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ABSTRACT: Time-resolved fluorescence depolarization measurements were made on chloroplast coupling 
factor 1 (CF,) labeled with pyrenylmaleimide. Rotational correlation times were determined for native 
CF,, for CF, lacking e and/or 6 polypeptides, and for activated enzyme. The rotational correlation time 
measured is characteristic of the rotation of the entire enzyme. Removal of the 6 polypeptide resulted in 
a 25% smaller rotational correlation time, although the 6 polypeptide contributes less than 5% of the mass 
of CF,. Removal of the e polypeptide was without effect. Simultaneous removal of 6 and E polypeptides 
produced a 30% smaller rotational correlation time. Activation of CF, ATPase by incubation with di- 
thiothreitol reduced the rotational correlation time by 15% relative to that of the latent enzyme. The rotational 
correlation time of CF, with S and e polypeptides removed is essentially that expected for a spherical molecule, 
whereas the other forms of the enzyme can be approximated as ellipsoids of revolution; the axial ratio of 
the latent enzyme is estimated from the rotational correlation time and the intrinsic viscosity. These data 
indicate that the 6 polypeptide significantly alters the shape of the enzyme and that a conformational change 
accompanies dithiothreitol activation of the enzyme. 

Chloroplast  coupling factor is an integral membrane protein 
that catalyzes ATP synthesis by use of a transmembrane 
proton gradient. The extrinsic portion of the enzyme, CF1,l 
is water-soluble and can be removed by treatment with EDTA 
(Lien & Racker, 1971). CF, is a latent ATPase comprised 
of five types of polypeptides with a total M ,  of 400000 
(Moroney et al., 1983). The polypeptide stoichiometry is 
probably a3&ySe (Moroney et al., 1983). 

Nucleotide binding and catalysis by CF, involve the a and 
p polypeptides (Kambouris & Hammes, 1985). The y poly- 
peptide is involved in regulation of catalysis, and it may be 
involved in proton translocation (McCarty & Moroney, 1985). 
Four cysteine residues have been identified on the y poly- 
peptide (Nalin & McCarty, 1984; Moroney et al., 1984). Two 
of the four cysteines form a disulfide linkage; reduction of the 
disulfide converts the latent ATPase to an active state. A 
change of conformation is associated with activation (Nalin 
& McCarty, 1984; Schumann et al., 1985). Of the two re- 
maining cysteines, one is accessible under all conditions (dark 
site), while the other is reactive only under energized conditions 
with CF, bound to the thylakoid membrane (light site). The 
6 polypeptide is essential to the functional integrity of mem- 
brane-bound coupling factor (tight coupling), although it is 
not required for binding of CF, to the membrane (Patrie & 
McCarty, 1984). The t polypeptide is a potent ATPase in- 
hibitor and is closely associated with the y polypeptide (Richter 
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et al., 1985). The E polypeptide contains one cysteine residue 
that can be modified by sulfhydryl reagents. 

Detailed information about the structural organization of 
CF, has been obtained by fluorescence resonance energy 
transfer methods (Cerione & Hammes, 1982; Snyder & 
Hammes, 1984, 1985; Richter et al., 1985). These data have 
shown a structural asymmetry that reflects the configuration 
of the E and y polypeptides. This paper describes time-resolved 
fluorescence depolarization measurements that indicate an 
important contribution of the 6 polypeptide to the shape of CF,. 
Measurements made with activated enzyme show that re- 
duction of the y disulfide changes the conformation of the 
enzyme. 

MATERIALS AND METHODS 
Chemicals. ATP (vanadium free) and dithiothreitol were 

from Sigma Chemical Co. Pyrenylmaleimide was from Mo- 
lecular Probes, Inc. Hydroxylapatite (fast flow), octyl glu- 
coside, and nonyl glucoside were from Calbiochem-Behring. 
DE-23 cellulose (advanced fibrous) was from Whatman. All 
other chemicals were high-quality commercial grades, and all 
solutions were prepared with deionized water. 
CF, Preparation. CF, was prepared from fresh market 

