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crosslinking: an approach to assess rotational catalysis
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Reaction of the multisubunit F, ATPase from Escherichia coli (EF,) with a bifunctional cleavable
crosslinker, 3,3'-dithiobis(succinimidylpropionate) (DSP), has been used to explore the possibility that
during catalysis a rotational movement of catalytic subunits relative to noncatalytic subunits occurs. The
premise is that such rotational catalysis is tenable if intersubunit crosslinking of a major subunit with one of
the minor subunits inhibits the enzyme activity and if upon cleavage of the crosslinks, the enzyme regains
activity. The results presented in this paper show that crosslinking of about 56 reactive groups on EF, with
DSP is accompanied by a loss of 2 /3 of the enzyme activity. Both intra- and intersubunit crosslinks are
formed. The most prominent intersubunit crosslinks are those of y and 8 subunits with the a subunit.
Nearly complete recovery of activity can be attained by cleaving the disulfide bond in the crosslinker with
dithiothreitol. Because the chemical modification of enzyme groups remains after the crosslinker is cleaved,
the loss in activity before cleavage can be ascribed to conformational restraints. The results show that
catalysis by the EF, ATPase is highly sensitive to the restrictions of crosslinking, and are consistent with the
view that catalysis is accompanied by appreciable movements of the major subunits with respect to the minor
subunits, as suggested for rotational catalysis.

Introduction ATP synthesis [3] has been proposed to involve

sequential participation of the catalytic sites. All

The F, ATPases from bacteria, chloroplasts
and mitochondria consist of five subunits with a
stoichiometry of o,8;yde, with the catalytic site
likely residing on the B subunit (see for reviews,
Refs. 1 and 2). The binding change mechanism for

Abbreviations: Fj, coupling factor one ATPase; EF, ATPase,
F, ATPase from Escherichia coli; Mops, 4-morpholinepro-
panesulfonic acid; DSP, 3,3’-dithiobis(succinimidylpropionate);
SDS, sodium dodecyl sulfate; DMSO, dimethylsulfoxide; P;,
inorganic phosphate; DTT, dithiothreitol.
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three B subunits are regarded as being function-
ally equivalent but as being in three different
conformations at any one time. Recent papers
from several laboratories [4-6] add to the evidence
for structural asymmetry of the B subunits of the
enzyme under conditions when it is not turning
over.

Prominent interactions occur between the vy
subunit and the « and B subunits as shown by the
requirement of all three subunits for catalysis (see
review, Ref. 7), and the demonstrations that mod-
ifications of —SH groups on the y subunit of CF,
ATPase markedly affect catalysis [8]. Measure-
ments in this laboratory of the species of [12O]P,
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formed from '#O-labeled ATP during ATP hy-
drolysis [9], or of ['*0OJATP formed from [*O]P,
during ATP synthesis [10] demonstrate that every
participating catalytic site is performing catalysis
in a closely similar or identical manner. The se-
quence data for the F; ATPases [11] show lack of
any tripartite symmetry of the y subunit. Thus,
certain groups or regions on the y subunit must
interact with the 8 subunit, either directly or
through the « subunit, to influence the catalytic
behavior of the B subunits. For the three B sub-
units to pass through equivalent states during
catalysis, the B subunits would need to sequen-
tially change their positions in the enzyme com-
plex in relation to the y subunit.

Such considerations led to the suggestion in
1981 [12,13] of a “rotational catalysis” for the
ATP synthase and F;, ATPases involving a rota-
tional change in the position of the B subunits
relative to a core of the minor subunits. Subse-
quently, based on structural considerations, Cox
et al. advanced a similar proposal [14], Oosawa
and Hayashi have proposed a mechanism for a
rotational model [15], and Mitchell has suggested
a model in which a and B subunits spin in place
[16). The Boyer and the Cox proposals explain
how the B subunits can maintain interactions with
minor subunits, yet pass through identical confor-
mations during catalysis.

Experimental approaches that have the poten-
tial for proving whether or not rotational catalysis
occurs are difficult to formulate. The approach
used for the present paper had the possibility of
proving that rotational catalysis very likely did not
occur or of adding to the findings consistent with
such catalysis. The latter result was obtained.

