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ABSTRACT: Vanadyl (VIV=0)* was used as a paramagnetic probe at the M2 and M3 metal-binding sites
of the spinach chloroplast F;-ATPase (CF)) in order to detect interaction of the metals with nucleotides.
The M2 site can exist in two forms in the presence of ATP. When ATP and VO?2* are added in a 1.5:1
ratio to CF|, the VO* EPR spectrum is identical to that of CF;-VO?2* in the absence of ATP. When the
M2 site is filled by the addition of ATP and VO?* in a 3:1 ratio, the VO?* binds to M2 in a second form
with equatorial coordination toa single phosphate. The treatments required todeplete CF, of the monodentate
VO?*—nucleotide complex indicate that the VO2?* is coordinated to the ATP at the noncatalytic N2 site.
The presence of uncomplexed nucleotide appears to induce formation of the second form, possibly via ATP
binding to the N3 site. This change in coordination at the M2 noncatalytic site may regulate the ATPase
activity of CF;. The M3 site also exists in two forms: (i) in latent CF;, no phosphate coordination is evident;
and (ii) after the ATPase has been activated, the EPR line shape is consistent with the two phosphates from
ADP at N3 coordinated to the VO2* at M3. This work establishes a connection between the metal- and

nucleotide-binding sites as M2-N2 and M3-N3.

The chloroplast F,F,-ATP synthase uses a transmembrane
proton gradient as a source of energy to synthesize ATP from
ADP and phosphate on the F; portion of the enzyme. When
the proton gradient dissipates, the ATPase reaction is prevented
by regulatory mechanisms that convert the enzyme from an
active to a latent form. The ATPase activity of purified F,-
ATPase from spinach chloroplasts (CF;)! is latent but can be
activated by dithiothreitol or ethanol, which either reduces a
disulfide on the 5 subunit or dissociates the ¢ subunit,
respectively [cf. Frasch (1994) for a review].

CF, has been estimated to have six binding sites for divalent
metal cations (Hiller & Carmeli, 1985). Initial characteriza-
tion of metal binding to CF, has identified three sites, M1—
M3, that can be separated due to their unique binding
properties. The M1 metal-binding site is the only site that
can resist depletion of Mg2* by a 50+ h incubation of the
protein as an ammonium sulfate precipitate in the presence
of EDTA (Houseman et al., 1994). Latent CF, depleted of
bound metals and nucleotides by this treatment will bind
divalent cations to the M2 and M3 sites in a cooperative manner
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! Abbreviations: AdoMet, S-adenosylmethionine; CF, soluble chlo-
roplast Fi-ATPase; CW-EPR, continuous wave electron paramagnetic
resonance spectroscopy; HEPES, N-(2-hydroxyethyl)piperazine-N"*2-
ethanesulfonic acid; M1, the metal-binding site with highest affinity; M2
and M3, cooperatively binding high-affnity metal sites; N1, nondissociable
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nucleotide site dissociable only upon precipitation in (NH4)2804 and
EDTA; N3; most tightly bound ADP-specific dissociable catalytic site;
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(Haddy et al., 1985; Hiller & Carmeli, 1985; Houseman et
al., 1994).

The bound metals facilitate catalysis in the CF;-ATPase
by coordinating the phosphate oxygens of the nucleotides bound
to the catalytic sites (Frasch & Selman, 1982; Carmeli et al.,
1986) as well as by binding at noncatalytic sites (Murataliev,
1992; Jault & Allison, 1993). Of the six nucleotide-binding
sites estimated to exist on CF}, five can also be identified by
unique binding properties. The ADP at the catalytic N1 site,
like the metal at the M1 site, is the only nucleotide that can
survive ammonium sulfate precipitation with EDTA for 50+
h followed by gel filtration (Bruist & Hammes, 1981). The
noncatalytic N2 site is specific for ATP, nucleotide binding
is dependent on Mg?*, and depletion of this site requires the
extended ammonium sulfate precipitation and gel filtration
treatment. The catalytic N3 site binds ADP with higher
affinity than ATP and can be distinguished from the catalytic
N4 site using gel filtration chromatography (Bruist &
Hammes, 1981; Leckband & Hammes, 1987; Shapiro et al.,
1991). The noncatalytic N5 site can be observed using Mg2+
ATP (Shapiro et al., 1991).