spinach as previously described (Lien & Racker, 197 1; Binder 

Abbreviations: CFI, chloroplast coupling factor; CF,-c, chloroplast 
coupling factor lacking the c polypeptide; CF,-6, chloroplast coupling 
factor lacking the 6 polypeptide; CFI-(6,c), chloroplast coupling factor 
lacking the 6 and E polypeptides; EDTA, ethylenediaminetetraacetic acid; 
Tris, tris(hydroxymethy1)aminomethane. 
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et al., 1978). Purified enzyme was precipitated with an equal 
volume of saturated ammonium sulfate in 10 mM Tris-HC1 
(pH 7.2) and 1 ,mM EDTA and stored at 4 "C. Concentra- 
tions of CF, were measured at 277 nm with an extinction 
coefficient of 0.483 mL/(mgcm) (Bruist & Hammes, 1981) 
and a M ,  of 400000 (Moroney et al., 1983). Prior to mea- 
surements with native CF,, the enzyme was subjected to the 
same ion exchange chromatography as CF,-t and CF1-(6,t), 
except the elution step for 6 and t polypeptides was omitted. 

CF,-t and CF,-(&t) were prepared by ion exchange chro- 
matography (Richter et al., 1984) on an 0.5 (i.d.) X 7.0 cm 
column (Pasteur pipet). The eluants were as described except 
for inclusion of 100 mM NaCl during the elution of 6 and t 

polypeptides (Mark Richter, personal communication). So- 
dium dodecyl sulfate-polyacrylamide gel electrophoresis 
(Chua, 1980) confirmed complete removal of 6 and t poly- 
peptides for CFl-(6,t), but some t polypeptide (a. 10%) always 
remained in preparations of CF,-t. 

CF,-6 was prepared by hydroxylapatite chromatography 
(Patrie & McCarty, 1984) on an 0.5 (i.d.) X 4.0 cm column 
(Pasteur pipet). The eluant included either 30 mM octyl 
glucoside or 10 mM nonyl glucoside. Sodium dodecyl sul- 
fate-polyacrylamide gel electrophoresis indicated complete 
removal of 6 polypeptide. The use of octyl glucoside, however, 
also resulted in partial removal of t polypeptide, as recently 
reported (Yu & McCarty, 1985). 

Activation of latent, native CF, was accomplished by in- 
cubation with 50 mM dithiothreitol for at least 3 h (Nalin & 
McCarty, 1984). Latent CF, deficient in t polypeptide was 
activated by incubation with 20 mM dithiothreitol for a 
minimum of 30 min (Richter et al., 1985). 

Chemical Modification of CF,. Labeling of CF, always 
preceded chromatographic preparation of the different forms 
of the enzyme described above. The exposed y polypeptide 
sulfhydryl (dark site) was specifically modified by reacting 
CF, (5-10 pM) with 1 pM pyrenylmaleimide for 30 s in 2 mM 
EDTA, 50 mM NaCl, and 10 mM Tris-HC1 (pH 8.0). The 
reaction was stopped by passing the protein solution through 
two consecutive 3-mL centrifuge columns containing Sephadex 
G-50 equilibrated with the same buffer (Penefsky, 1977). The 
stoichiometry was always less than 0.20 pyrenylmaleimide per 
CF,. In the case of CFl-(6,t), a higher stoichiometry was 
possible because reaction with the E polypeptide sulfhydryl was 
inconsequential. The conditions were as above, but 50 pM 
pyrenylmaleimide was allowed to react for 15 min. Stoi- 
chiometries ranged from 1.68 to 1.8 1 pyrenylmaleimides per 
CF, prior to removal of the E polypeptide and from 0.84 to 
0.90 after removal of the t polypeptide. 

Specificity of labeling was checked by visually examining 
the fluorescence of sodium ddecyl sulfate-polyacrylamide slab 
gels illuminated with near-ultraviolet light (Chua, 1980). The 
only observable fluorescence was associated with the y poly- 
peptide. (If the stoichiometry of pyrenylmaleimide to CF, 
exceeded 0.30 and t polypeptide was still present, as was the 
case for some preliminary experiments, a faint, second 
fluorescent band was discernable at the position of the t po- 
lypeptide.) 

Pyrenylmaleimide labeling stoichiometry was calculated 
with an extinction coefficient of 3.75 X lo4 M-' cm-l at 343 
nm (Holowka & Hammes, 1977). Correction was made for 
CF, light scattering at 343 nm and for probe absorbance at 
277 nm. 

