Tempe, Arizona 85287-1601. the proton gradient is used to drive a conformational
e-mail: frasch@asu.edu change that promotes the release of newly synthesized
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Be OE Bop structure shows threefold symmetry despite the presence
of they subunit (Bianchegt al,, 1998).

The M¢?" induced asymmetry of the catalytic sites is
also responsible for the differences in nucleotide affinity
between these sites. Using tB¥331W mutant irE. coli
F1, Weberet al. (1993) monitored the catalytic site occu-
pancy from the quenching of the tryptophan fluorescence
that occurs when nucleotide is bound. In the absence of
Mg?*, the three catalytic sites bind ATP with the same
affinity (Weberet al,, 1993). However, when ATP binds
as a complex with Mg, the affinity for nucleotides can
differ by as much as five orders of magnitude. This sug-
gests that changes in the ligand environment of Mgay
be responsible for the observed differences in nucleotide
affinity among the catalytic sites.

Magnesium is difficult to study because of the lack
of spectroscopic probes. It is also difficult to identify in
a protein crystal structure because it has a similar size
and electron density to water. We have found vanadyl
(VV=0)?* to be a valuable tool to characterize the en-
vironment of the Mg*-binding sites in the FATPase.
Vanady! has four equatorial ligands and one axial ligand
that istransto the oxo group. As a result, the VOlig-

Fig. 1. Cross section of the 248 crystal structure of Efrom bovine heart ands adopt an octahedral configuration like that oftig
mitochondria (Abrahamat al.,, 1994) th_aF showsthe asyr_nm_etry between Due to the nuclear Sp|h= 7/2 and the anisotropy of the
the empty ) and M¢**—ADP-containing fop) catalytic sites. molecule, the single unpaired electron of ¥Qyives rise
to an EPR signal that consists of two sets of eight tran-
sitions from the fractions of molecules whereti = O
ATP. Because this conformational change can only occur bond is aligned parallel and perpendicular to the magnetic
when an adjacent empty catalytic site fills with substrate, field (Fig. 2). The center of each group of eight transitions
the conformation of catalytic sites was thought to be stag- and the spacing between them is determined by the values
gered and work in a cooperative manner. of g and A, respectively. The magnitude of these values

The observation that ATPase activity of soluble F  depends on the strength of the hyperfine coupling between
drives the rotation of thes subunit provided insight to  the unpaired electron and th®/ nucleus.
questions concerning how the catalytic subunits act in a The 5V-hyperfine coupling of V&' is sensitive to

cooperative manner (Dunca al., 1995; Sabbertt al,, the types of groups coordinated at the equatorial positions
1996; Nojietal,, 1997). The enzyme s, infact,amolecular (Chasteen, 1981). Figure 2 shows the EPR spectra and
motor. Inthe most compelling demonstrationabtation, hyperfine coupling of V& when the four equatorial lig-

an actin filament decorated with fluorescent groups was ands are either water or hydroxyl groups. The dependence
attached to the subunit of . Counterclockwise rotation  of the position of the-5/2; transition of the EPR signal

of the actin, driven by ATP hydrolysis, was observed with on the type of groups ligated is also shown in the inset
a fluorescence microscope (Neji al., 1997). Based on  of Fig. 2. Each ligand contributes independently to the
the direction ofy rotation, the sequence of conformations °V-hyperfine coupling, enabling the complement of the
of each catalytic site i§g— Btp— Bpp— Be during ATP four different ligands to be discerned (Chasteen, 1981;

hydrolysis. Markham, 1984). Based on the measured coupling con-

The asymmetry of the catalytic sites that is necessary stants ofA; from studies of model complexes, the hyper-
for the binding-change mechanism depends orythab- fine coupling for a given group of equatorial ligands can
unit and Mg™. In the absence of the subunit and Mg", be calculated from the equation

the crystal structure of thes 83 complex from the ther- _ A
mophilic BacillusPS3has threefold symmetry (Shirakira Ajcaic = D_ i Aji/4 (1)

et al, 1997). In the rat liver Fstructure, which was crys-  wherei counts the different types of equatorial ligand
tallized in the absence of Mg, theazfB3 portion of the donor groupsn; (nj =1-4) is the number of ligands of
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Fig. 2. Equatorial ligands determiftév-hyperfine, Parameters of ViO.
EPR spectra of V& with water (top) or hydroxyl groups (bottom) as
equatorial ligands. The parallel transitiorsi(2, —5/2, +3/2, +5/2,

and +7/2)) that are not superimposed with perpendicular transitions
are identified. Inset: dependence of thB/2; transition on the type of
equatorial ligands.

typei, andA; is the measured coupling constant for the
equatorial ligand donor group of typéChasteen, 1981).
Similar equations can be written foy and for Ajs,, al-
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to or less than that of ATP, higher rates of ATPase activity
were observed with V& than with either Mg+ or C&™.