At least three of the metal-binding sites are associated with
the catalytic sites since the nucleotides at the three catalytic
sites coordinate the metals to facilitate catalysis. Several
indirect observations suggest that the first three M sites are
each associated with the first three N sites. Both the M1 and
N1 sites remain filled after depletion by ammonium sulfate
precipitation, and the N3 site may not have a strict metal
dependence perhaps because metal binding to the M2 and
M3 sites is cooperative (Houseman et al., 1994; Bruist &
Hammes, 1981). However, direct evidence of the interaction
between any of the M sites with a specific N site is lacking.

We recently showed that VO?* can serve as a functional
metal cofactor for the ATPase reaction catalyzed by CF,
both at the catalytic sites and at the noncatalytic N2 site
(Houseman et al., 1994). We now present a characterization
of the changes in the EPR spectrum that occur upon the
addition of nucleotides. Little difference is observed when
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VO fills the M2 site in the presence of ATP unless the ATP
concentration approaches twice the metal concentration. Under
these conditions, if the M1 site contains Mg?*, CF; binds the
VO2*-ATPas a monodentate complex. Thisis the first direct
evidence that correlates the M2 and N2 sites. Activation of
the enzyme changes the EPR spectrum of the VO2*-ADP
bound to the M3 site. This change and an apparent 3!P
hyperfine splitting are consistent with the coordination of
multiple nucleotide phosphate oxygens, suggesting a correla-
tion between this site and the catalytic N3 site.

EXPERIMENTAL PROCEDURES

Protein Purification and Sample Preparation. CF, was
isolated as described previously (Houseman etal., 1994). Metal
and nucleotide depletion procedures were the same as those
reported by Houseman et al. (1994) and Bruist and Hammes
(1981), respectively. Solutions of VO2* were prepared fresh
daily using water that had been thoroughly sparged with dry
N,(g) to remove dissolved O,. Some samples of CF; were
activated in 50 mM DTT and 20% ethanol after VO>*-ATP
or VO2*-ADP had been added to the latent form.

ATP Binding with [2,8-H|ATP. To determine whether
the ATP:VO2* ratio had an effect on the binding of ATP at
N2, binding studies were conducted with [2,8-°*H]ATP. [2,8-
SH]ATP and either VO2* or Mg2* were added to CF, in a
1.5:1:1 ratio and a 3:1:1 ratio with CF, at 0.11 mg/mL. The
mixture was then chromatographed on a 30-cm column of
Sephadex G-50-80 equilibrated in 50 mM HEPES buffer at
pH 8.0 in order to remove all nucleotide in sites N3-N6 and
all metal insites M3—-M6. The number of equivalents of [2,8-
3H]ATP left bound to the protein at the N2 site was then
measured by liquid scintillation counting,.

EPR Measurements. CW-EPR experiments were carried
out at X-band (9 GHz) using a Bruker 300E spectrometer
and a liquid nitrogen flow cryostat operating at 100K as
described previously (Houseman et al., 1994).

Determination of Relative Abundance of Species. The
abundance of protein-bound VOZ2* species was determined by
the areas of the EPR signals at the —5/2 position as per
Houseman et al. (1994). When two or more species had
overlapping signals, their contributions to the total area were
found by use of the program SpectraCalc for the IBM PC.
Given the number of Gaussian or Lorentzian peaks in a
spectrum and an initial estimate of their positions, heights,
and fuli-widths at half-heights, this program finds a best fit
of the spectrum and gives the areas corresponding to each
component. SpectraCalc was also used to select a baseline
through the data in the —5/2; region.

Atomic Absorption Spectroscopy and Correlation of EPR
Signal Intensities and VO?* Concentration. VO>*—ATP was
added to metal-nucleotide-depleted CF;, which was then
chromatographed on a Sephadex G-50-80 column to remove
all VO?* not tightly bound. The —5/2; EPR signal of bound
VO?* was integrated and correlated to the abundance of
vanadium by atomic absorption spectroscopy as described
earlier (Houseman et al., 1994).

