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Interaction of Cytochrome ¢ with Reaction Centers of Rhodopseudomonas
sphaeroides R-26: Determination of Number of Binding Sites and
Dissociation Constants by Equilibrium Dialysis'

D. Rosen,! M. Y. Okamura,? and G. Feher*

ABSTRACT: The number of binding sites and dissociation
constants of cytochrome ¢ (horse heart) and cytochrome c,
(Rhodopseudomonas sphaeroides) to reaction centers of
Rhodopseudomonas sphaeroides R-26 was determined by
equilibrium dialysis. One binding site was found for both

Tle primary energy conversion process in photosynthesis
involves the conversion of light energy into chemical energy
by means of a series of electron-transfer reactions. In the
primary photochemical event, an electron is transferred from
a donor (D) to an acceptor (A) in a bacteriochlorophyll-
protein complex called the reaction center (RC).! The
photogenerated electron—hole pair associated with the do-
nor-acceptor pair D*A~ of the RC recombines at physiological
temperatures with a characteristic time of ~0.1 s. For high
quantum yields, it is necessary to prevent this recombination,
i.e., the electron or hole has to be transferred to secondary
reactants in a time much less than 0.1 s. On the donor side,
ferrocytochrome ¢, accomplishes this task [Parson, 1968; for
a review, see Dutton & Prince (1978)]. Thus, the binding and
the electron-transfer rate between the cytochrome and the RC
are important parameters of the photosynthetic process. In
this work, we present data on the number of binding sites and
the dissociation constant of cytochrome ¢ to RCs. In forth-
coming papers, the kinetics of binding and electron transfer
(T. D. Marinetti, M. Y. Okamura, D. Rosen, and G. Feher,
unpublished experiments), as well as evidence for the positions
of the binding site (D. Rosen, M. Y. Okamura, and G. Feher,
unpublished experiments) will be presented.

The stoichiometry of binding of cyt ¢ to RCs has been
investigated both in vivo and in vitro by several authors (Ke
et al., 1970; Dutton et al., 1975; Bowyer & Crofts, 1979;
Pachence et al., 1979). Differing results were reported by the
various groups. These conflicting results may have been due
to differences in the systems studied and the indirect methods
that were used to study them. In this work, we used the
method of equilibrium dialysis to study the binding of cyt ¢
to isolated, well-characterized RCs (Feher & Okamura, 1978)
from R. sphaeroides R-26. This required a semipermeable
membrane that would pass cyt ¢ but not RCs. Using a
membrane with these properties, we determined the dissoci-
ation constant and number of binding sites on the RC for
oxidized and reduced cyt ¢ (horse heart) and cyt ¢, (R.
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cytochromes. The dissociation constants (10 mM Tris-HCl,
pH 8.0) were ~0.4 uM and ~1.0 uM for cytochrome ¢ and
cytochrome c,, respectively. Oxidized and reduced forms of
both cytochromes bound to reaction centers with approxi-
mately equal affinity.

sphaeroides). A preliminary account of this work has been
presented earlier (Rosen et al., 1979; Rosen, 1979).

Materials and Methods

Equilibrium Dialysis. A five-cell rotating equilibrium
dialysis assembly (Spectrum Medical Instruments, Los An-
geles, CA) was used; the volume of each compartment was
1 mL. The membranes were of the regenerated cellulose series
(Schleicher & Scheull, Keene, NH, RC-52 and RC-53). They
were washed for several hours with five changes in 10 mM
Tris-HC], pH 8.0, 0.19% Triton X-100 (TT buffer) and 1 mM
EDTA and then rinsed with TT buffer before use. All buffers
were filtered through 0.22-uM Millipore filters to remove
particles that might clog the membrane. Dialyses were per-
formed at 4 °C in the dark for 48 h unless otherwise specified.