In a manner similar to the free-metal inhibition caused by
Mg?*, lower rates of ATPase activity are observed when
the VO** concentration exceeds that of ATP. The rates
of VO?* dependent photophosphorylation catalyzed by
CF,F, inthylakoids are also comparable to those observed
with Mg?* as a cofactor, which indicates that ¥Ois a
functional surrogate for Mg in the intact enzyme.

Some studies suggested that some of the six total
metal-binding sites known to exist on, kvere regula-
tory sites that did not complex with nucleotide (Schobert,
1993). Although the crystal structure confirmed the pres-
ence of six metal-binding sites, each was found to be
coordinated to the bound nucleotides, and no additional
regulatory metal-binding sites were observed (Abrahams
et al, 1994). Specific catalytic or noncatalytic binding
sites of Ck can be depleted and selectively filled with
metal-nucleotide complexes (Bruist and Hammes, 1981;
Shapiroet al., 1991). Three nucleotide-binding sites were
initially characterized that were designated sites 1-3 in or-
der of decreasing affinity for nucleotide. The dissociation
constants for ATP or ADP binding to catalytic site 3 are
in the micromolar range and can be removed from CF
via gel-filtration chromatography. Site 2 binds fMgATP
specifically and with very high affinity. This noncatalytic
site remains occupied even after extensive turnover of the
enzyme. Depletion of M -ATP from site 2 requires par-
tial unfolding of Ck by precipitation inammonium sulfate
in the presence of EDTA. Gel-filtration chromatography

though the changes iA; are the largest and most easily of the resuspended protein with buffer that contains EDTA
discerned. There are 211 possible sets of equatorial igandgemoves the metal nucleotide from this site. Site 1 is cat-
to protein-bound V&' not including the smaller differ-  alytic and contains Mg -ADP, which remains bound to
ences due to oxygen coordination by carboxyl groups like the enzyme after extensive dialysis or gel filtration. How-
aspartate, carbonyl from groups like asparagine, and phos-ever, ADP or ATP in the medium will exchange with the
phate, and when rarely occurring groups that result from nucleotide bound at this site. Subsequently, an additional
post-translational modification are excluded. catalytic site was identified as site 4. This site binds nu-
The intensity of the EPR signal from VO free in cleotide extremely tightly like site 1, but can be distin-
frozen solution is suppressed by aggregation in HEPES guished from site 1 in that only site 1 can bind TNP-
buffer relative to that bound to the protein (Chasteen, nucleotides (Soteropoules al., 1994). Depletion of sites
1981). Furthermore, the signal intensity that remains from 1 and 4 of metal-nucleotide complex is facilitated by re-
the unbound V&' in solution can be distinguished from  moval of thes subunit of Ck; (Xiao and McCarty, 1989).
that which arises from enzyme-bound ¥Owhen ex- The catalytic activity of chloroplastFpurified from
amined at room temperature. At this temperature, the F, and the thylakoid membrane is latent, although ATPase
enzyme-bound V& species will still resolve the par-  activity can be activated via reduction of a disulfide bond
allel and perpendicular features usually observed at liquid on they subunit (cf Frasch, 1994). The oxidation state of
nitrogen temperatures. However, at room temperature, thethis disulfide provides one of multiple levels of interre-
VO?* in solution will only show the rotationally averaged lated regulatory mechanisms to minimize ATPase activity
EPR signal. of CF,F, in thylakoids in the absence of a proton gradient.
Purified spinach chloroplastfATPase can use The dark decay of ATPase activity in thylakoids is aceler-
VO?t as a functional cofactor for ATP hydrolysis ated by the addition of ADP that becomes tightly bound
(Housemaret al,, 1994a). At metal concentrations equal in the latent state (Smith and Boyer, 1976). Inhibition of
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Fig. 3. The—5/2; transition(s) of V3* bound to Ck as: (a) VG+-ATP

at latent site 2, (b) V& —ADP bound to latent site 3, (c) VAO—ADP
bound to activated site 3, (d) VV\O—-ATP bound to activated site 3; and
(e) VO?*—ATP bound to site 1 using GFe.

