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Cytochrome c Orientation in Electron-Transfer Complexes with Photosynthetic 
Reaction Centers of Rhodobacter sphaeroides and When Bound to the Surface of 
Negatively Charged Membranes: Characterization by Optical Linear Dichroismt 
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ABSTRACT: Heme orientation with respect to the membrane normal has been measured for the cytochromes 
c and c2 bound to photosynthetic reaction centers from Rhodobacter (Rhodopseudomonas) sphaeroides 
R-26 in reconstituted phosphatidylcholine vesicles. Previous kinetic studies have suggested that each 
cytochrome may bind in two configurations, which lead to either rapid or slow electron transfer to the 
flash-oxidized repction center bacteriochlorophyll dimer. The rapid oxidation of cytochrome c is - 20-fold 
slower than that of cytochrome c2. Optical linear dichroism measurements reported here show that, for 
both cytochromes, only the population undergoing rapid oxidation is dichroic. A stoichiometry of 0.5 dichroic 
cytochrome c or c2 is found bound per reaction center. Prominent differences between the dichroism of 
the cytochrome c2-reaction center complex and that of the cytochrome c-reaction center complex show that 
heme orientation differs in the two cases. The dichroism of cytochrome c bound to the reaction center can 
be distinguished from its dichroism when bound to the surface of negatively charged membranes. Analysis 
of the dichroism spectra suggests that, for cytochrome c2, the heme is tilted 7 '4 '  closer to the membrane 
normal and rotated by 3 2 O  compared to the cytochrome c-reaction center complex. The dichroism spectra 
are consistent with the notion that the site on the cytochrome c surface that binds to the reaction center 
is the same site that binds to mammalian cytochrome c oxidase and reductase. However, a different locus 
is implicated on the surface of cytochrome c2. These data suggest that although the tertiary structures of 
the cytochromes are homologous, the binding site is not conserved. These differences in cytochrome 
orientations may be in part responsible for the differences in the rate of electron transfer to the reaction 
center. 

x e  mitochondrial cytochromes c and bacterial cytochromes 
c2 form a single structural class (Meyer & Kamen, 1982). 
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Cytochromes from both families show a similar conserved 
protein folding pattern and solvent-exposed heme edge. Yet 
variations in the specific amino acid sequences produce cy- 
tochromes that vary in net charge and redox potential (Bartsch, 
1978; Meyer & Kamen, 1982; Meyer et al., 1983). It is 
expected that these variations optimize electron transfer by 
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FIGURE 1: Geometry for linear dichroism measurements in squeezed 
polyacrylamide gels. Gels are placed in a 1-cm cuvette and compressed 
along the z direction. Optical absorption is measured along an axis 
perpendicular to this, with linearly polarized light having the electric 
vector either vertical (V) or horizontal (H). The inset illustrates the 
mechanical alignment of the reaction center reconstituted membranes, 
along with bound cytochrome c, induced by the collapse of the po- 
lyacrylamide matrix. The membranes tend to orient with the mem- 
brane normal (n) aligned along the gel compression direction. The 
angle On characterizes the extent of membrane alignment for the 
ensemble of membranes. The angle 8, is the tilt of an optical transition 
moment with respect to the membrane normal. 

regulating cytochrome binding and orientation in complexes 
formed with the physiological reaction partners, but little is 
known of how this is accomplished. The most detailed pro- 
posals come from hypothetical interprotein electron-transfer 
complexes constructed from the individual X-ray structures 
of cytochrome c and various reaction partners (Salemme, 1976; 
Poulos & Kraut, 1980; Matthew et al., 1983). Covalent 
modifications of surface lysine residues have mapped out re- 
gions on the cytochrome c surface likely to be involved in 
“docking” of the cytochrome on its reaction sites (Capaldi et 
al., 1982; Koppenol & Margoliash, 1982). In this paper optical 
linear dichroism techniques have been used to quantitate c 
cytochrome orientations in electron-transfer complexes formed 
with the photosynthetic reaction center of Rhodobacter 
(Rhodopseudomonas) sphaeroides R-26. This work provides 
an experimental measure of cytochrome orientation that can 
be combined with future work on electrostatic and redox pa- 
rameters to provide a more detailed description of how changes 
in cytochrome primary structure affect its interprotein electron 
transfer. 