Reaction Centers. RCs were prepared according to pub-
lished procedures (Feher & Okamura, 1978). The solubilizing
detergent, lauryldimethylamine oxide (LDAO), was found to
change the oxidation state of cyt; it was therefore replaced with
0.1% Triton X-100 by absorbing RCs on a DEAE column,
washing with TT buffer, and eluting with 1 M NaClin TT
buffer followed by dialysis against TT buffer. Triton X-100
was treated with NaBH, (10 mM) to reduce peroxides and
dialyzed overnight against water. The concentration of Triton
was determined by its optical absorbance at 275 mm (e;;5 =
20 cm™! %)),

Cytochrome c. Horse heart cytochrome ¢, obtained from
Sigma (type III), was used without further purification.
Cytochrome c, was prepared by the method of Bartsch (1978)
or was kindly supplied by Drs. R. G. Bartsch and T. E. Meyer.

Reduced cytochrome ¢ was prepared by adding a 3-5-fold
excess of sodium dithionite to the cytochrome solution, followed
by chromatography on Sephadex G-25 equilibrated in 10 mM
Tris-HCl, pH 8.0. The reduced cytochrome had a concen-
tration of ~1 mM and was stored under nitrogen at —20 °C.

Oxidized cytochrome ¢ was prepared by passing a 3-4 mM
cyt solution in 10 mM Tris, pH 8, over a column of Bio-Rad
AG1-X8 which was 50% saturated with potassium ferri-
cyanide. Cytochrome ¢ (horse) prepared this way was ~98%
oxidized. Cytochrome ¢, required two passes over the column
and was 96% oxidized. The oxidized solutions were diluted
in 10 mM Tris-HCI, pH 8.0, to a concentration of 1-2 mM

! Abbreviations used: cyt, cytochrome; R. sphaeroides, Rhodopseu-
domonas sphaeroides; RC, reaction center; LDAO, lauryldimethylamine
oxide; TT buffer, 10 mM Tris-HCI, pH 8.0, and 0.1% Triton X-100; TL
buffer, 10 mM Tris-HCl, pH 8.0, and 0.025% LDAO.
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and stored at —20 °C. Before each dialysis experiment, the
cytochrome solutions were diluted with TT buffer.

Optical Measurements. The concentration of cytochrome
was determined by measuring the optical absorbance by using
the extinction coefficients €5 = 27.6 mM™' cm™! for cyt ¢
(Margoliash & Frohwirt, 1959) and ¢ = 30.8 mM™! cm™
for cyt ¢, (Bartsch, 1978). The RC concentration was de-
termined by using the extinction coefficient eg, = 288 mM™!
cm™' (Straley et al., 1973). The extinction coefficient of RCs
at 550 nm was determined to be €550 = 31.7 mM™! cm™.
Spectra were taken with a Cary 14R spectrophotometer. Base
lines were taken before and after each spectrum to check for
possible drifts. Before spectra were taken, the cytochrome was
reduced by the successive addition of small aliquots of sodium
ascorbate (solid) until no absorbance changes at 550 nm were
seen, At the lowest cyt concentrations, the difference between
the absorbances at 550 and 560 nm was used to correct for
slight scattering of the sample. Dilutions were performed by
weighing all solutions; this kept the dilution errors to less than
0.2%.

Analysis of Data. (1) Plotting of Results. Let the con-
centrations of total, bound, and free cytochromes be denoted
by [Cyt]total = CT’ [Cyt]free = CFs and [Cyt]bound = CB» and
similarly for the concentrations of reaction centers [RC],,,
= Ry, [RC]tee = Ry, and [RC]yound = Rp. The concentrations
in the compartment that do not have RCs will be primed (i.e.,
R’ =0, C¢’ = G, etc.). The concentration of cyt ¢ added to
one compartment at the beginning of the experiment will be
denoted by C,. With the assumption that n represents inde-
pendent, homogeneous binding sites, the fraction of RCs
having a cytochrome bound, » (¥ = Cg/Ry), is given by the
relation (Van Holde, 1971)

»=n-@/CpKp (D
where Kp, is the equilibrium dissociation defined by
Kp = [RC][cyt] /[RCeeyt] = ReCe/Cp (2)

If one plots » against 5/ Cy, n and K, can be obtained from
the intercept and slope of the straight line given by eq 1.