Resolution Enhancement. Enhancement of spectral reso-
lution in CW-EPR spectra was accomplished by the Fourier
self-deconvolution method of Kauppinen et al. (1981), as
adapted for EPR by Latwesen et al. (1992). The spectrum
was Fourier transformed, deconvoluted from a Lorentzian
function (by multiplication by exp(2walt|), where o is the line
width), then apodized using the window function (1 ~|x|/L)?
(where L is entered as a parameter), and inverse Fourier
transformed. A more detailed description of the procedure
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FiGURrE 1: CF, depleted of metal and nucleotide in the presence of
(a) 1.5 ATP per VO?* and (b) 3 ATP per VO?*, Experimental
spectra taken at 100 K, 9.55 GHz, 5 G modulation amplitude, 9.52
G/s sweep rate (SR), and 100 kHz modulation frequency. Other
conditions: (a) 1 mW microwave power; 82 ms time constant (TC);
4 scans; 2.0 equiv of VO?* were added to 43.6 mg of CF; at a total
volume of 465 pL; (b) 2.5 mW microwave power; 9.5563 GHz; TC,
328 ms; 2 scans; 0.67 equiv of VO?* was added to 153 mg of CF,
at a total volume of 255 uL.
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is given by Latwesen et al. (1992). The resolution-enhance-
ment software employed for this study is a local C-language
adaptation of an original FORTRAN program, which was a
generous gift of Dr. G. H. Reed.

RESULTS

Metal Bindingin the Presence of Nucleotide. Theaddition
of a 1.5:1 mole ratio of ATP:VO?2+ tolatent CF; that had been
depleted of metals and nucleotides by incubation as a
precipitate in ammonium sulfate for 50+ h results in the EPR
spectrum of VO2* bound to CF,; shown in Figure la. This
spectrum contains the 16 lines characteristic of a single average
ligand environment of VO?* with an axial 'V hyperfine
coupling tensor (Chasteen, 1981). The binding of VO?2* in
the absence of nucleotide to the protein prepared in the same
manner results in an EPR spectrum which is virtually identical
to that of Figure 1a (Houseman et al., 1994). Inthe absence
of nucleotide, Mn2* or VO2* binds in a cooperative manner
tothe M2 and M3 sites (Haddy et al., 1985; Houseman et al.,
1994). The 31V hyperfine coupling is very sensitive to the
types of groups that comprise the equatorial ligands (Chasteen,
1981). However, because the 51V hyperfine coupling repre-
sents the weighted average of the number of each type of
ligand in a mixed ligand environment, more than one group
of ligands may give rise to very similar CW-EPR spectra.
Thus, it is possible that the M2 and M3 sites are distinct sites
with different equatorial ligands.

The EPR spectrum of VO2* that bound to CF; upon the
addition ofa 3:1 ATP:VO?* mole ratiois more complex (Figure
1b). This spectrum contains the 16-line spectrum of Figure
la, but two additional 16-line spectra are also apparent. The
individual components that compose Figure 1 are most readily
distinguished in the —5/2 region of the spectrum, which is
shown in greater detail in Figure 2. When VO?2* has bound
to CF; under conditions in which free VO?* is limiting but
ATPisin excess, the most prominent new feature in the —5/2,
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FiGURE 2: Comparison of ~5/2; features of the EPR signals that
arise from VO?* bound to CF; under various conditions. (a)Spectrum
obtained under conditions listed in Figure 1a (1.5 ATP per VO2*)
except for SR, 5.3 G/s; and 16 scans. (b) Spectrum obtained under
conditions of Figure 1b (3 ATP per VO?*) except for SR, 4.8 G/s;
TC, 41 ms; and 200 scans. (c) Spectrum of sample from spectrum
b after extensive gel filtration chromatography as described in
Experimental Procedures. Sample contained 0.375 mM CF,. EPR
conditions were the same as in b except for 9.5497 GHz and 50 scans.
(d) Resolution enhancement of ¢ using line width, 6.07 G, and L
0.011.

spectrum is what appears to be a doublet at 3020 G (feature
A, Figure 2b). This represents a shift of the —5/2) line to a
lower field by about 20 G from feature B (Figure 2a), which
arises from VO2* bound in the absence of ATP. Feature C
(Figure 2b) at about 3060 G is also present in relatively low
abundance. The integrated areas of features A-C in Figure
2bwere determined as described in Experimental Procedures.
In the average of three experiments, where the mole ratio of
CF:VO**:ATP was 1.5:1:3, relative integrated intensities of
features A—C were 40, 40, and 20%, respectively.