Concentrations of pyrenylmaleimide-labeled, polypeptide- 
deficient CF, [CF,-6, CF,-e, and CFI-(6,t)] were determined 
by measurement of relative fluorescence (343-nm excitation, 
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375-nm emission). Sample fluorescence intensities were 
compared to the initial fluorescence intensity of labeled CF,, 
whose concentration and pyrenylmaleimide labeling stoi- 
chiometry were known. 

Ca2+-ATPase Assay. Hydrolysis of [Y-~*P]ATP proceeded 
for 5 min at 37 OC in 5 mM CaC12, 5 mM ATP, 50 mM 
Tris-HC1 (pH KO), and approximately 2 vg of CF,. The assay 
volume was 0.5 mL, and the specific activity of radioactive 
ATP was 2 pCi/mL. The reaction was quenched by addition 
of 0.5 mL of 5% trichloroacetic acid, and then, 2.0 mL of 4% 
activated charcoal (suspended in water) was added. The so- 
lutions were thoroughly mixed by vortexing and then cleared 
of charcoal by passage through individual, disposable Mil- 
lex-HA, 0.45-pm filters (Millipore Corp.). The amount of free 
32P was determined by measuring the Cerenkov radiation; 1 .O 
mL of sample was added to 10.0 mL of water, and the ra- 
dioactivity was determined in a Beckman LS200 scintillation 
counter. Assays were performed in duplicate. 

Control samples measured total specific activity (water 
added in place of charcoal) and background specific activity 
(protein added after trichloroacetic acid). Background counts 
were relatively high, up to 5% of the total activity, but this 
varied with labeled stocks, and nonspecific hydrolysis was 
negligible. 

Spectroscopic Measurements. Absorbances were measured 
with a Cary 118C spectrophotometer. Steady-state fluores- 
cence spectra and polarization measurements were made with 
an Hitachi Perkin-Elmer MPF-44B fluorescence spectrophoto- 
meter equipped with polarization accessories. Correction was 
made for unequal transmission of vertically and horizontally 
polarized light by the emission monochromator grating 
(Cerione & Hammes, 1982). 

Time-Resolved Fluorescence Measurements. Dynamic 
fluorescence measurements of pyrenylmaleimide-labeled CF, 
were made with an Ortec 9200 nanosecond fluorescence 
spectrophotometer previously described (Matsumoto & 
Hammes, 1975). Excitation light, provided by a spark-gap 
flash lamp, was passed through a Ditric Optics 340-nm 
(three-cavity) band-pass filter and was then vertically polar- 
ized. Fluorescence emission was either vertically or horizon- 
tally polarized, followed by passage through a Corning CS 0-5 1 
filter, before detection by the photomultiplier. Background 
and scattering corrections were made by measuring the po- 
larized emission from unlabeled CF, having the same con- 
centration as labeled enzyme. Lamp-pulse profiles were ob- 
tained from the light scattering of a 0.1% Ludox solution (Du 
Pont), with the emission cut-off filter removed. 

Instrumental fluctuations were corrected for in two ways 
(Waskiewicz & Hammes, 1982). The first approach was to 
regularly and frequently switch between collection of vertically 
and horizontally polarized emission fluorescence [ V( t )  and 
H ( t ) ] .  The second method involved measuring intermediate 
ratios of V(t ) /H( t )  at each switching. Then, before data 
analysis, the observed decays were normalized to the average 
of the ratios. 

The time-resolved fluorescence F(t) and anisotropy r(t)  were 
calculated as 

(1) 

(2) 
where the subscript s indicates spectra collected with unlabeled 
enzyme. The data were fit to the equations 

(3) 

r ( t )  = r,e-'J@ (4) 

F(t )  = V(t)  - V,(t) + 2[H(t) - H s ( t ) ]  

4 2 )  = [ V t >  - Vs(t> - H ( t )  + ffs(t)l/F(t) 