The R .  sphaeroides reaction center is an integral membrane 
protein with a molecular weight of approximately lo5 (Oka- 
mura et al., 1982) and a p l  of 6.1 (Prince et al., 1974). A 
light-induced, - 200-ps electron transfer between donor and 
acceptor molecules (P+A-) produces both oxidant and re- 
ductant for an energy-conserving electron-transfer chain 
(Dutton & Prince, 1978; Crofts & Wraight, 1983). The 
electron donor P is a bacteriochlorophyll dimer (Norris et al., 
1974; Lubitz et al., 1984; Mar & Gingras, 1984; Deisenhofer 
et al., 1984). Cytochrome c2 (Em,7 = 345 mV; p l  = 5.5) is 
the natural donor to the ground-state cation P+ [E,,,(P+/P) 
= 490 mV] (Dutton & Prince, 1978; Crofts & Wraight, 1983), 
but mitochondrial cytochrome c (Em,7 = 245 mV; p l  = 10.65) 
will also substitute for this reaction (Ke et al., 1970; Prince 
et al., 1974). Kinetic studies have shown that the reaction 
scheme is the same for both cytochromes (Dutton et al., 1976; 
Overfield et al., 1979; Overfield & Wraight, 1980a,b; Rosen 
et al., 1980, 1983). 

A dissociation constant, Kd, has been measured to be 1-10 
MM for both cytochromes (cyt) (Overfield et al., 1979; Ov- 
erfield & Wraight, 1980; Rosen et al., 1980). Cross-linking 
and immunochemical inhibition (Rosen et al., 1983) have 
shown that cyt c and c2 bind at the same site on the reaction 
center. At low salt and high cytochrome concentrations a 
first-order, cytochrome-independent rate constant (k , )  of 
(0.3-1) X lo6 s-l has been measured for cyt c2, while an - 10-fold slower rate constant of 5 X IO4 s-l is seen for cyt 
c (Overfield et al., 1979; Overfield & Wraight, 1980; Rosen 
et al., 1980). At low cytochrome concentrations, or with high 
salt, cytochrome oxidation proceeds by a slower, second-order 
reaction. However, several reports (Dutton et al., 1976; Ov- 
erfield et al., 1979; Overfield & Wraight, 1980) have found 
that the second-order reaction reaches a pseudo-first-order 
limit, where cytochrome oxidation is biphasic, consisting of 
a fast phase (-50% of total) with kf as described above and 
the remainder a slow phase with a rate constant ( k , )  of 
(1.7-3.5) X lo3 s-l. This has suggested the model where there 
are two kinds reaction center-cytochrome complexes (Dutton 
& Prince, 1978; Overfield et al., 1979), which differ in the 
rate of electron transfer: 

Cyt + PA e (Cyt-PA)D e (cyt-PA)p 

1. 
(cyt*- PA- ),, (cyt+-PA-)p 

Differences between the two complexes have been attributed 
to cytochrome bound in favorable “proximal” and unfavorable 
“distal” configurations for electron transfer (Dutton & Prince, 
1978; Moser et al., 1984). 

In this paper optical linear dichroism measurements have 
been used to compare heme orientation in electron-transfer 
complexes formed between cytochromes c and c2 and the R .  
sphaeroides reaction center in reconstituted phosphatidyl- 
choline vesicles. Two kinds of dichroism measurements have 
been made. First, the dichroism of the flash-induced cyto- 
chrome c and c2 absorbance changes has been determined. 
These measurements determine the dichroism for the popu- 
lation of cytochromes bound at the reaction center oxidation 
sites and are capable of cistinguishing heme orientation for 
different kinetic populations. Second, the dichroism of the 
total cytochrome absorption has also been measured, which 
provides a measure of the total number of dichroic c cyto- 
chrome binding sites. These experiments show that only the 
cyt c and c2 populations bound to sites yielding fast oxidation 
are dichroic. The dichroisms of cyt c and c2 are different and 
can be distinguished from their dichroism when bound to the 
surface of negatively charged lipid membranes. These di- 
chroism measurements suggest possible domains on the cy- 
tochrome c and c2 surface that are responsible for binding to 
the reaction center and negatively charged membrane. 

MATERIALS AND METHODS 
Preparation of Reconstituted Reaction Center Vesicles. 