If rotational catalysis occurs, a chemical cross-
link between the 8 and y subunits would be
expected to stop catalysis. If catalysis continued
with such a crosslink, rotational catalysis would be
untenable. If the lost activity is regained when the
crosslink is cleaved, then spatial restrictions and
not chemical modification of groups could be
regarded as the reason for loss of catalytic capac-
ity. Such behavior would provide evidence con-
sistent with rotational catalysis. Although a con-
siderable number of crosslinking experiments have
been performed with F, ATPases [17-23], and loss
of catalytic activity has resulted [19,20,23], the use

of cleavable crosslinkers in an approach that would
test rotational catalysis has not to our knowledge
been undertaken.

The studies reported here made use of a cleava-
ble crosslinker, DSP. The inhibition of over 50%
of the catalytic activity of EF, ATPase was found
to be nearly completely reversible by cleavage of
the crosslinker. The activity loss thus resulted
from intersubunit and intrasubunit crosslinking
and not from extensive derivatization of reactive
groups, likely ~-NH, groups.

Experimental procedures

Materials

ATP, NADH, pyruvate kinase, lactate dehydro-
genase, e-amino caproic acid, p-aminobenzami-
dine, and dithiothreitol were supplied by the Sigma
Chemical Co. Sepharose CL-6B and DEAE-Seph-
arose CL-6B were obtained from Pharmacia Fine
Chemicals. DSP was a product of Pierce Chemical
Co. E. coli strain AN 1460 was obtained from Dr.
A.E. Senior of the University of Rochester.

Methods

Purification of EF, ATPase. E. coli strain AN
1460 was grown to mid-exponential phase and the
cells were stored at —80°C.

The membrane preparation and enzyme purifi-
cation were essentially carried out by the method
of Senior et al. [24], except for minor changes in
the F, purification procedure. The eluate from
DEAE-Sepharose CL-6B was precipitated with
65% saturated ammonium sulfate. The precipitate
was dissolved in 50 mM Tris buffer (pH 7.4),
containing 10% (v/v) glycerol/2 mM EDTA/1
mM ATP/1 mM DTT/40 mM e-amino caproic
acid. The solution was then applied to a column of
Sepharose CL-6B (2.5 cm X 90 cm), the eluted
fractions containing highest specific activity were
pooled, and the enzyme was stored as an am-
monium sulfate suspension at 4°C.

ATPase assay. The enzyme activity was moni-
tored by a coupling assay {25] after incubation in
dilute solution. The specific activity of EF, in-
creases as concentration is lowered as a result of
dissociation of the & subunit from the complex
[26,27]. The enzyme was assayed at a concentra-



tion of around 0.1 pg/ml after preincubation at
30°C for 20 min in a mixture consisting of 30 mM
Tris-acetate (pH 7.6) /30 mM potassium acetate /3
mM ATP/40 pg per ml pyruvate kinase/20 pg
per ml lactate dehydrogenase/0.2 mM NADH.
The reaction was initiated by adding an aliquot of
Mg-acetate (final concentration, 5 mM) and activ-
ity was measured by determining the decrease in
the absorbance of NADH at 340 nm. The specific
activity of the enzyme was expressed as pmol
product formed/min per mg protein. Protein was
determined by the method of Lowry et al. [28],
using bovine serum albumin as standard.

Crosslinking with DSP. Two procedures were
used for crosslinking the enzyme. In one, an aliquot
of the ammonium sulfate suspension was pelleted,
dissolved in 100 mM Mops-Tris buffer (pH 7.0)
and passed through a centrifuge-Sephadex column
[29] equilibrated with the same buffer. The desalted
enzyme was crosslinked in a mixture containing
100 mM Mops-Tris (pH 7.0)/20 mM ATP. An
aliquot of DSP (20-40 mM stock in dimethyl
sulfoxide) was added such that the final DMSO
concentration was less than 10% (v/v). The reac-
tion was allowed to proceed for 5 min at room
temperature (22-25°C) or as indicated in various
experiments and then passed through a
centrifuge-Sephadex column. The eluate was used
for the assay of ATPase activity and electrophore-
sis.

Alternatively, an aliquot of the ammonium
sulfate suspension was pelleted, dissolved in 50
mM phosphate buffer (pH 7.0) and passed through
a centrifuge-Sephadex column equilibrated with
the same buffer. The crosslinking reaction was
carried out in a reaction mixture containing 50
mM phosphate buffer (pH 7.0) and 20 mM ATP
at 10°C, as described in the preceding paragraph.

The control enzyme was similarly treated with
only DMSO and processed as described for ex-
perimental samples.