F(t) = F1e-t/71 + F2e-'/T2 
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Table I: Fluorescence Properties of Pyrenylmaleimide-Labeled CF,' 

form of enzyme F, 71 (ns) F2 72 (ns) r0 6 (ns) 
CF, (latent) 0.75 25.5 0.25 87.1 0.17 330 (3) 
CF,-e (latent) 0.76 23.0 0.24 87.6 0.18 332 (2) 
CF,4  (latent) 0.74 23.0 0.26 82.1 0.22 250 (2) 
CFI-6 (latent)b 0.78 19.7 0.22 84.1 0.20 240 (1) 
CF,-(b,t) (latent) 0.64 25.6 0.36 97.3 0.20 231 (4) 
CF, (active) 0.72 23.4 0.28 81.7 0.17 280 (3) 
CFI-(6,e) (active) 0.67 27.7 0.33 105.4 0.17 262 (2) 

'Experimental conditions are described under Materials and Methods. The fluorescence parameters are defined in eq 3 and 4, with F ,  + F2 = 
1.00. The rotational correlation times are the average of the number of experiments in parentheses with a standard deviation of less than 5%. *Plus 
0.4 M NaCI. 

where the T ~ ( S  are fluorescence lifetimes, 4 is the rotational 
correlation time, and F1, F2, and ro are amplitude parameters. 
A weighted, nonlinear least-squares analysis was used to an- 
alyze the data, with a numerical procedure to convolute the 
lamp-pulse profile (Munro et al., 1979; Siege1 & Cathou, 
1981). Normalized residuals were calculated as (yi - x i ) / x i ,  
where y i  and xi  are the observed and calculated values, re- 
spectively, of F(t)  or r ( t ) .  The goodness of fit was assessed 
by the reduced x2, where x2 = Ciwi(yi - xi )2 / (nd  - np - 1). 
Here, np is the number of parameters, nd is the number of data 
points, and wi is a weighting factor (Bevington, 1969). 

Protein concentrations were typically 1-2 pM. For CFI and 
CF1-e, the buffer was 2 mM ATP, 0.4 M NaCl, and 25 mM 
Tris-HCl (pH 7.9). For CFl-(6,e), the buffer was 1 mM ATP, 
1 mM EDTA, 225 mM NaC1, and 20 mM Tris-HC1 (pH 7.9). 
For CFl-6, the buffer was 0.2 mM ATP, 1 mM EDTA, and 
20 mM Tris-HC1 (pH 8.0). For measurements at increased 
viscosities, CF, solutions were diluted one to one with buffers 
containing the appropriate concentrations of glycerol. Cor- 
relation between percent glycerol and viscosity was based on 
data taken from the CRC Handbook of Chemistry and 
Physics (1973). Measurements were made at room temper- 
ature, 22 OC. 

RESULTS 
Fluorescence Measurements. Pyrenylmaleimide was chosen 

as the fluorescent probe for two reasons. First, latent CF1 has 
only two accessible sulfhydryl sites, one on the y polypeptide 
and one on the e polypeptide. Careful control of the reaction 
conditions allowed specific labeling of the y polypeptide with 
the maleimide adduct; this label is near the center of the 
enzyme (Snyder & Hammes, 1985). Second, the pyrene 
moiety has a long average fluorescence lifetime that permits 
anisotropy measurements related to rotation of the overall 
molecule. Preliminary experiments indicated a need to use 
samples that had low label to enzyme stoichiometry, which 
avoided labeling of the e polypeptide sulfhydryl, and to work 
with samples that were freshly prepared. The former ensured 
that the fluorescence properties were characteristic of a single 
environment. The latter condition was necessary because of 
aminolysis, a relatively slow, secondary reaction of pyrenyl- 
maleimide characterized by deterioration of the fluorescence 
emission spectrum (Wu et al., 1976). 