ATPase activity and the increase in affinity of the site for
ADP only occur upon the addition of Mg (Feldman
and Boyer, 1985; Zhoet al,, 1988). Under these condi-
tions, the bound ADP apparently forms a complex with
Mg?* that prevents further catalysis. This entrapment of
Mg?+-ADP serves a regulatory function inATPases
from other organisms as well (Jault and Allison, 1993,
1994).

Figure 3a shows the5/2, transition of V& bound
as the V@"—ATP complex to noncatalytic site 2 of la-
tent Ch (Housemaret al, 1994, 1995). This EPR signal
designated species A was identified as the?“@A\TP
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of a 3P nucleus from a single phosphate coordinated at
an equatorial position.

Figure 3b shows the-5/2 line of the EPR spec-
trum after the addition of one equivalent of ¥O-ADP
to latent Ck depleted of metal-nucleotide from catalyt-
tic site 3 (Housemaet al, 1994, 1995). The binding of
VO?*—ADP to site 3 gave rise to two EPR species des-
ignated B and C, with the species B form predominant.
Activation of ATPase activity of this sample with dithio-
threitol caused the signal intensity of species B to con-
vert to species C (Fig. 3c) AlthoughP splittings are not
well defined in species C, line-shape analyses suggest that
this species is comprised of a 1:2:1 triplet characteristic
of a bidentate V&"-ADP complex. The conversion of
species B to C upon activation indicates that EPR spec-
tra of bound V3™ can reveal structural changes in the
metal-binding site of the enzyme in solution. It is note-
worthy that these experiments were carried out at pH 8,
which is the pH of the stroma when transmembrane proton
gradient maintained by light-driven electron transfer reac-
tions has reached steady state and it I5 activated buy
thioredoxin-mediated reduction of tlresubunit disulfide.

In the dark, the stroma reverts to about pH 7 upon collapse
of the proton gradient when the enzyme reverts to the la-
tent form. At this pH, the V& -nucleotide bound to site
three of latent CFis almost exclusively in the form of
EPR species B.

When VO*-ATP is bound to site 3 of latent GF
EPR species B and C are also observed in the same pro-
portion as observed in Fig. 3b (Housemetral,, 1995).
Upon activation, the signal intensity from species B is con-
verted into species C and an additional species designated
D (Fig. 3d). The transitions in species D are significantly
broader than observed in the other EPR species. This may
be the result of coordination by as many as all three phos-
phates, although the splitting due ¥P-superhyperfine
coupling is not resolved in the spectrum. The metal—
nucleotides bound to high-affinity site 1 is more easily
depleted from CFafter thee subunit has been removed
(Xiao and McCarty, 1989). Addition of an equivalent of
VOZt-nucleotide to Clr¢ results in the formation of EPR
species designated E and F (Fig. 3e).

Site-directed mutations of the P-loop threonine,
a known metal ligand in bovine MHAbrahamset al,,

complex at site 2, because this species was not depletedl994), were made to thg subunit of Chlamydomonas

by extensive gel filtration, but required precipitation of
the protein in ammonium sulfate and EDTA to remove the
metal—nucleotide from this site. The integrated intensity of

CF, to determine if perceptible changes in the EPR spec-
trum of VO?* bound to catalytic site 3 could be observed
(Chenet al, 1999). Each of the three mutations exam-

species A calibrated by atomic absorption spectroscopy ofined was found to alter th&*V-hyperfine tensors of the
vanadium showed that this species saturated upon bind-bound VG&* (Fig. 4). These changes were specific for

ing of about one V& per CFH. Species A exists as a
5.2 G doublet that results from superhyperfine coupling

the VO**—nucleotide bound in the active conformation of
site 3 (EPR species C). In the latent, catalytically inactive
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ary -5y 3 52y +72y drogen bond to a water molecule that is coordinated to the
se o1 cs ¢ metal, or to coordinate to Mg directly (Al-Shawiet al,,
¢4 TR 1992; Yohdeet al,, 1988; Webeet al, 1998).

of VO?*-nucleotide bound to site 3 (Hat al, 1996, 1999;
Chenet al,, 2000). The’'V-hyperfine parameters of EPR
species B, the latent form of site 3, were affected only by
mutations made to the WHB-aspartate (étual., 1999).