Cleavage of crosslinks with DTT. The cross-
linked enzyme was incubated with 33 mM DTT
and 33 mM ATP at 37°C for 30 min and then
assayed for enzyme activity. Because of the high
dilution for assay, the concentration of ATP and
other constituents during assay were essentially
those of the assay mix. The control (uncross-
linked) enzyme was treated in the same manner.
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Gel electrophoresis. One-dimensional SDS-poly-
acrylamide gel electrophoresis was carried out with
either a 12% or 15% uniform or 3-22% gradient
gel by the method of Laemmli [30]. A stacking gel
(5%) was used with the uniform polyacrylamide
gels. The stacking gel was omitted for the gradient
gel and a comb was inserted immediately after
pouring gradients, and the gel was allowed to
polymerize. The crosslinked samples were pre-
pared in a sodium dodecyl sulfate sample buffer
lacking 2-mercaptoethanol. 30-50 pg protein was
applied to the wells and electrophoresis was car-
ried out at 50 mA per slab for 3 h. The gel was
stained with Coomassie Blue R overnight.

For the second dimension, the gel strip (1 cm
wide) was cut out from the one-dimensional gel
and placed horizontally over a 5% stacking gel of
a 0.75 mm thick 15% acrylamide gel. The strip was
surrounded by 1% agarose in 125 mM Tris-HCl
buffer (pH 8.5) containing 0.1% (w/v) sodium
dodecyl sulfate and 2% (v/v) 2-mercaptoethanol,
and run at a current of 50 mA per slab.

Quantitation of subunits in the control and cross-
linked enzyme. The relative amounts of different
subunits were estimated by excising the bands
corresponding to «, B, vy, d and ¢ subunits, ex-
tracting the dye in 1 ml DMSO (100%) for over 12
h at room temperature and determining the ab-
sorbance in DMSO of the extract at 595 nm. The
same procedure was used for quantitating the
subunits in the second dimension gel, obtained
after DTT cleavage.

To test the dye extraction method, various
amounts of EF, were put through the separation
and extraction procedure. The absorbance was
found to increase linearly for individual subunits
over a range of 6-50 pg of applied EF,. All the
extractions were carried out with duplicate sam-
ples.

Results

Time-course and buffer dependency of the reaction
with DSP

The time-course of the reaction in 100 mM
Mops-Tris buffer or 50 mM phosphate buffer at
pH 7.0 is shown in Fig. 1. The results show that
the reaction reached completion in about 5 min
when carried out in Mops-Tris buffer at room
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Fig. 1. Time-course for inactivation of EF, ATPase with DSP.
O O, inactivation in Mops-Tris buffer. To EF, ATPase
(1.54 mg/ml) in 100 pl of a reaction mixture at room tempera-
ture containing 100 mM Mops-Tris buffer (pH 7.0) and 20 mM
ATP was added 2 pl of DSP in DMSO (DSP concentration,
0.5 mM final). The reaction mixture was vortexed immediately
and incubated at room temperature (22-25°C). @ o,
inactivation in phosphate buffer. EF, ATPase (1.01 mg/ml) in
100 pl of a reaction mixture at 10°C containing 50 mM
phosphate buffer (pH 7.0) and 20 mM ATP was treated with
DSP as indicated for the reaction with Mops-Tris buffer,
except incubation was at 10°C. Aliquots were drawn at times
indicated in the figure and assayed as described in Experimen-
tal procedures.

temperature. A slower reaction occurred in phos-
phate buffer at 10°C, however, the extent of in-
activation was greater than in Mops-Tris buffer,
suggesting that the DSP reacts with Tris, thereby
reducing its effective concentration in the reaction
mixture. More variability was encountered when
Tris buffer was used. This could also be a reflec-
tion of a reaction of the reagent with the Tris
buffer, if, for example, there are rapid competing
reactions as the reagent added in DMSO is being
diluted.

Effect of DSP concentration on activity loss

Fig. 2 shows the effect of a 5 min exposure to
varying concentration of DSP on the activity of
the enzyme. The crosslinking in these experiments
was carried out in PO, buffer at 10°C. The activ-
ity loss approximated a first-order reaction course.