(2) Correction Due to the Donnan Effect. In the presence
of charged, nondiffusible macromolecules, the equilibrium
concentrations of the diffusible ions will not be the same in
both compartments. Specifically, the concentration of the
diffusible ion that has a charge opposite to that of the mac-
romolecule will be larger in the compartment having the
macromolecules. A negative charge on the RC of z = -15
was estimated at pH 8.0 from the amino acid analysis (Steiner
et al., 1974) by assuming a molecular weight of 95000 and
a ratio of Glu/Glx = Asp/Asx =~ 0.6 (Dayhoff et al., 1976).
The charges, x, on cytochrome ¢ (including the free carboxyl
end group and the two propionic acids on the heme) at pH
8 are x = +6 and +7 for the reduced and oxidized species
(Dayhoff et al., 1972). For cytochrome ¢, at pH 8, the charges
are x = -3 and -2, respectively (Dayhoff & Barker, 1976).

If the concentration of univalent ions, in our case Tris-HCI,
is much larger than xCr and zR, the Donnan equilibrium will
be governed by the buffer and is given approximately by
(Tanford, 1961)

[Tris'] _[CL] | zRe+ G+ )R

(Tris*)  [CI) 2(Tris*]
ZRT + xCB
l-——=1-¢ (3)
2[Tris*}]

where the two terms in the numerator are due to the charges
of the RCs that are free and the RCs that have a bound cyt.
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The expansion in terms of ¢, defined by eq 3, is justified since
¢ << 1 for all our measurements. The ratio of the concen-
trations of the polyvalent diffusible ions (cytochrome) having
a charge x is given by (Tanford, 1961)

C Tris] \*
) _ L_] ~ 1 xe (4)
(CpY [Tris)’
The Donnan corrections of 7 and 7/ R were obtained by using
eq 3 and 4, ie.:

p=Cy/Rr=(C:-Cp) /Ry = [Cr - C¥(1 - xe)]/R'(rS)
v/Ce =3/[CF¥(1 - x¢) /Ry] (6)

(3) Error Analysis. The errors in v and 5/Cr (and hence
n and Kp) arise mainly from uncertainties in the determination
of the cytochrome concentrations; the error in the determi-
nation of the starting RC concentration is small and was
neglected. Different assay procedures were used for low (v
< 0.5-0.6) and high (3 > 0.5-0.6) cytochrome concentrations.
As a result, the error determination differed for the two cases.
Only the two quantities C¢’ and Ct need to be measured at
equilibrium since Cy = Cy - Cy.

At low cytochrome concentrations, the absorbance of RCs
at 550 nm introduces a large error in Cr when one tries to
determine it from the optical absorbance of the mixture of RCs
and cytochrome. Consequently, we measured instead the total
amount of cytochrome, C,, introduced into the cell. This
together with a measurement of C¥, gives Cr. The expressions
for the errors in 7 and »/Cy were obtained by standard pro-
cedures and are given by

0,2 = [ocmce/Rel* + [20¢4/Rr)? )
0}/ = loccy/RiCe]* + [0 (Cr + CF) /RiC?)? (8)