Figure 2c shows the EPR spectrum of the bound VO2*
after the sample of Figure 2b was depleted of metal and
nucleotide by extensive gel filtration chromatography, a
treatment known to deplete nucleotides from all but the N1
and N2 sites. Though the signal-to-noise ratio was lower due
to protein loss during the procedure, it is clear that the VO2*
that gives rise to feature A has not been removed. Incubation
of this sample as an ammonium sulfate precipitate, a treatment
that removes ATP from the N2 site, was required to remove
the VO2* bound to this site as determined by atomic absorption
spectroscopy. These results imply that feature A results from
a single species of bound VO?* rather than two different species
with overlapping spectra. Since this same treatment is required
to deplete the enzyme of nucleotide from the N2 site, which
then binds ATP in a strictly metal-dependent manner, this
strongly suggests that feature A represents the metal bound
in association with the ATP at the N2 site.

Houseman et al.
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FiGURE 3: Extent of binding of VO?* as a function of the VO*
concentration added as a 3:1 ATP:VO?* ratio to CF, to produce
feature A. The sample contained 62 mg of CF; in 0.45 mL, and the
amount of bound VO?* was monitored by the integrated signal
intensity of the -5/2; signal that corresponded to feature A.
Quantitation of the amount of bound VO?2* from the signal intensity
was determined as per Houseman et al. (1994). EPR conditions
were as in Figure 2b except for 32 scans and 82 ms TC. Calculation
of Kp is not feasible because VO?* is known to precipitate at high
pH unless it is complexed to ligands in solution,

The titration curve of feature A shown in Figure 3 further
supports the assignment of the two peaks composing feature
A in spectra b and c of Figure 2 to a doublet that arises from
a single bound VO?*, Aliquots from a solution of ATP and
VO in the ratio of 3:1 were added to nucleotide-depleted
CF; until no further increase in feature A was observed.
Throughout the entire titration, the intensities of the two peaks
inthe doublet were equal (data not shown). The EPR intensity
of feature A was integrated and correlated to the amount of
bound VO?* as described in Experimental Procedures. The
plot of equivalents of bound VO?* versus concentration of
added VO?* shows a hyperbolic curve that saturates at about
onesite. Thisresultisconsistent with theassignment of feature
A to VO2* bound at the single M2 site that fills in a manner
analogous to the metal-dependent binding of ATP at the N2
site.

The doublet in feature A (Figure 2b,c) is characteristic of
superhyperfine interaction with a ligand nucleus having Agps
=6.6 G or 18 MHz as determined by resolution enhancement
(Figure 2d). Thedoublet implies that the interacting nucleus
has I =1/2and must, therefore, be either 'H of 3!P. However,
1H coupling to VO?* is typically much smaller than 18 MHz
on a parallel EPR line as shown by frozen-solution and single-
crystal ENDOR (Béttcher etal., 1979; Kirste & van Willigen,
1982; Atherton & Shackleton, 1980). Thus, the doublet must
result from the coordination of a phosphate oxygen with the
metal. The 6.6 G splitting is seen on the —5/2; EPR line,
which represents only VO2* complexes oriented with the V=0
bond along the magnetic field and with the coordinated
phosphate O—V bond lying nearly along a line perpendicular
to the field. Hence, the observed splitting can be assigned to
A, of 31P. Asshownin Table 1,the magnitude of this coupling
is similar to that observed for 3!P from equatorially ligated
phosphate of VO2*-ATP complexes in solution (Mustafi et
al., 1991) and bound to AdoMet synthetase (Markham, 1984).
The fact that the coupling results in a doublet indicates that
only one of the three phosphates of ATP is equatorially
coordinated. The small hyperfine coupling expected from
axially coordinated nuclei may prevent observation of any
axially coordinated phosphate (see Discussion). Theseresults
show that feature A is the result of VO?* and ATP bound to
the M2 and N2 sites, respectively, forming an apparent
monodentate M2-N2 complex.
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Table 1: Experimentally Determined 3!P Hyperfine Couplings for
VO?* Complexes