Reversible loss of enzyme activity by reaction with
DSpP
When the EF, ATPase was treated with DSP,
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Fig. 2. Effect of DSP concentration on EF; ATPase activity.
To EF; ATPase (0.62 mg/ml) in 100 pl of a reaction mixture
containing 50 mM phosphate buffer and 20 mM ATP at pH
7.0, was added 5 pl of DSP in DMSO (final concentration of
DSP as indicated). The mixture was vortexed immediately and
incubated at 10°C for 5 min. The reaction mixture was then
passed through a centrifuge-Sephadex column and the eluate
was used to assay enzyme activity as described in Experimental
procedures.

subunit crosslinking similar to that reported by
Bragg and Hou [20] was observed, but with less
extensive crosslinking as anticipated by our use of
lower DSP concentrations.

Table I shows representative experiments show-
ing loss of activity due to enzyme modification by
DSP in 100 mM Mops-Tris buffer. The results

TABLE I

EFFECT OF CROSSLINKING AND CLEAVAGE OF
CROSSLINKS ON THE ACTIVITY OF EF, ATPase

EF, ATPase (1.1-4.6 mg/ml) was modified with the indicated
concentrations of DSP, in a reaction mixture containing 100
mM Mops-Tris and 20 mM ATP at pH 7.0 for 5 min at room
temperature. The reaction was stopped by passing the mixture
through a centrifuge-Sephadex column. The eluate was used
for ATPase assay. The crosslinks were cleaved with dithioth-
reitol (DTT) in the presence of ATP at 37°C as described in
the Experimental procedures section. The results are means +
standard deviation of four experiments. Each assay was carried
out in duplicate.

Concentration Activity Activity after
of DSP DTT treatment
(mM) (%) (%)

0 100 100+ 5

2 29+12 85+ 4

333 29+ 3 7012




indicate that as much as 70% activity was lost at a
DSP concentration of 3.33 mM. A major portion
of the lost activity could be recovered on cleaving
the crosslinks with dithiothreitol in the presence of
ATP. Other experiments showed that the presence
of ATP in the modification mixture was essential
for reversible inactivation. When modification was
carried out in the absence of ATP, very little
activity was regained after dithiothreitol cleavage
of the crosslinks (data not shown). Also, the pres-
ence of ATP was required for optimal regain of
activity upon cleavage of crosslinks with dithioth-
reitol.

Correlation of subunit crosslinking with enzyme in-
activation
To find whether activity loss might be attri-

0.24 052
mM mM
DSP DSP

Control

Cross-
linked
Subunits

S il

€

Fig. 3. Gel electrophoresis patterns after crosslinking. EF;
ATPase (1.9 mg/ml) in a 100 pl volume was incubated with

0.24 or 0.52 mM DSP in 100 mM Mops-Tris buffer, containing

20 mM ATP at pH 7.0, and at room temperature for 5 min as
described in Experimental procedures. The enzyme retained
69% and 29% activity, respectively, and regained 100% and
87% activity after dithiothreitol-cleavage. 42 pg (control), 38
pg (modified with 0.24 mM DSP) and 31 pg (modified with
0.52 mM DSP) of protein were applied as indicated to a 12%
SDS-polyacrylamide gel, with 5% stacking gel, and electro-
phoresed at 50 mA for 3 h before staining.
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buted to any particular intersubunit crosslinks, the
subunits crosslinked were identified by gel electro-
phoresis. Intersubunit crosslinking was evident
after DSP reaction as shown by the appearance of
higher molecular-weight species (Fig. 3). The
higher molecular-weight crosslinks were not at-
tributable to intermolecular crosslinking because
their appearance was independent of enzyme con-
centration. Also, the electrophoresis of the cross-
linked enzyme on a nondissociating gel (no SDS)
revealed the absence of intermolecular crosslink-
ing. In this gel, the undissociated enzyme migrated
as a single major band.

Experimental results of crosslinking in Tris
buffer are presented in Table II. The amount of
noncrosslinked subunit remaining after reaction
with DSP is expressed as the % of the total origi-
nal amount of subunit present. The data show that
the extent of crosslinking of y and 8 subunit was
about equal to the loss of activity, while the extent
of crosslinking of the « and B subunits was much
less than the activity loss. The vy and & subunits
that were crosslinked were present in bands corre-
sponding to greater apparent M, than under-
ivatized « and $ subunits showing that they were
crosslinked to the larger subunits.