where ¢ represents the standard deviation of the mean of the
quantity denoted by the subscript. The individual ¢ values
were estimated in the following way: In a separate set of
experiments, we determined that for both cytochromes Cr +
C¥ = (0.96 + 0.03)C,, i.e., about 4% of the cytochrome was
absorbed to the membrane or cell wall. The percentage error
in Cr + C¥ was estimated to be 4%, i.c., oc4cy = 0.04(Cr
+ C¢') and 2% of C¥’ or 0.03 uM, whichever was larger.
At high cytochrome concentrations, the fractional difference
between Ct and Cy’ becomes small, resulting in an increased
error in Cy = Cy — C¢’. Consequently, we found it advanta-
geous to measure the absorbance at 550 nm of the solution
containing RCs and cytochrome and to correct for the now
relatively small absorbance of the RCs at that wavelength. For
Ry = 2.5 uM, this correction corresponds to 2.9 uM cyt c and
2.6 uM cyt ¢;. With the assumption of a 5% error in this
correction, it contributes an error to Cr of o, = (2.9)(0.05)
= 0.14 uM. With a 2% error in the determination of the
optical absorbance of the two compartments, the numerical
values for ;2 and o3¢, for Ry = 2.5 uM are given by

a2 = [(Cr + 2.9)(0.02) /Ry)? + [(CF)(0.02) /R1)* +
[0.14/R1]* (9)

o3c, = [(Cr + 2.9)(0.02) /(R{Cp)]* +
[(C1)(0.02) / (RrCR)I* + [0.14/(RrCp)]* (10)

For cyt c,, the values of 2.9 and 0.14 should be replaced by
2.6 and 0.13, respectively.

The above equations were applied to each point, and a
least-squares computer fit was obtained to a straight line given
by eq 1. Each value was assigned a weighting factor inversely
proportional to (a,2 + “vz/c,r)- Equations 5 and 6 were used
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Table I: Number of Binding Sites and Dissociation Constants for Reduced and Oxidized Cytochromes ¢ and ¢,
uncorrected corrected ¢
cytochrome species n Kp (uM) n Kp wM)
cyt ¢ (horse heart)
reduced 1.00 = 0.04% 0.37 £ 0.06 0.97 £ 0.03 0.35 £ 0.05
oxidized 1.08 £ 0.02 0.41 + 0.03 1.05 £ 0.02 0.39 £ 0.02
cytc, (R. sphaeroides)
reduced .86 £ 0.02 7+0. 0 0.93 = 0.02 1 00 £ 0.05
oxidized .04 £ 0.05 1 41 +0.1 1.08 £ 0.05 1.47 £ 0.15
@ Dialysis was performed at T =4 °C. Buffer: 10 mM Tris-HC), pH 8, and 0.1% Triton X-100. b Corrected for Donnan effect (see eq 5
and y). ¢ Statistical errors (standard deviations of the mean) are quoted. The uncertainties in the extinction coefficients of RCs and cyt

contribute an additional fractional error of approximately 7% and 5% for n and Kp, respectively.

to correct each point for the Donnan effect. Since the Donnan
corrections were found to be small, we assumed the same o
values for the corrected points. It follows from eq 9 that the
higher the RC concentration, Ry, the smaller the error in 7
and »/Cp. However, an increase in Rr produces a larger
Donnan correction and also necessitates an increase in cyto-
chrome concentration. These considerations led to the choice
of Ry = 2.5 uM.

Besides the statistical errors discussed above, systematic
errors in # and Kp may arise due to uncertainties in the values
of the extinction coefficients 5550 and 2. It is easily shown
that a fractional error, 8, in fcyt causes a fractional error, 4,
in both n and K, (if €20 used is too high, the measured values
of n and K will be too low). Similarly, a fractional error,
8, in €52 causes a fractional error in n (if &% used is too high,
the measured value of n will be too hlgh) However, in this
case, no error in Kp is made. Since the extinction coefficients
have been determined with a fractional error of approximately
5%, we need to increase the statistical error in n by adding
to o2 a systematic component, (0.07n)2. Similarly, the error
in K is increased by adding an amount, (0.05Kp)?, to af(D.

Experimental Results

Selection and Characterization of the Dialysis Membrane.
The first problem was to find a semipermeable membrane that
passed cytochrome ¢ but not RCs. About 20 different mem-
branes were tested for these properties. Those that had a
half-time for cytochrome equilibration of more than 2 days
or that bound a significant fraction (>10%) of the cytochrome
were discarded.