VO?* equatorial ligands 3IPp|4,| (MHz) ref

CF, + nucleotide this paper

feature A 18.5

feature B

feature C 20
AdoMet synthetase a

1RNH, (K?), 2P; (ATP), 1H,0 21.4

1RNH; (K?), 2P; (PPP)), 1H,0 204

1RNH; (AdoMet), RO-? (S or T?) 21.1
2ATP:4P; 18.5 c

@ Zhang et al. (1993) and Markham (1984). ¢ Refers to single-letter
abbreviation of amino acid side chain. ¢ Mustafi et al. (1991) reported
|4)|; but for comparison, Zhang (1993) found |4y| to be only ~3.4 MHz
larger than |4, |.
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FIGURE 4: Fractional amounts of VO?* bound to CF, in the forms
that give rise to features A (A), B (@), and C (D) as a function of
the ratio of ATP per VO?* added. The fractional binding was
determined by the integrated area under the —5/2, features after the
addition of 0.67 equiv of VO?* to CF, at the ATP:VO?* ratios
indicated.

Dependence of VO?* Binding Environment on the ATP:
VO?* Ratio. In Figure 4, the relative peak intensities of
features A-C are plotted as a function of the ATP:VO?2* ratio
upon addition of 0.67 mol of VO?*/mol of CF;. When no
nucleotide is present in solution, the monodentate VO2*-ATP
complex cannot form, resulting in the formation of feature B
alone. The abundance of feature B predominates even when
ATPisadded to the solution until the ATP:VO2* ratio reaches
1.7:1.0 at which point features A and C appear at the expense
of a proportional amount of feature B. It has not been possible,
todate, to bind VO2* to CF; in a manner that produces feature
A without also yielding a significant amount of feature B.
These results suggest that the formation of features A and C
isduetochangesin theligands of the bound VO2*, particularly
the coordination of ATP to the metal, rather than to the
appearance of new VO?2* binding sites at different locations
from those that give rise to feature B. Consequently, at low
ATP:VO?* ratios, feature B represents VO2* bound at the
M2 and M3 sites. At high ratios, the single site represented
by feature A is VO?* bound in the M2-N2 form and suggests
that the residual feature B (and perhaps also feature C)
represents the VO2+ bound at the M3 site.

When ATP binding was measured directly using [2,8-3H]-
ATP for Mg?* and VO?* at both 3:1 and 1.5:1 ATP:M2*
ratios, it was found that ATP bound at N2 to the same degree
at both ratios of ATP:M2* for both metals (data not shown).
This result shows that the amount of ATP bound to N2 is
independent of the type of metal and the ATP:M2* ratio,
provided that metal is present. The ratio of ATP:VO?2* only
affects whether ATP at the N2site is coordinated to the metal
at the M2 site.
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FIGURE 5: Comparison of —5/2; features of the EPR signals that
arise from VO?2* bound to the M3 or M2 and M3 sites of CF; under
various conditions. (a) Latent CF, after the addition of excess 3
ATP per VO?** followed by gel filtration chromatography and the
addition of ADP and VO?*to CF;inaratioof 1:1:1. (b) Latent CF,
with excess 2 ATP per Mg?* added to fill M2-N2 followed by
chromatography and the addition of ADP and VO?2* to CF, in the
ratio of 1:1:1 to fill M3 and N3. (c) Sample from b after activation
of CF, with 50 mM DTT and 20% ethanol. (d) Sample from ¢ after
gel filtration chromatography. EPR conditions were as in Figure 3a
except (a) 9.5525, (b) 9.5555, (¢) 9.5524, and (d) 9.5529 GHz and
(a) 32, (b) 100, (c) 256, and (d) 128 scans.
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Binding of VO?* tothe M3 Site. Toexaminethe M3 binding
site with VO?*, samples were prepared in a two-step process.
In the first step, the M2-N2 site was filled with VO2+-ATP
as per Figure 2b and chromatographed to remove metal-
nucleotide from binding sites with lower affinity under
conditions as per Figure 2c so that only feature A was present.
In the second step, VO?* was added with ADP to fill the M3
and N3 binding sites of latent CF,. Figure 5a shows the
—5/2) line of the VO?* bound to CF; under these conditions.
Two new features were observed that closely resembled features
B (3040 G) and C (3060 G). The appearance of these new
signals did not alter the intensity or line width of feature A
significantly.