M None of the mutants to the carboxyl residues anal-
ogous to MRBE188, MRBE192, and MESD256 in
> the Chlamydomona€F; significantly changed the'v-
f/—\//\v ~w YT hyperfine coupling of EPR species C, the activated form
W

| L N IS N Thus, the WHB aspartate is a ligand in the latent form
2800 3050 3700 3950 4200 of site 3, but is displaced by the hydroxyl groups as lig-
Field (Gauss) ands upon activation. The other carboxyl residues are not

equatorial ligands to V& in site 3 in either the latent or
Fig. 4. Changes in the EPR spectrum from #@-ATP bound to site 3 activated forms.
of latentChlamydomona€F; as the result of site-directed mutations
of CFT168 (():/henet al, 1&99). The parallel transitions of the EPR . The same mutants to th€hlamydomonasChy
spectrum that do not overlap with perpendicular transitions are shown reSqueS analquus to MPE192, and MirfD256 W_ere
for wild-type (a), T68D (b), T168C (c), T168L (d). The transitions that €xamined for their effects on VAW—ADP bound to site 1
result from EPR species B and C are indicated. of CF-¢ (Chenet al, 2000). Depletion of the subunit
activates the enzyme and facilitates higher occupancy of
conformation that results in EPR species B, the P-loop site 1 with metal-nucleotide complex. The changesin EPR
threonine mutants did not alter the EPR spectrum of species E and F from catalytic site 1 that result from these
VO?*—nucleotide complex bound to site 3. These data mutants indicated that both carboxyl residues are metal
indicated that this technique could be used to identify spe- ligands to the metal-nucleotide bound at this site.
cific groups as metal ligands. It also demonstrated that the In the chloroplast enzyme, the catalytic site with
latent form of Ck did not have the P-loop threonine as highest affinity (Ck site 4) binds the metal-nucleotide
a ligand but that the activation process caused the inser-so tightly that it is difficult to study. The analogous site in
tion of this hydroxyl group into the coordination sphere E. coli F; (EF, site 1) is much more easily loaded with
to make the functional form of the enzyme. metal-nucleotide (Webet al,, 1993). The EPR spectrum
Site-directed mutations of the catch loop tyro- of VO>* bound as V&"—ADP to ER is closely similar
sine (MRBY311, CRBY317 in Chlamydomongsalso to EPR species D observed with CfFig. 3d). The types
changed the values ok, and g, from EPR species C,  of equatorial ligands derived from the best fit of fi¥-
but had little effect on those of species B when3/0 hyperfine parameters to Eq. (1) suggest the presence of
nucleotide was bound to site 3. These data indicate thatthree oxygens from either phosphate or carboxyl (Asp or
this residue was also a metal ligand in the activated, but not Glu) and 1 oxygen from a hydroxyl (Ser or Thr).
the latent, conformation of catalytic site 3. Thus, the acti- The analysis of each mutant by EPR spectroscopy
vated form of site 3, the catalytic site with lowest affinity of the VO?* bound to k not only indicates whether the
for the metal-nucleotide complex contains two hydroxyl 5V-hyperfine parameters differ from the wild type, but
groups as ligands to the metal cofactor. also provides an estimate of the types of groups that the
Three carboxyl groups, MIBE188, MR SE192, and protein used as ligands in its attempt to compensate for
MF18D256, are within aboutB ofthe Mg?* bound atthe the mutation based on Eq. (1). These analyses provide in-
catalytic sites in bovine Mfsuch that they can be consid-  sight into the evolutionary pressures that resulted in the
ered candidates as metal ligands (Abrahatrad., 1994). metal ligands used by the FFor example, mutation of
In this structure, the former carboxyl is hydrogen bonded either a hydroxyl or a carboxyl ligand to a sulfhydryl typ-
to a water molecule that is 44 from they-phosphate in ically results in the sulfhydryl group as a metal ligand, but
Btp of bovine MR, (Abrahamset al, 1994), such thatthis  will often cause a second ligand to be substituted for a
residue could alternatively activate the water to promote coordinated water.
nucleophilic attack of the terminal phosphate. The latter Mutations of hydroxyl groups for carboxyl groups or
carboxylis in the Walker homology B (WHB) motifthatis the converse tend to cause the greatest disruption to the
conserved among several kfg-nucleotide-binding pro-  coordination sphere of the metal bound to the catalytic site.
teins (58). The WHB-aspartate has been suggested to hy-The most likely reason for this is that the enzyme uses
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EPR Species D i g