Reaction centers from R .  sphaeroides R-26 were isolated with 
the detergent lauryldimethylamine oxide (LDAO) according 
to the procedures described by Wraight (1979). The LDAO 
was exchanged for sodium cholate by precipitating the reaction 
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centers with ammonium sulfate, resuspending in 0.5% sodium 
cholate (w/w)-10 mM tris(hydroxymethy1)aminomethane 
(Tris) pH 7.8, and dialyzing against 0.5% sodium cholate10 
mM Tris pH 7.8, at 4 OC. Vesicles were prepared by dialysis 
removal of the cholate in the presence of phosphatidylcholine. 
To do this, the reaction center concentration was adjusted to 
10 pM, the sodium cholate increased to 1%, and phosphati- 
dylcholine from egg yolk (Sigma) added to 1 mM. The so- 
lution was dialyzed against 10 mM Tris, pH 7.8, for 48 h at 
4 "C, with at least three exchanges of the external solution. 
Vesicles were pelleted by ultracentrifugation (lOOOOOg, 180 
min) and resuspended to a reaction center concentration of 
about 50 pM in 10 mM Tris, pH 7.8, supplemented with 100 
pM ubiquinone 10 and sonicated at 4 OC with a probe soni- 
cator (Branson) for 1 min (3 times 20 s) just prior to use. The 
reaction center concentration was determined by the 802-nm 
bacteriochlorophyll absorbance, with an extinction coefficient 
of 288 mM-' cm-' (straley et al., 1973). 

Horse heart cytochrome c (type 111) was obtained from 
Sigma and cytochrome c2 isolated from R.  sphaeroides R-26 
as described by Bartsch (1978). The cytochrome concentration 
was determined from the reduced absorption spectra, with 
extinction coefficients of 27.6 and 30.8 mM-' cm-' for cyt c 
and c2, respectively (Bartsch, 1978). 

Preparation of Negatively Charged Lipid Vesicles. Vesicles 
with varying ratios of phosphatidylcholine, PC (from egg yolk, 
Sigma), to phosphatidylinositol, PI (soybean, Sigma), were 
prepared from chloroform solutions of the lipids, which were 
dried under nitrogen; 10 mM Tris buffer was then added to 
the tube to bring the total lipid concentration to 6 mM. 
Vesicles were formed by four 30-s periods of sonication at 22 
"C, separated by 1-min intervals. 

Preparation of Oriented Membranes in Squeezed Poly- 
acrylamide Gels. The reaction center reconstituted membrane 
vesicles or mixed PC + PI vesicles were orientated by incor- 
poration into polyacrylamide gels (Abdourakhmanov et al., 
1979; Haworth et al., 1982; Tapie et al., 1982). The gel- 
forming mixture, with final concentrations of 8.5% acrylamide, 
2.5% bis(acrylamide), 0.23% tetramethylethylenediamine 
(TEMED), 0.05% ammonium persulfate, and 10 mM Tris, 
pH 7.8, was allowed to react for 2 min in a 0.8-cm internal 
diameter, stoppered tube before the vesicle suspensions (10% 
final gel volume) and cytochrome c or c2 (diluted from 5 mM 
stocks) were quickly added and mixed. The gels polymerized 
after - 1 min following vesicle and cytochrome additions. 
During this time, gels were cooled with running water. The 
polymerized gels were removed from the tubes and placed in 
10 mM Tris, pH 7.8, for 1 h, with 50 pM 1,4-dihydroxy- 
naphthoquinone, which served as an electron acceptor for the 
reaction center ubiquinone, and 1 mM sodium ascorbate to 
reduce the cytochrome. 

Membrane orientation was induced by placing an - 1.5-cm 
section of the gel in a standard 1-cm path-length cuvette and 
compressing the gel to -70% of the original length. Squeezed 
polyacrylamide gels have been used extensively to orient de- 
tergent-solubilized membrane proteins and chloroplast thyla- 
koids (Abdourakhmanov et al., 1979; Haworth et al., 1982; 
Tapie et al., 1982; Kramer et al., 1984). The collapse of the 
acrylamide matrix in the compressed gels mechanically aligns 
anisotropic particles with their long axis perpendicular to the 
compression direction. In the case of the membrane samples, 
the normal to the membrane surface tends to align along the 
compression direction. For spherical vesicles, it is likely that 
the osmotic gradient across the vesicle membrane in the 
gel-forming mixture first causes the vesicle to deflate [e.g., 

Hotani (1984)], which then allows them to be mechanically 
aligned by compressing the acrylamide matrix. 