The samples of Figure 5b,c were prepared in the same two-
step manner as the sample of Figure 5a, but M2-N2 contained
Mg2+—ATP while M3 and N3 contained VO2* and ADP. The
use of ADP to fill the N3 site ensured that the VO2*-ADP
complex would not enter the N2 site (Bruist & Hammes,
1981). When prepared under these conditions, the latent
enzyme (spectrum b) gives rise only to features B and C with
the feature B-like form predominant. Feature A was absent
because the M2-N2 site had been preloaded with Mg2*—
ATP.

Activation of the ATPase activity in the sample that gives
rise to spectrum b by the addition of 50 mM DTT and 20%
ethanol results in spectrum ¢. Within 5 min, this activation
induces a change in the relative abundance of the two forms
of the VO* bound to the M3 site such that feature C in
Figure 5c is present almost exclusively. Very little change in
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FIGURE 6: Titration of M3 with VO**-ADP. CF, was activated
and stripped of metal-nucleotide by gel filtration chromatography.
The final concentration of CF; was 61.4 mg/mL. A ratio of 3:1
ADP:VO?* was used in titration, and the extent of binding to M3
was determined by monitoring feature C of the —5/2; region of the
EPR signal.

the spectrum occurs after further incubation for 15 min, and
no change is apparent after a third 15-min incubation period.
Filling the M3 and N3 sites with VO2* and ATP also resulted
infeature Bin the latent enzyme that was converted to feature
Cupon activation (data not shown), suggesting nearly identical
ligands to VO?2* in the two cases.

When CF; was omitted from a control sample containing
the same amounts of VO**, ATP, DTT, and ethanol, a complex
of VO2*and DTT produced a feature at a higher field (~3070
G) in the —5/2; region of the EPR spectrum with one-third
the intensity of feature C (~3060 G). In contrast to VO*
bound to CF, the remaining VOZ2* in the control sample is
present as EPR-silent species (Chasteen, 1981). Thisindicates
that DTT has a lower affinity for VO2* than does CF; such
that it is unlikely that DTT can deplete the VO2* from M3
in CF; (feature B). From these observations as well as the
fact that feature C is present in the absence of DTT, it is clear
that feature C arises from VO2* bound to CF; and not from
a VO>*-DTT complex. Thus, activation of the enzyme induces
the conversion of VO2* bound at the M3 site from the feature
B form to the feature C form.

Gel filtration chromatography is sufficient to remove ADP
bound to the N3 site (Bruist & Hammes, 1981). As shown
in Figure 5d, a comparable chromatography treatment depletes
the VO2* bound to the M3 site that gave rise to feature C
from CFi. Insamples of CF; containing VO?* that result in
feature A (Figure 2c), this same chromatography treatment
not only abolishes feature C but also abolishes feature B.
These results show that the conditions that deplete nucleotide
from the N3 site also remove the VO2* bound at the M3 site
in either the feature B or feature C forms.

Titration of the M3 site in activated CF is shown in Figure
6usinga 3:1 ADP:VO2?*ratio. CF, was prepared asin Figure
Sb, but was activated before the addition of metal and
nucleotide. The use of ADP ensured that no metal-nucleotide
complex could form at the M2-N2 site (Bruist & Hammes,
1981). Theabundance of bound VO?* that gave rise to feature
C, determined as described in Experimental Procedures,
saturated at about one site.

DISCUSSION

Four different VO2* binding environments have now been
discerned on CF; that correspond to feature A, feature C,and
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two feature B types of the —5/2 line of the VO?* EPR signal.
We conclude that the VO?* binding site that gives rise to
feature A results from a monodentate metal-nucleotide
complex bound to the noncatalytic N2 nucleotide-binding site
based on the observation that the —5/2; line is a doublet with
a coupling of 6.6 G (Figure 2¢). As shown in Table 1, the
observed 3P coupling is consistent with other observations of
equatorial phosphate coordination to VO2+, These couplings
are relatively small considering the large magnetic moment
of the 3!P nucleus. The observed superhyperfine coupling to
ligands of VO?2* is much smaller than that of Cu?* where the
unpaired electron resides in the d,2_y2 orbital which points
directly at the ligands (Brown & Hoffman, 1980). For
example, the coordinated N nuclei of the porphyrin ligand
in Cull(tetraphenylporphyrin) have anisotropic superhyperfine
coupling of [4] = 47 MHz, whereas the “N coupling in
VIVO(octaethylporphyrin) is only |4| = 7.2 MHz (Fukui et
al., 1993). Since even less spin density can be transferred to
an axial ligand of VO?2*, the magnitude of the observed
superhyperfine coupling suggests equatorial ligation.