Typical fluorescence and anisotropy decay curves are shown 
in Figures 1 and 2. The normalized residuals also are shown. 
Analysis of the data with more than one rotational correlation 
time did not improve the fit of the data significantly. The 
fluorescence lifetimes and rotational correlation times obtained 
from CF,, CF,-e, CF1-6, CF,-(&e), activated CF,, and acti- 
vated CFI-(6,e) labeled with pyrenylmaleimide are summarized 
in Table I .  The estimated uncertainty in the rotational 
correlation times is about * 5 % .  The values of the reduced 
x2 ranged from 4 to 9 for the analysis of the fluorescence and 
from 0.6 to 1.8 for the analysis of the anisotropy. The values 
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FIGURE 1: Plot of logarithm of total fluorescence of dithiothreitol- 
activated, pyrenylmaleimide-labled CF, vs. time in 2 mM ATP, 0.4 
M NaC1, and 25 mM Tris-HC1 (pH 7.9) at 22 OC. The solid line 
was calculated with the best fit parameters obtained from eq 3. The 
dashed line is the lamp-pulse profile. The normalized residuals, R, 
are shown on the bottom, with a linear ordinate scale. 
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FIGURE 2: Plot of logarithm of anisotropy of dithiothreitol-activated, 
pyrenylmaleimide-labeled CF, vs. time in 2 mM ATP, 0.4 M NaC1, 
and 25 mM Tris-HC1 (pH 7.9) at 22 OC. The solid line was calculated 
with the best fit parameters obtained from eq 4. The normalized 
residuals, R, are shown on the bottom, with a linear ordinate scale. 

of x2 are smaller for the anisotropy analysis because the lamp 
deconvolution partially cancels when the anisotropy is calcu- 
lated. 

Fluorescence Anisotropy of Latent Enzyme. Removal of 
6 polypeptide resulted in a 25% decrease of the rotational 
correlation time of CF1-6 compared with that of native CF, 
(Table I). A possible explanation for this result is the lower 
ionic strength that was a consequence of the procedure used 
to prepare CF1-6. This was shown not to be the case by 
measurement of the rotational correlation time of CF1-6 under 
two sets of conditions. Measurement first was made with a 
sample in the usual manner, followed by measurement with 
the same sample brought into the ionic strength range of the 
CF,, CF,-e, and CFI-(6,e) samples by addition of NaCl (0.4 
M final concentration). The consequence of the higher ionic 
strength was a slight (insignificant) decrease of the rotational 
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mained unchanged compared with CF1. 
The t polypeptide may affect rotational diffusion of CF, 

deficient in 6 polypeptide. This was suggested by comparison 
of the rotational correlation times for CF1-6 and CF,-(G,e). 
However, the difference observed is close to the experimental 
uncertainty in the rotational correlation times. 

Fluorescence Anisotropy of Activated Enzyme. Dithio- 
threitol activation of CF, resulted in a 15% decrease of the 
rotational correlation time (Table I). The specific activity of 
the active enzyme was about 1 1  pmol of Pi/(mg.min), both 
before and after the time-resolved fluorescence measurements. 

Activation of CF1-(6,e) with dithiothreitol resulted in a 12% 
increase relative to latent CF1-(6,e) and a 7% reduction of the 
rotational correlation time relative to active CF, (Table I). 
Again, the ATPase activity, about 17 pmol of Pi/(mgmin), 
did not change during the course of the experiments. 

DISCUSSION 
Two conclusions are apparent from inspection of the data 

in Table I. The first is that loss of the 6 polypeptide causes 
a major change in the structure of CF,. The second is that 
activation of enzyme results in a significant change of enzyme 
conformation. 

Removal of 6 polypeptide strongly affects the rotational 
correlation time of CF1-6 compared with that of CF1. Al- 
though some uncertainty remains, only a single copy of 6 
polypeptide is believed to be present in CF1 (Moroney et al., 
1983; McCarty & Moroney, 1985). The molecular weight 
of 6 polypeptide is 17 500 (Nelson et al., 1973), which is less 
than 5% of the CF1 mass. The simplest interpretation of the 
data is that CF1 is nonspherical and that removal of 6 poly- 
peptide results in a more spherical structure. The structure 
of purified 6 polypeptide has been reported to be highly 
asymmetric (Smith & Sternweiss, 1977; Schmidt & Paradies, 
1977). 

The smaller rotational correlation time for CF1-6 is probably 
not simply due to a change in conformation of CFl-6 relative 
to CF1. CF, lacking 6 polypeptide binds tightly to NaBr- 
treated thylakoids, although it cannot recouple ATP synthesis 
(McCarty & Moroney, 1985), and is fully active as an AT- 
Pase. The lack of recoupling activity has been attributed to 
proton “leakage” through CF,-6; native CF1 is fully competent 
when bound. If purified 6 polypeptide is added back to CF1-6, 
the reconstituted CF1 restores photophosphorylation (Andreo 
et al., 1982). These results suggest that the conformation of 
CFl-6 is essentially the same as CF1 except for the absence 
of 6 polypeptide. 