The special advantage of using acrylamide gels is that the 
membranes are oriented in a mainly aqueous environment, as 
opposed to the more usual dehydration methods used to con- 
struct oriented membrane multilayers. Evidence that the 
incorporation of membrane vesicles into polyacrylamide gels 
does not appreciably disrupt native membrane structure is 
suggested by assays of electrical membrane potential formation 
in bacterial photosynthetic membranes (chromatophores) in- 
corporated in the polyacrylamide gels (Tiede et al., 1984). 
Kinetics of the formation and decay of the carotenoid ab- 
sorbance shifts were unaltered from those in aqueous solution. 
This suggested that the polymerization reaction affected 
neither the formation nor the decay of the membrane potential. 
In addition, the flash-induced redox reactions and inhibitor 
sensitivities of the reaction center and cytochrome blc ,  com- 
ponents were similarly unaltered (Tiede et al., 1984). Finally, 
the oxidation kinetics and binding constants found here for 
the cytochrome c and c2 with reaction center reconstituted 
vesicles in acrylamide gels agree with values previously re- 
ported in aqueous solution. 

Dichroism Measurements. Optical absorption measure- 
ments were made at right angles to the squeezing direction 
with light linearly polarized either parallel to the gel com- 
pression axis, A,, or perpendicular to it, AH, as indicated in 
Figure 1. In the case of ideal membrane alignment, this would 
correspond to absorption parallel or perpendicular to the 
membrane normal. Linear dichroism spectra (Av - AH) were 
recorded with an instrument described previously (Breton, 
1974; Tapie et al., 1983). The instrument used a photoelastic 
modulator to rotate the plane of the polarized light and 
modulated, lock-in detection. Alternatively, Av and AH were 
recorded separately on a Cary 17 spectrophotometer, using 
Glan-Thompson prism polarizers. 

Dichroism of light-induced absorbance transients was 
measured on an instrument of local design (Vermeglio et al., 
1978). A neodymium YAG pumped rhodamine dye laser 
(Quantel) provided flash excitation. Single-beam, single- 
wavelength absorbance transients detected with either a 
photomultiplier (S-20) or a photodiode were stored in a 
Tracor-Northern 1500 digitizing signal averager. Data were 
taken with a time resolution of 10 pslpoint. Signal averaging 
was done by alternating sets of Av, AH signal transients, with 
30 s between laser flashes to allow for quinone reoxidation and 
cytochrome rereduction. Absorbance transients were accu- 
mulated after the initial 1G15 flash excitations. This was done 
because the extent of cytochrome oxidation diminished during 
this period and then reached a constant value, independent 
of flash number. The diminution of the extent of cytochrome 
oxidation appeared to result from a population of reaction 
centers (30-50% depending on the preparation) that were 
progressively inactivated by reduction of the quinone acceptor 
and were not rapidly reoxidized by the 1,4-naphthoquinone. 
Throughout the experiment the cytochrome was completely 
rereduced after each flash, the absorption spectra showed the 
reaction center bacteriochlorophyll dimer to be fully reduced, 
and the proportion (-3%) of flash-oxidized reaction centers 
that were not rapidly reduced by cytochrome was unchanged. 
Similar behavior was seen for reaction centers in solution, 
indicating that the slow equilibration of the quinone acceptor 
in a portion of the reaction centers was not an artifact induced 
by the acrylamide gels. 
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Dual-wavelength cytochrome traces (e.g., 550 nm-540 nm) 
were obtained by subtraction of single-wavelength measure- 
ments, following correction of the reference beam for the small 
wavelength dependence in the contribution of the reaction 
center to absorbance changes in the 540-580-nm region [e.g., 
see Rafferty and Clayton (1 979)]. 

Analysis of Dichroism Measurements. The squeezed po- 
lyacrylamide gels produce uniaxially oriented samples, in which 
membranes tend to orient with the membrane normal along 
the direction of compression. For absorption bands arising 
from a transition polarized along a single molecular axis, the 
ratio of the linear dichroism (Av - A H )  and unpolarized ab- 
sorption A is related to the order parameter S, which describes 
the extend to which the transition moment is aligned along 
the orientation axis (Breton & Vermeglio, 1983; Johansson 
& Lindblom, 1980): 

3 cos2 0 - 1 -- - s =  A V  - A H  

3A 2 

0 is the effective angle between the transition moment and the 
gel orientation axis for the entire ensemble of molecules. The 
parameter S varies from a value of 1 when 0 is 0' to -0.5 when 
0 is 90'. The measured dichroism can be factored to com- 
ponent ST, which is the extent of orientation between the 
transition moment and the membrane normal, and SM, which 
is the extent of orientation induced between the membrane 
normals and the gel orientation axis: S = S T S M  (Nabedryk 
& Breton, 1980). 