The Schleicher & Scheull RC-series membranes had the
desired characteristics. Figure 1 shows the time course for
the passage of reduced cytochrome ¢ across the RC-52 and
RC-53 membranes. The half-times for equilibration were
found to be 23 and 2 h for the two membranes, respectively.
For cytochrome c;, the half-time for the RC-53 membrane was
4 h. Both of these membranes were impermeable to RCs.
When RCs were put into one compartment, no detectable RCs
(<0.02%) were found in the second compartment after 7 days.

Binding of Cytochrome ¢ to RCs. Figure 2 shows the
binding of reduced cyt ¢ (horse heart) to RCs as a function
of the cyt ¢ concentration added to the compartment opposite
the one containing RCs. The binding clearly saturates at about
one cytochrome per RC.

In order to obtain more quantitative values for the number
of binding sites, n, and the dissociation constant, Kp, the data
of Figure 2 were replotted according to eq 1 (see open circles
of Figure 3A). The experimental errors were determined as
described under Materials and Methods. The filled circles
correspond to the experimental values corrected for the Donnan
effect (eq 5 and 6). The errors were assumed to be the same
for both the corrected and uncorrected points. The straight
line represents a least-squares computer fit to the corrected
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FIGURE 1: Dialysis of ¢yt ¢ (horse heart) across RC-52 and RC-53
membranes at 7= 4 °C. At zero time, 20 uM reduced cyt cin TT
buffer was placed in one compartment of each of five equilibrium
dialysis cells; the other compartment contained TT buffer. At different
times, one cell was drained, and the cytochrome concentrations, [cyt],
and [cyt],, were determined spectrophotometrically in compartments
1 and 2. Percent away from equilibrium was defined as ([cyt], —
[eyt]a)/([eyt]y + [cyt]2)100%.
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FIGURE 2: Binding of horse heart cyt ¢ to RCs by equilibrium dialysis.
RCs (2.5 uM) in TT buffer were introduced into one compartment
of each dialysis cell. Different amounts (1.5-25 uM) of cyt ¢ were
introduced into the second compartment. The two compartments were
separated by an RC-53 membrane. Samples were dialyzed for 48
hat T =4 °Cin the dark. The cells were then drained, and the
samples were analyzed spectrophotometrically after reduction with
sodium ascorbate. Cytochrome concentrations in each compartment
were determined as described in Materials and Methods.

values. From the intercept and slope, we obtained the values
n and K, (see Table I).

Although the cyt ¢ was added in the fully reduced form, at
the end of the dialysis (48 h), approximately 20% of the cyt
¢ was oxidized.? In order to determine the effect of this partial
oxidation, we checked the binding of fully oxidized cyt ¢ to
RCs (see Figure 3B). The values for » and Kp, (see Table I),
obtained from Figure 3B, are sufficiently close to those ob-

2 No deleterious effects on the cytochrome spectra due to the presence
of Triton X-100 could be detected.
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FIGURE 3: Equilibrium dialysis results of reduced (A) and oxidized (B) cyt ¢ (horse heart) and RCs. From the intercept and slope of the
line, the number of binding sites, 7, and the dissociation constant, Kp, were determined (see eq 1). Open circles represent experimental result;
filled circles correspond to experimental values corrected for the Donnan effect. Other conditions same as in Figure 2.
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FIGURE 4: Equilibrium dialysis results of reduced (A) and oxidized (B) cytochrome ¢, (R. sphaeroides) and RCs. Conditions same as in Figure
3.

tained from Figure 3A to ensure that the fraction of oxidized
¢yt ¢ has a negligible effect on the binding of reduced cyt c.