The monodentate metal-ATP complex must be bound to
the noncatalytic N2 site based on the observations that (i)
binding of ATP to the N2 site is strictly metal dependent
(Bruist & Hammes, 1981; Shapiro et al., 1991); (ii) although
the protein does contain ADP bound to N1, the addition of
VO2* in the absence of nucleotide does not give rise to feature
A, only feature B for which no 3!P coupling is evident, and
we have observed feature A when the depleted enzyme still
contained Mg2* at the M1 site; (iii) the VO2* bound to CF,;
that gives rise to feature A is not depleted by extensive gel
filtration chromatography but requires ammonium sulfate
precipitation of the protein as required for the removal of
ATP from the N2 site (Bruist & Hammes, 1981); and (iv)
the monodentate complex bound to this site is clearly different
from the tridentate metal-ATP complex that exists at the
catalytic sites of the activated enzyme (Frasch & Selman,
1982).

The evidence presented here suggests that the VO2* bound
to the M2 site can give rise to feature A as well as feature B.
In the absence of added ATP, the bound VO?2* only gives rise
to feature B (Houseman et al., 1994). However, it was noted
that this filled both M2 and M3 sites. The same single feature
occurs in the presence of ATP until the concentration of ATP
approaches twice the concentration of VO2*. Feature A then
appears at the expense of the intensity of feature B. Ap-
parently, the conversion of the M2 site to the M2-N2 site
requires the binding of ATP to a separate site.

The conversion from feature B to feature A was observed
to occur over a very narrow range of ATP:VO?2* ratios in
Figure 4. This is likely to be the result of tight VO2*-ATP
coordination in solution. In fact, maximal stabilization of
VO?2* is achieved under these conditions by chelation with
two ATP molecules (Mustafi et al., 1992) so that significant
noncoordinated ATP would not appear in solution until a
nucleotide:metal ratio of approximately 2:1 was attained as
isobserved in Figure 4. Althoughthe VO>*—(ATP), complex
is present in solution at all ATP;VO?* ratios above zero, its
presence does not produce feature A. If the VO2*—(ATP),
complex were responsible for the formation of feature A
directly, minimally a 1:2:1 triplet would be observed, and the
field position of feature A would be shifted to a higher field
as per the additivity relation (Chasteen, 1981; Houseman et
al.,, 1994). Rather, only as the ATP:VO?* ratio approaches
2:1 will a significant concentration of free ATP exist in solution.
Thus, the presence of free ATP is the likely cause of the
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FIGURE 7: Resolution of 1:2:1 triplet from *P of bidentate ATP in
feature C. (a) Experimental spectrum of activated CF, (88 mg/
mL) preloaded with VO**~ATP in a 3:1 ATP:VO?* ratio. EPR
conditions same as in Figure 1a except 9.5532 GHz; (SR), 5.4 G/s;
1024 scans. (Inset toa) Two Gaussians fit to feature C and the small
amount of remaining feature B using SpectraCalc. (b) Difference
of a and 0.8X (inset).

3080

transition in Figure 4. Because of this preferred VO2*-ATP
stoichiometry, however, such a change from metal to metal—
nucleotide binding with Mg?* would probably occur over a
broader concentration range and at a different ratio.

A very close interaction between the M2 and N2 sites is
also indicated by ATP- and M2*-depletion experiments.
Removal of ATP from the N2 site is necessarily a two-step
process involving incubation as an ammonium sulfate pre-
cipitate in EDTA followed by extensive gel filtration chro-
matography (Bruist & Hammes, 1981). We have found that
the first step is sufficient to deplete CF; of the metal bound
to the M2 site. This and the fact that the N2 site requires
metal to bind ATP suggest that the metal must be removed
from M2 before the N2 site can be depleted of ATP.