Activation of CFI by equilibration with dithiothreitol has 
a significant effect on the rotational correlation time. Three 
possible explanations are denaturation of the enzyme resulting 
in segmental motion, dissociation of 6 polypeptide from CF,, 
and conformational changes associated with the activation. 
The first possibility is unlikely because the specific activity 
of the Ca*+-ATPase was the same before and after the dy- 
namic fluorescence measurements, about 1 1  pmol of Pi/ 
(mgmin). The second possibility was tested by use of sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis. After the 
fluorescence measurements were completed, the samples were 
divided into two equal volumes. One portion was passed 
through a Sephadex G-50 centrifuge column (Penefsky, 1977), 
while the other portion served as a control. This treatment 
was sufficient to remove dissociated 6 (or 6 )  polypeptide, but 
no difference in the intensity of the protein bands in the stained 
gel was observed between the two samples. Therefore, the 
smaller rotational correlation time is due to a conformational 
change associated with activation of the enzyme. 

_. . 
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FIGURE 3: Plot of rotational correlation time of pyrenylmaleimide- 
labeled CFl-(8,t) vs. viscosity in 1 mM ATP, 1 mM EDTA, 225 mM 
NaCI, and 20 mM Tris-HC1 (pH 7.9) at 22 OC. The solid line was 
calculated with linear least-squares regression. 

Table 11: Dependence of Fluorescence Properties of CFI-(8,c) on 
Viscosity“ 
viscosity (cP) F, T~ (ns) F2 (ns) r, I$ (ns) 

1.86 (1.84) 0.63 34.5 0.37 106.4 0.19 365 
1.67 (1.65) 0.68 21.5 0.32 96.0 0.18 332 
1.41 (1.39) 0.65 22.0 0.35 93.5 0.19 295 
1.23 (1.21) 0.64 20.4 0.36 93.0 0.19 275 
aSamples of pyrenylmaleimide-labeled CF,-(S,a) at different percent 

glycerol were prepared as described under Materials and Methods. 
The viscosity relative to that of the solvent in the absence of glycerol 
(1.013 cP) is in parentheses. The fluorescence parameters are defined 
by eg 3 and 4, with F, and F, = 1.00. 

correlation time (Table I). Another explanation is the loss 
of e polypeptide, resulting in CFl-(6,t). However, analysis of 
samples by sodium dodecyl sulfate-polyacrylamide gel elec- 
trophoresis indicated no loss of E polypeptide. 

Simultaneous removal of 6 and E polypeptides resulted in 
a 30% decrease of the rotational correlation time of CF1-(6,e) 
compared with that of CF1 (Table I).  Furthermore, the ro- 
tational correlation time of CF1-(6,e) was a linear function of 
the viscosity (Figure 3). This suggests the rotational corre- 
lation time is characteristic of the overall rotation of the 
molecule. For rotational diffusion of a sphere 

4 = v V / ( k T )  (5) 
where 4 is the rotational correlation time, 9 is the viscosity, 
V is the hydrated molecular volume, k is the Boltzmann 
constant, and Tis the temperature. Extrapolation of the data 
to zero glycerol concentration gave a rotational correlation time 
of 232 ns, in good agreement with independent measurements 
of the rotational correlation time for CF1-(6,c) in the absence 
of glycerol (Table I). The apparent molecular volume obtained 
from the slope is 6.39 X lo5 A3. The fluorescence lifetimes 
and rotational correlation times obtained at different viscosities 
are summarized in Table 11. 