In order to check whether a true equilibrium had been
attained after 48 h in the presence of RCs, a control experi-
ment was performed in which cyt ¢ was added to the com-
partment containing RCs. After a 48-h dialysis, the equilib-
rium concentrations were found to be the same as those ob-
tained when the cyt was added to the compartment opposite
the RCs. ,

Binding of Cytochrome c, to RCs. The equilibrium dialysis
results for the binding of reduced and oxidized cytochrome
¢, from R. sphaeroides to RCs are shown in Figure 4A,B.
The data were treated similarly to those of Figures 3A,B. The
results are summarized in Table I. Less than 10% of the
reduced cyt ¢, was oxidized during the course of the dialysis.
Hence, in spite of the relatively larger difference in Kp, between
the oxidized and reduced species, the effect on the binding
results was again negligible.

Competition between Binding of Cyt ¢ and Binding of Cyt
¢y to RCs. In order to investigate whether the two cytochromes
bind to the same site, the following competition experiment
was performed: To the compartment of the dialysis cell that
did not contain RCs reduced cyt c was added together with
reduced cyt c,, at concentrations of 2.5 and 10 uM, respec-

tively. These concentrations correspond to fractional bindings
(see Kp, values in Table I) of » = 0.59 and v, = 0.80. Thus,
if the binding sites for cyt ¢ and cyt ¢, were independent, a
combined binding of ., of 0.59 + 0.80 = 1.39 would be
expected. Instead, we found after 48-h dialysis at 4 °C a
combined binding of 7., of 0.81 £ 0.10 (uncorrected for
Donnan effect). If the two cytochromes compete for the same
site, one can show from simple binding theory? that vc.c, for
our case should be 0.87, in agreement with the observed value.

Discussion

We have shown by equilibrium dialysis that one ¢yt ¢ (or
cyt ¢,) binds to isolated RCs from R. sphaeroides R-26 (see
Table I). Competition experiments between mammalian cyt
¢ and bacterial cyt ¢, showed that only one of the cytochromes
can be bound to the RC at one time. The simplest interpre-

3 Analogous to eq 2, one can write
Kp® = (Co* - Cg*)(Ry -~ Cp* — C) /2Cp"
Kpf = (Cf ~ CoP)(Ry - Cof - Cp?) /2G5
where the superscripts « and 8 refer to cyt ¢ and cyt c,, respectively.
These two quadratic equations were solved for Ca? and Cgf to obtain the

combined binding v, = (Cp + Cg)/Ry. Corrections due to the Donnan
effect were neglected.
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tation of this result is that the same site can bind either cyt
cor cyt ¢,. In view of the finite accuracy and finite cytochrome
concentrations used in our experiments, we cannot exclude the
possiblility of an additional, weaker binding site. From the
data of Figures 3 and 4, we estimate that if such a site did
exist its dissociation constant Kp must be at least ten times
larger than the one given for cyt ¢ and cyt ¢, in Table I. The
dissociation constant has been found to depend strongly on the
ionic strength and pH (Ke et al., 1970; Rosen, 1979; Rosen
et al., 1979). A detailed discussion of this dependence will
be presented elsewhere (T. D. Marinetti, M. Y. Okamura, D.
Rosen, and G. Feher, unpublished experiments).

The above results of one binding site are in disagreement
with several published reports. Ke et al. (1970) estimated 24
cytochrome binding sites on isolated RCs from R. sphaeroides
R-26. However, in this early work, the schemes for obtaining
highly purified RCs had not yet been developed. Consequently,
these RCs were known to contain several cytochromes, excess
ubiquinones, and phospholipids (Reed & Clayton, 1968). It
is likely, therefore, that nonspecific binding was observed, in
particular to the negatively charged phospholipids (Kimelberg
et al., 1970; Steinemann & Laiiger, 1971) that are known to
be constituents of the chromatophore membrane (Gorchein,
1968).

Dutton et al. (1975) reported that chromatophores of R.
sphaeroides contained two cyt ¢, per RC. They concluded
from the photooxidation of cyt in the presence of the elec-
tron-transfer inhibitor antimycin A that each RC is associated
with two cytochromes. Bowyer & Crofts (1979) cast some
doubt on the interpretation of these results by demonstrating
that antimycin A did not completely block electron transfer.
They reported a cyt ¢/RC stoichiometry of 1:1.