In one of these experiments the amounts of all
the five subunits remaining uncrosslinked were
compared with native enzyme. The results are
presented in part B of Table II. They show that
crosslinking of 33% of the « subunit or 11% of the
B subunit is accompanied by 71% loss of activity.
The preferential crosslinking of the o subunit
suggests that the principal crosslinks of the vy and
8 subunits were to the a subunit. v-8 subunit
crosslinks were not observed. Actiivty loss was
somewhat greater than the crosslinking of the y or
8 subunits to the larger subunits. There was little
crosslinking of the & subunit with any other sub-
unit.

Experimental results of subunit crosslinking in
phosphate buffer are presented in Table III. The
loss of activity and extent of crosslinking were
more pronounced relative to the reaction in
Mops-Tris buffer. Crosslinking was 61%, 28%, 65%,
69%, 32% for o, B, vy, 8 and e subunits, respec-
tively, when modification was carried out for 15
min (Table IIIA). Electrophoresis of the cross-
linked species in a second dimension after di-
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TABLE 11
EFFECT OF DSP TREATMENT ON THE EXTENT OF INTERSUBUNIT CROSSLINKING AND EF, ATPase ACTIVITY

EF, ATPase (1.9-2.9 mg/ml) was modified with the indicated concentration of DSP. The reaction mixture containing 100 mM
Mops-Tris/20 mM ATP at pH 7.0 and EF, ATPase was added to an aliquot (5 pl) of DSP in dimethylsulfoxide and vortexed
immediately. Incubation was carried out for 5 min at room temperature. The control enzyme designated as unmodified was similarly
treated with an aliquot of dimethylsulfoxide. The reaction was stopped by passing the mixture through a centrifuge-Sephadex
column. The eluate was used for enzyme assay and electrophoresis. Electrophoresis and quantitation of individual subunits were
carried out as described in the Experimental procedures section. The results are the mean of three experiments. All the
determinations and assays for each experiment were carried out in duplicate. The results in part B of the table represent a typical

experiment, where amounts of all the five subunits were determined. DTT, dithiothreitol.

1A
Concentration Activity Activity after Subunits not crosslinked
of DSP DTT treatment (%)
(mM) (%) (%) a+ 8 y 5
0 100 118+ 3.7 100 100 100
0.24 735472 114+ 2.0 84+3 60+5 69+8
0.52 336445 91+120 7147 34+8 41+3
IIB
Enzyme Activity Activity after Subunits not crosslinked
DTT treatment (%)

(%) (%) N P . 5 :
Unmodified 100 120 100 100 100 100 100
Modified 29 76 67 89 44 44 96

thiothreitol-cleavage showed that aff, aa, ay, od
and B, crosslinks were formed.

Occurrence of intersubunit crosslinks

The first dimension electrophoresis and de-
termination of uncrosslinked subunits by dye ex-
traction revealed that a larger fraction of the o
subunit than of the B subunit was crosslinked. To
ascertain which subunits were crosslinked, the first
dimension gel strip was run in a second dimension
after DTT-cleavage. The bands corresponding to
o, B, v, 8 and ¢ subunits in the uncrosslinked, as
well as crosslinked species, were determined. The
results are expressed as the percent of unmodified
(native) enzyme subunits (Table IIIB). In the sec-
ond dimension, the uncrosslinked subunits move
along a diagonal path, while the subunits arising
from cleavage of the crosslinked species move
away from this diagonal. About equal amounts of
native and modified enzyme preparations were
applied to the gel whenever a comparison of the
relative abundance of subunits was made. The

results presented in part B of Table III confirm
that the individual subunits indicated as lost in
part A appear in the crosslinked species. The
extent of crosslinking reported in part B agrees
reasonably well with that presented in part A. A
greater proportion of a subunits than of the B
subunits was observed in the crosslinked species.

Although as much as 20-30% reduction in the
amount of uncrosslinked & subunit was observed
in some experiments, no ¢ subunit was found in
the cleavage products of the crosslinked species of
mass greater than 55-60 kDa. Some intramolecu-
lar crosslinks in the & subunit may have caused a
change in its mobility, without crosslinking it to a
major subunit, or it was dispersed in crosslinked
products so that its abundance was too low to
show up in the second dimension.