The rotational correlation time of latent CFI was not af- 
fected by removal of e polypeptide (Table I). Although a trace 
amount of E polypeptide was present, measurements made at 
low pyrenylmaleimide to CF, stoichiometry effectively elim- 
inated interference from secondary labeling of the E polypeptide 
sulfhydryl. In contrast, preliminary experiments with samples 
labeled at high stoichiometry indicated an apparent decrease 
in rotational correlation time to 257 ns (data not shown). 
However, analysis of the samples by sodium dodecyl sulfate- 
polyacrylamide slab gels indicated labeling of both y and E 

polypeptides. When subsequent measurements were made with 
identically prepared samples having a low label to protein 
stoichiometry, the rotational correlation time of CF1-t re- 
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Activation of CFl-(6,e) by equilibration with dithiothreitol 
resulted in a rotational correlation time slightly smaller than 
that of activated CFl and slightly greater than that of latent 
CFl-(6,e); however, the differencas are close to the uncertainties 
in the rotational correlation times. Like activated CF1, the 
specific activity of CF1-(8,e), 17 pmol of Pi/(mg.min), re- 
mained unchanged during the experiment. 

Activation by equilibration with dithiothreitol was chosen 
because it is a reversible process (Arana & Vallejos, 1982; 
Nalin & McCarty, 1984), while proteolysis, heat activation, 
and other methods result in permanent changes in the enzyme 
(McCarty & Moroney, 1985). Reduction of the y polypeptide 
disulfide results in a polypeptide conformation that is similar 
to that of activated, membrane-bound enzyme (Schumann et 
al., 1985). The rate of disulfide reduction (activation) depends 
on the presence of e polypeptide, which has been located ad- 
jacent to the y polypeptide (Richter et al., 1985), and acti- 
vation may be mediated by interaction between e and y Po- 
lypeptides. Therefore, the change to the active-state confor- 
mations of the e and y polypeptides could account for the 
smaller rotational correlation times. Although major con- 
formational changes of the LY and /3 polypeptides could be 
responsible for the smaller rotational correlation time, this 
seems unlikely since the rotational correlation time of activated 
CF1-(6,e) is slightly larger than that of latent CFI-(6,e). 

The rotational correlation time for a hydrodynamic sphere 
can be calculated from eq 5 if the hydrated volume is known. 
The hydrated volume Vcan be estimated from the relationship 

V = M,(V + h ) / N  (6) 
where M, is the molecular weight, u is the anhydrous specific 
volume, h is the hydration, and N is Avogadro’s number. With 
M, = 400000 (Moroney et al., 1983), u = 0.745 cm3/g, and 
h = 0.59 or 0.65 cm3/g (Paradies et al., 1978), the calculated 
rotational correlation time is 220-230 ns, which is significantly 
less than the value for the latent enzyme, 330 ns, and the 
activated enzyme, 280 ns. Apparently both species are 
somewhat asymmetric. The calculated value of the rotational 
correlation time for CF,-(G,e) is 210-220 ns, which is quite 
close to the experimental value of 231 ns. Therefore, this 
species must be close to spherical. (The value of Vobtained 
from the slope of the line in Figure 3 is somewhat smaller than 
that calculated from eq 6, -8.2 X lo5 8L3, but the value from 
the slope cannot be taken literally because of the unknown 
effect of glycerol.) 

The axial ratio of an ellipsoid of revolution can be estimated 
from the deviation of the rotational correlation time from the 
value expected for a sphere. The best method for doing this 
is to combine the rotational correlation time with another 
hydrodynamic parameter such as the intrinsic viscosity 
(Scheraga, 1961). We have attempted to measure the intrinsic 
viscosity of CFl and CF1-(6,e). However, the large amount 
of enzyme required and the sensitivity of enzyme to surface 
denaturation, especially CFI-(6,e), prevented definitive results 
from being obtained. If, however, the intrinsic viscosity for 
latent CFI is estimated from the viscosity at 5.10 mg/mL as 
4.18 mL/g, an axial ratio can be obtained (Scheraga, 1961). 
For a prolate ellipsoid, a / b  = 1.7, and for an oblate ellipsoid, 
b / a  = 5 .  Both prolate (Satre & Zaccai, 1979) and oblate 
(Paradies & Schmidt, 1979; Suss et al., 1978; Akey et al., 
1983) ellipsoids have been used to describe the shape of cou- 
pling factors, usually with an axial ratio of about 2. At the 
present time, an unequivocal distinction between the two types 
of ellipsoids cannot be made. If the 6 polypeptide is viewed 
as part of the stalk connecting CF1 to the membrane, a prolate 
ellipsoid appears to be the better model. [This simplified 

analysis neglects the fact that ellipsoids are characterized by 
a multiexponential anisotropy decay [cf. Hammes (198 l ) ] .  
Since the data are adequately fit by a single rotational cor- 
relation time, the assumption has been made that an effective 
rotational diffusion constant D can be calculated from the 
relationship 4 = 1/(6D).] 