Pachence et al. (1979) studied the binding of cyt ¢ (horse
heart) to RCs incorporated into lipid vesicles. They found 2-3
binding sites per RC, depending on the lipid-to-protein ratio.
The discrepancy between their measurements and those re-
ported in this work is not fully understood; nonspecific binding
could account for their results.

Another interesting question is whether the redox potential
of cytochrome changes on binding to the RCs. The difference
in the midpoint oxidation—reduction potential of bound (E")
and free (Ey) cytochrome is related to the dissociation con-
stants of the oxidized (Kp%) and reduced (Kp™) species by

Ey® ~ Eyf'= RT/(nF) In (Kp™/Kp™) (1)

where R is the gas constant, 7 is the absolute temperature,
n is the number of equivalents, and ¥ is the charge per
equivalent. For n = 1 at room temperature, eq 11 reduced
to 60 log (Kp™/Kp™®) (in millivolts). From the measured
values of K7, (see Table 1), eq 11 predicts for cyt ¢; a 10-mV
increase in E\y on binding; for cyt ¢, no change is expected.
Contrary to these results, Dutton et al. (1975) reported for
chromatophores of R. sphaeroides Ga a decrease in Ey of 50
mV from the value obtained for free cyt c,. Equation 11
predicts that this should result in a ratio of Kp™/Kp* = 7.
A possible way of reconciling these results with ours is to
postulate that the phospholipid environment of the RCs in
chromatophores favors the binding of oxidized cyt. The work
of Kimelberg & Lee (1970) that showed that the Ey of cyt
¢ decreased from 273 to 225 mV in the presence of phos-
pholipid vesicles makes this postulate plausible.

The concentration of cyt ¢, inside chromatophores can be
estimated from the work of Packham et al. (1979) to be ~0.5
mM (~10 cyt ¢; per chromatophore having a mean diameter
of ~400 A). This is close to three orders of magnitude larger
than the dissociation constants (Kp) for cyt ¢, and isolated RCs
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reported in this work. Consequently, each RC in the chro-
matophore is likely to have a cyt ¢, associated with it,

It is interesting to compare the RC—cyt system with the
mitochondrial electron-transport chain, the RC in the chro-
matophore being analogous to the mitochondrial cytochrome
oxidase. Ferguson-Miller et al. (1976), using a binding assay
involving gel filtration, found two binding sites on cytochrome
oxidase having dissociation contants of 10® and 3 X 1078 M.
Similarly, Errede & Kamen (1978) concluded from kinetic
measurements that two cyt ¢ bind to the oxidase. In view of
the discrepancies in the published values of the number of
cytochrome binding sites on RCs, it may be of interest to
repeat the cytochrome oxidase binding experiments by equi-
librium dialysis.
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Active Transport in Membrane Vesicles from Escherichia coli: The
Electrochemical Proton Gradient Alters the Distribution of the lac Carrier

between Two Different Kinetic States’

Dan E. Robertson,! Gregory J. Kaczorowski,} Maria-Luisa Garcia,' and H. Ronald Kaback*