Despite the dependence of nucleotide binding at N2 on the
presence of metal and the dependence of VO**-ATP coor-
dination at M2-N2 on the ATP:M?2* ratio, this ratio is not
important for the binding of ATP to N2. At low ATP:VO?*
ratios, and hence low free ATP concentration, both ATP and
VO?** can still bind to the N2 and M2 sites separately.
However, a direct link between the metal and the nucleotide
is formed only when free ATP is available to bind to another
nucleotide-binding site.

The fraction of feature B that remains under conditions
where the intensity of feature A is maximal represents the
population of VO* in the M3 site. This is indicated by the
ability of gel filtration chromatography to remove the VO2*+
corresponding to feature B but not that corresponding to
feature A, which titrates to a single site. Due to the ability
of gel filtration chromatography to deplete selectively the M3
binding site (Figure 2b,¢) verification that this was the M3
site was obtained by selectively filling M3 with VO?*, which
gave rise to feature B (Figure 5a,b). The observation that
activation of CF; converts all of the VO2* bound at M3 into
a form that gives rise to feature C, which is also removed by
chromatography (Figure 5¢,d), strongly suggests that the M3
binding site also exists in two forms.

Evidence supports the N3 site as a catalytic site (Bruist &
Hammes, 1981). The nucleotide phosphates at these sites

o, o

\’ !
soz"\o/'::o M2N2

FIGURE 8: Summary of metal coordination at the M2 and M3 sites.
L refers to unidentified ligands. (a) Addition of VO2* to latent CF,
such that no free ATP is present. (b) Addition of VO2*to latent CF,
such that free ATP is present. (c) Addition of VO?*~ADP to metal-
and nucleotide-depleted activated CF;.

are coordinated to metal in the activated form (Frasch &
Selman, 1982; Carmelietal., 1989; Devlin, & Grisham, 1990),
but not in latent CF, (Carmeli et al., 1989). Unlike the M2-
N2site, the 3!P couplings in feature C are not clearly resolved.
From the stereochemistry of the catalytic site (Frasch &
Selman, 1982), a 1:2:1 triplet is predicted for the bidentate
ADP-VO?* complex and either a quartet or triplet for the
VO2+-ATP complex at M3-N3 depending on whether an
equatorial or facial tridentate complex, respectively, is formed.
In facial tridentate coordination, only two cis, equatorial
positions are occupied, leading to a 1:2:1 triplet, but the third
ligand is at the weak, axial position, so its hyperfine splitting
isnot likely to be resolved in the EPR spectrum. Ifthe coupling
is about 6.6 G as observed for the M2-N2 site, the expected
resolution of 3!P coupling is no more than that observed for
feature C.

Figure 7 shows a means of determining whether 3!P
couplings are present in feature C arising from ADP-VO2+
bound to M3-N3. SpectraCalc was used to obtain the best
fit of feature B and feature C to Gaussian line shapes (Figure
7a). Subtraction of 80% of this fit from the experimental
spectrum (spectrum b) showed that the residual intensity of
feature B was Gaussian, but that the residual intensity of
feature C was a triplet. A 3!P coupling of about 7 G or 20
MHz was obtained, which is within the reported range shown
in Table 1. The intrinsic line width appears to be larger in
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this triplet than in the doublet of Figure 2d, probably due to
additional unresolved hyperfine coupling from the presence
of more protons in the M3-N3 site than in the M2-N2 site.
However, due to the uncertainty of this technique, confirmation
that feature C results from the M3-N3 metal-nucleotide
complex must await experiments that employ !7O-labeled
nucleotides. '

In summary, the data presented here suggest that, when
little free ATP is available to bind independently of metal, the
metal binds in a cooperative manner to the M2 and M3 sites
(Houseman et al., 1994). Although the nucleotide can bind
to the N2 site at this time, it is not coordinated to the metal
(Figure 8a). Binding of a nucleotide to a separate site induces
the M2 site to become the M2-N2 site (Figure 8b). This
separate site is possibly the N3 site, although other sites with
lower affinity cannot be ruled out. In the latent form of the
enzyme a nucleotide that binds to N3 under these conditions
is also not coordinated to the metal at M3, but activation of
the ATPase activity induces formation of a metal-nucleotide
complex at the M3-N3 site (Figure 8c).
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