This left open the question whether the inhibi-
tion of activity upon crosslinking might result
from binding of the & subunit to the enzyme in a
manner that retained the inhibitory effect of the
subunit upon dilution of the enzyme to attain
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TABLE III
EFFECT OF DSP TREATMENT ON THE EXTENT OF INTERSUBUNIT CROSSLINKING AND EF, ATPase ACTIVITY

To EF, ATPase (1.0-1.45 mg/ml) in a 400 pl volume containing 50 mM phosphate buffer and 20 mM ATP at pH 7.0, was added a
10 pl aliquot of DSP in dimethylsulfoxide (final concentration, 0.5 mM) and the reaction mixture vortexed immediately. Incubations
were at 10°C. Aliquots were withdrawn at times indicated and passed through centrifuge-Sephadex columns. The eluate was used for
enzyme assays and electrophoresis. The results are means of three experiments. The determinations for each experiment were carried
out in duplicate. Part B of the table presents the percentages of the subunits in uncrosslinked and crosslinked fractions of the
modified preparation. The enzyme modified with DSP for 15 min was run in SDS-polyacrylamide gel electrophoresis. This lane was
then run in the second dimension after dithiothreitol (DTT) cleavage as described in the Experimental procedures section. The
amounts of subunits are expressed as percent of unmodified preparation presented in the first row of part A. The results are mean of

three experiments.

A. One-dimensional electrophoresis

Sample Incubation time Activity Activity after Fraction of subunit not crosslinked
with DSP DTT-treatment B Iy
¥ €
(min) (%) (%) (%) (%) (%) (%) (%)
1 0 100 106 +6 100 100 100 100 100
2 5 67.5+4.9 945425 69+3 89+ 6 68+2 72+10 77+11
3 10 53.0+10 85.5+6.5 63+7 88+ 5 54+1 70+ 3 76+ 5
4 15 41.6+2.5 83.3+45 3948 72+11 35+9 31+ 4 68+ 8
B. Second dimension of electrophoresis for sample 4
Subunit measurement Subunit
a B Y ) €
Recovered from uncross-
linked portion of gel * 32+4 5845 2547 31+14 5117
Recovered from cross-
linked portion of gel # 44+6 17+4 42+7 33+ 8 -
Total recovered from gel * 76 75 67 64 -
Fraction not crosslinked 0.42 0.77 0.37 0.48 -

® As % of subunits found in sample 1, part A, with no DSP treatment.

maximum specific activity. When the noncross-
linked enzyme was assayed at a concentration of
1.5 pg/ml, no effect of subunit dissociation was
apparent and the specific activity was about 1/3
of that observed when assayed at 0.1 p.g/ ml (where
specific activity is maximal [26,27]). When the
crosslinked enzyme was assayed at a concentra-
tion of 1.5 pg/ml, the inhibition produced was
similar to that noted when assayed at 0.1 pg/ml.
Hence, the inhibition upon crosslinking can be
attributed to derivatization of other subunits and
not to lack of & subunit dissociation.

Extent of derivatization and possible intramolecular
crosslinks

To assess the extent of derivatization and of
possible intramolecular crosslinks in the major «

and B subunits, samples were analyzed by 2-D gel
electrophoresis. After cleavage of the —S—-S bond
by thiol, samples were exposed to isoelectric focus-
ing in one dimension, then separated by SDS-
polyacrylamide gel electrophoresis in a second
dimension. Reaction with the DSP would be ex-
pected to remove a positive charge of an amino
group, and thus the subunits that have reacted
with one or more succinimidyl groups of the re-
agent will be revealed as one or more spots migrat-
ing separately from the unmodified subunit. After
reaction with DSP under the conditions required
to inhibit about 2 /3 of the catalytic activity, the o
subunit no longer migrated primarily as a single
spot, but now displayed about equal amounts of
five spots as expected for reaction with up to 5 or
6 NH, groups for the most derivatized spot.. The
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B subunit showed migration patterns consistent
with derivatization up to 3 or 4 NH, groups. It
was estimated that an average of 4-6 groups,
likely NH,, on the a and B subunits of each
enzyme had reacted. Reaction of less than one
group per o or B subunit would suffice to account
for the extent of intersubunit crosslinking reported
in Table III. The balance of the reacted groups
could be singly derivatized with the reagent, the
other end of the reagent having reacted with water.
The absence of any appreciable intrasubunit cros-
slinking is indicated by the migration in SDS-
polyacrylamide gel electrophoresis of the a and B
subunits that had not formed intersubunit cross-
links. Such subunits migrated identically with those
of unreacted enzyme (Fig. 1). Intrasubunit cross-
links could readily retard protein unfolding and
lessen SDS binding, resulting in changes in migra-
tion patterns. But the data do not rule out in-
trasubunit crosslinks. Each intrasubunit crosslink
requires the reaction of two groups on the subunit,
and the o subunits could have an average of about
two and the B subunits an average of about one
such crosslink.