Rotational correlation times for CF1 have been determined 
recently with absorption anisotropy (Wagner et al., 1985). The 
rotational correlation times reported are consistently larger 
than those found in this work. Although a definitive expla- 
nation for these differences is not possible, we note that larger 
rotational correlation times are observed if the enzyme is not 
extremely pure or is somewhat denatured. In particular, small 
amounts of ribulose bisphosphate carboxylase can increase the 
rotational correlation time, and CF1-(6,e) denatures very easily. 

In summary, time-resolved fluorescence measurements have 
shown that latent CF1 is nonspherical in shape but that removal 
of 6 polypeptide results in an almost spherical molecule. 
Activation of CFI also causes a change in shape. The precise 
location of the 6 polypeptide within CF1 is currently being 
explored with fluorescence resonance energy transfer mea- 
surements. 
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ABSTRACT: The carboxyl group activating reagent N-(ethoxycarbony1)-2-ethoxy-l ,Zdihydroquinoline (EEDQ) 
interacts with the Neurospora plasma membrane R+-ATPase in at  least three different ways. This reagent 
irreversibly inhibits ATP hydrolysis with kinetics that are pseudo-first-order a t  several concentrations of 
EEDQ, and an appropriate transform of these data suggests that 1 mol of EEDQ inactivates 1 mol of the 
H+-ATPase. Inhibition probably involves activation of an ATPase carboxyl group followed by a nucleophilic 
attack by a vicinal nucleophilic functional group in the ATPase polypeptide chain, resulting in an intra- 
molecular cross-link. The enzyme is protected against EEDQ inhibition by MgATP in the presence of 
vanadate, a combination of ligands that has previously been shown to “lock” the H+-ATPase in a conformation 
that presumably resembles the transition states of the enzyme phosphorylation and dephosphorylation 
reactions, but is not protected by the substrate analogue MgADP, which is consistent with the notion that 
one or both of the residues involved in the EEDQ-dependent inhibitory intramolecular cross-linking reaction 
normally participate in the transfer of the y-phosphoryl group of ATP, or are near those that do. The ATPase 
is also labeled by the exogenous nucleophile [‘4C]glycine ethyl ester in an EEDQ-dependent reaction, and 
the labeling is diminished in the presence of MgATP plus vanadate. However, peptide maps of [‘4C]glycine 
ethyl ester labeled ATPase demonstrate that the labeling is not related to the EEDQ inhibition reaction 
in any simple way. In a third type of interaction, EEDQ mediates the specific cross-linking of ATPase 
monomers with some other membrane protein, possibly another ATPase monomer, leading to the formation 
of a product with an apparent molecular weight of about 260000. This reaction occurs substantially more 
slowly than the inhibition reaction and is thus presumably not directly related either. 

T e  principal ATP hydrolyzing enzyme in the plasma 
membrane of the filamentous fungus Neurospora crassa is an 
electrogenic proton pump (Scarborough, 1976, 1980) capable 
of generating a transmembrane electrical potential difference 
in excess of 200 mV (Slayman et al., 1973). The hydrolytic 
moiety of this enzyme has a molecular mass of about 105 000 
daltons (Dame & Scarborough, 1980, Addison & Scarbor- 

ough, 1981, Bowman et al., 1981), and recently, evidence has 
been provided indicating the strong likelihood that no subunits 
other than the hydrolytic moiety are involved in the catalysis 
of transport by this enzyme (Scarborough & Addison, 1984) 
and that monomers are efficient proton pumps (Goormaghtigh 
et al., 1986). The primary goal of this laboratory is an un- 
derstanding of how this single polypeptide chain catalyzes 
electrogenic proton translocation at the expense of ATP hy- 
drolysis. As part of our efforts in this regard, we have been 
investigating a variety of ATPase inhibitors as potential 
reagents for labeling the active Site and other Sites necessary 
for catalytic activity. With the knowledge that the &carboxyl 
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