ABSTRACT: These studies document the effects of the proton
electrochemical gradient (Agy+, interior negative and alkaline)
on the kinetics of various transport systems in right-side-out
membrane vesicles from Escherichia coli, with particular
emphasis on the 3-galactoside transport system. Under com-
pletely deenergized conditions (i.e., facilitated diffusion), the
B-galactoside transport system exhibits a high apparent K,
for either lactose or $-p-galactopyranosyl 1-thio-B-p-
galactopyranoside, and generation of Agy+ via the respiratory
chain results in at least a 100-fold decrease in the apparent
K. Furthermore, a low apparent K, is observed when the
membrane potential (AW¥) or the pH gradient (ApH) is dis-
sipated selectively with an appropriate ionophore and when
either AY¥ or ApH is imposed artifically across the membrane.
Thus, either component of Azny* is able to elicit the low ap-
parent K., characteristic of the energized system. A detailed
series of kinetic experiments is presented in which initial rates
of lactose transport were studied as a function of lactose
concentration under conditions where ApH and/or AY¥ were
varied systematically at pH 5.5 and 7.5, Surprisingly, the
results demonstrate that the apparent K, remains constant
from about —180 to —30 mV, while the maximum velocity of
transport varies to the second power with either component
of Amy+ at both pHs, even though the maximum velocity is
about 10-fold higher at pH 7.5 over a comparable range of
Apy+ values. Since a high apparent K is observed under
completely deenergized conditions, the findings appear to be
paradoxical; however, studies carried out over an extended
range of lactose concentrations demonstrate that when Apy+
is dissipated partially the system exhibits biphasic kinetics.

Membrane vesicles prepared from Escherichia coli are
essentially devoid of cytoplasmic constituents and retain the
same polarity and configuration as the membrane in the intact
cell (Kaback, 1971, 1974a; Owen & Kaback, 1978, 1979a,b).
Furthermore, in addition to catalyzing the vectorial phos-
phorylation of certain sugars via the phosphoenolpyruvate—
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One component of the overall process exhibits the kinetic
parameters typical of Agy+-driven active transport, and the
other has the characteristics of facilitated diffusion. It is
apparent, therefore, that in addition to acting thermodynam-
ically as the driving force for active transport, Agy* alters the
distribution of the lac carrier between two different kinetic
states. The implications of this phenomenon and possible
explanations are discussed. Although studied in less detail,
six different amino acid transport systems respond kinetically
to Amy+ and its components in a manner similar to that de-
scribed for the (3-galactoside transport system. Selective
dissipation of either A¥ or ApH at pH 5.5 causes a decrease
in maximum velocity with little or no change in apparent K,
and the apparent K, values are not altered significantly when
the ambient pH is increased to 7.5. Finally, the effects of Afiy+
and its components on the kinetics of the lactate and succinate
transport systems were studied. At pH 5.5, nigericin abolishes
D-lactate transport, and valinomycin causes a 2-fold increase
in maximum velocity, demonstrating complete reliance of this
system on ApH. In contrast, valinomycin causes a 30% in-
crease in the maximum velocity of succinate transport at pH
5.5, but nigericin inhibits by only 50%, indicating that although
this transport system is biased kinetically toward ApH, AV
plays a significant energetic role. There is no significant
change in apparent K, with either transport system under the
conditions described at pH 5.5, but each system exhibits sig-
nificant increases in both apparent K, and maximum velocity
at pH 7.5, suggesting that there may be a change in the overall
transport mechanisms at higher pH (i.e., an increase in pro-
ton/substrate stoichiometry).

phosphotransferase system (Kaback, 1970), these vesicles
catalyze the active transport of many solutes by a respira-
tion-dependent mechanism in which chemiosmotic forces play
a central, obligatory role (Kaback, 1976; Harold, 1976; Ramos
et al., 1976; Ramos & Kaback, 1977a—c; Tokuda & Kaback,
1977; Boonstra & Konings, 1977; Reenstra et al., 1980). Thus,
as postulated by Mitchell (1961, 1966, 1968, 1973, 1979),
energy released by oxidation of certain electron donors in this
experimental system leads to the generation of a proton
electrochemical gradient (A@y+)' that is composed of two

! Abbreviations used: Af+, the electrochemical gradient of protons;
AV, the membrane potential; ApH, the chemical gradient of hydrogen
ion; CCCP, carbonyl cyanide m-chlorophenylhydrazone; TDG, 8-p-
galactopyranosyl 1-thio-8-p-galactopyranoside; TPP*, tetraphenyl-
phosphonium.
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