Discussion

The results presented in this paper show the
following points. (1) Treatment of EF, with DSP
results in electrophoretically distinguishable inter-
subunit crosslinks accompanied by loss of cata-
lytic activity. (2) The loss of activity of the mod-
ified enzyme results principally from conforma-
tional restraints of crosslinking and not from
chemical modification of reactive groups. (3) The
extent of crosslinking of « or B subunits is less
than the loss of enzyme activity, but the extent of
crosslinking of y or 8 subunits is about equivalent
to or greater than the loss of enzyme activity.

The crosslinking by DSP likely involves reac-
tion with lysine amino groups on nearby peptide
chains. Only a few crosslinks need to be inserted
to account for the intersubunit crosslinking ob-
served when about 2/3 of the catalytic activity is
lost. Such loss of activity is observed when about
0.7 of the vy and & subunits are crosslinked to
major subunits. A reaction of only 2.8 NH, groups
per mol could give 1.4 crosslinks per mol. An
additional 5-6 NH, groups appear to be deriva-

tiZed in the noncrosslinked a and B subunits, and
other NH, groups on the vy, 8 and ¢ subunits
could have reacted without crosslinking. The re-
covery of activity after cleavage of the cross-links
shows that over 5-6 groups, likely NH,, per mol
can be derivatized without appreciable loss of
catalytic activity. This, although of interest, is not
an unusual finding. What appears unusual is that
the tying together of only 2-4 of these nonessen-
tial groups in intersubunit crosslinks could be the
cause of a pronounced loss in catalytic activity.
The activity loss could result from additive effects
of several crosslinks, or, alternatively, specific
single intersubunit crosslinks might stop catalysis.

It must be emphasized, however, that the loss
of catalytic capacity following reaction with DSP
could also result from intrasubunit crosslinks. The
isoelectric focusing dimension in 2-dimensional
gel analysis showed that aithough intrasubunit
crosslinks may have been lacking, it does not rule
out that some intramolecular crosslinks might have
been present in the inhibited enzyme, mostly in
the o subunits. If « or 8 subunits undergo appre-
ciable conformational changes during catalysis,
then either intrasubunit or intersubunit crosslinks
might stop catalytic events. In contrast, for rota-
tional catalysis, it seems highly likely that inter-
subunit crosslinks between portions of subunits
with relative motions in opposite directions would
block catalysis.

If the intersubunit crosslinks are responsible
for the loss in catalytic activity, then the activity
loss is most readily attributable to the linking of
the y and 3 subunits to major subunits, particu-
larly the o subunit. Such crosslinks could readily
inhibit catalysis by preventing essential conforma-
tional changes. If, in rotational catalysis, the 8
subunits moved around a core that included the o
subunits, then crosslinking of 1/3 of the B sub-
units to a, Y or § subunits would be expected to
stop activity. In the experiment reported in Table
IIB, insufficient B subunit was crosslinked to
account for activity loss on this basis. If the « and
B subunits moved together, the extent of crosslink-
ing of the o subunit to minor subunits in all
experiments was sufficient to account for the loss
of activity. Even if B subunits moved indepen-
dently of o subunits, both o and B subunits could
have considerable conformational change- during



catalysis, and crosslinking of a subunits to single-
copy subunits could stop ctalysis.

As mentioned in the Introduction, a finding
that a crosslink between the y subunit and the 8
subunit specifically inhibited catalysis would sup-
port the occurrence of a rotational catalysis as
proposed by Boyer and by Cox. The present re-
sults are consistent with, but do not provide, a
critical test of this possibility. We are currently
attempting to devise a means of attaining specific
B—y subunit crosslinks as a further test of the
feasibility of rotational catalysis.

The suggestion that the binding change mecha-
nism proceeds with sequential participation of
catalytic sites such that the B subunits have the
same time-averaged conformations is by no means
proven at this stage. The concept of rotational
catalysis must be regarded as even more tenuous.
However, the results presented here do give strong
evidence that major conformational changes
accompany catalysis by the F; ATPases, and add
to the accumulating findings that are consistent
with and perhaps best explained by rotational
catalysis.
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