D. (CF,-Site 1)
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C. (CF,-Site 1)
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Fig. 5. Changes in metal ligands during the catalytic cycle pfd¥fPase identified by EPR spectroscopy of &0 The equatorial ligands in each
conformation are indicated as the residues at the corners of the blue square. The box shown provides an indication of the approximate thraé-dimension
relationship of the residues. Positive identification of the residues that give rise to EPR species D awaits confirmation with mutagenesis studies.

the hydroxyl and carboxyl ligands in the conformations equatorial ligands to V& (Fig. 5A). These groups de-
with low and high affinity for nucleotide, respectively. The fine the bottom plane of the binding pocket. Conversion
conversion between low- and high-affinity conformations to the high-affinity (Efsite 1, Cksite 4) conformation
appears to be critical to the function of the enzyme. (Fig. 5B) causes the insertion of a carboxyl group that is
Figure 5 summarizes the metal ligands identified in likely the Walker B—aspartate (MBD256) and causes the
the sequential progression of conformational states of eachdisplacement of the catch-loop tyrosine from the coordi-
catalytic site during a catalytic cycle of ATPase hydroly- nation sphere. Upon formation of ¢Bite 1 (Fig. 5C), the
sis. The amino acids that serve as ligands in one or moremetal-nucleotide moves to the top of the binding pocket
conformations are shown in three-dimensional space ap-where the carboxyls analogous to Mib256 (WHB—
proximately as they existin the catalytic site. These groups aspartate) and MiB193 are equatorial metal ligands. The
roughly define the corners of a cube in the catalytic site. hydroxyl group (probably the P-loop threonine) is not an
The equatorial ligands to VA in each conformation are  equatorial ligand to V& in this conformation, but may
those residues shown atthe corners of the blue square. Sidée an axial metal ligand. I@hlamydomona€F; site 1 the
chains indicated with question marks are the best estimateVO?"—ADP can exist in two conformation that differ only
of the ligand in that conformation at this time. In some by one ligand that is either a tyrosine hydroxyl or a water
cases, more work is also required to identify the number molecule (Fig. 5C and D). If the tyrosine ligand proves
of coordinated phosphates. to be the catch-loop tyrosine, this form may be an inter-
When the metal-ATP complex initially binds in the mediate state between the high-affinity site 1 and the low-
low affinity, site 3 conformation, hydroxyl groups from  affinity site 3 in the final conformational change that com-
the P-loop threonine and the catch-loop tyrosine form pletes the catalytic cycle as shown in Fig. 5. Alternatively,
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one of the conformations i@hlamydomona€F; site 1 F, only occurred when the catalytic sites synthesized

may represent the nonfunctional (entrapped) metal-ADP ATP.

complex thought to regulate the enzyme (Drobinshaya Vanadyl has been a useful tool to characterize the

et al, 1985). Recent evidence suggests that this is the sitechanges in the ligands of the metal cofactor through the

at which the entrapped metal-ADP complex binds (Digel catalytic cycle. As these changes are more completely dis-

et al, 1998). More experiments are necessary to resolve cerned, the molecular basis for the #gequirement for

these possibilities. the catalytic site asymmetry and the associated differences
In the crystal structure of bovine MHAbrahams in affinity for nucleotides that enables the enzyme to main-

et al, 1994), the helical domain that contains the tain the chemical gradient of ATP that provides cellular

DELSEED sequence is significantly closer to the P-loop energy are becoming more clear.

in the catalytic sites that contain Migrnucleotide than

is observed in the empty catalytic site. This implies that

the helical bundle oscillates up and down during catal-

ysis. Since the Mg -nucleotide complex is tethered to

the helical bundle viar bonding of the adenine ring with

MF18Y345, the upward movement of the helical bundle

during the transition of the catalytic site from low to high REFERENCES
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