As described under Results, the membrane orientation pa- 
rameter SM has been estimated for the reaction center re- 
constituted vesicles in squeezed gels by comparing the di- 
chroism observed here for the bacteriochlorophyll dimer to the 
orientation ST estimated previously for reaction centers in 
chromatophore membranes (Rafferty & Clayton, 1979). 
These comparisons indicate that for the membrane-reconsti- 
tuted reaction centers the degree of orientation obtained be- 
tween the membrane normal and the gel axis has a range of 
0.8 5 SM I 1. 

Model calculations on the absorption spectrum for chloro- 
phyll (Gouterman, 1961) and a large body of polarized ab- 
sorption data on the reaction center (Breton & Vermeglio, 
1982; Hoff, 1982) suggest that the reaction center bacterio- 
chlorophyll dimer Q, (860 nm) and Q, (600 nm) absorptions 
are each composed of a single V-P* transition polarized along 
different molecular directions, forming an angle of 105' 
(Rafferty & Clayton, 1979; Tiede & Dutton, 1981). For 
monomeric chlorophyll, the Qxy transitions lie in the molecular 
plane, and the angle 0, between the normal to the molecular 
plane and the orientation axis can be calculated from a de- 
termination of 0 for each transition moment and by knowing 
the angle between them, @ (Cherry et al., 1972): 

sin2 On = cos2 8, + cos2 0, + cos2 9 - 2 cos 9 cos 8, cos O,, 

For the more symmetric heme group, the in-plane T-T* 
B(0-0) (Soret, 400 nm region) and Q(O-0) (a-band, 550-nm 
region) transitions are nearly degenerate in the molecular x 
and y directions (Gouterman, 1978; Adar, 1978; Hofricher 
& Eaton, 1976). Yet polarized absorption spectra of single 
ferricytochrome c crystals and ferrocytochrome c in polyvinyl 
alcohol films (Vermeglio et al., 1980) have shown that the 
absorptions in the x and y directions are not completely 
equivalent (Eaton & Hochstrasser, 1976). This is also clearly 
suggested by low-temperature spectra of ferrocytochrome c 
and c2 (Figures 10 and 1 l ) ,  which show the a-band to resolve 
into two components, A,  and A,. This suggests that the room 

FIGURE 2: Flash-induced absorption changes for reaction center vesicles 
in squeezed polyacrylamide gels. The 860- and 600-nm absorption 
changes arise due to the flash oxidation of the reaction center bac- 
teriochlorophyll dimer. On the left are the 860-nm transients, 
measured with light polarized vertically, A.4" (top), or horizontally, 
AA, (bottom). The corresponding 600-nm traces are shown on the 
right. The reaction center concentration was 1 pM, and the sample 
contained 20 pM oxidized cytochrome c. 

temperature a-band absorption and linear dichroism arise from 
the overlapping A, and A, components s w e l l  as a component 
Ab due to the adjacent @band absorptions: 

A = A,  + A, + Ab 

Av - AH = D,A, -t DyA, + 
where Di = (Av - AH)i/Ai for i = x ,  y ,  and b. The linear 
dichroism coefficients Di are directly related to the order 
parameter, Di = 3S, and may have values between 3 and -1.5. 
If the dichroisms for A,  and A,, are not identical, the shape 
of the dichroism spectrum can differ from that of the ab- 
sorption spectrum. 

A nonlinear least-squares fitting program (Minpack- 1, 
Argonne National Laboratory) was used to simultaneously fit 
both absorption and linear dichroism spectra with these two 
relations. Fits to the low-temperature absorption spectra were 
used first to find the integrated absorption intensities for A,  
and A,. Integration of the low-temperature and room tem- 
perature absorption spectra showed that the area under the 
a-band remained constant. The fitting procedure held the 
areas for A, and A, constant and equal to the low-temperature 
values but allowed the line widths and positions to vary in order 
to simultaneous fit the room temperature A and Av - AH 
spectra. Lorentzian line shapes were used. Normalized 
least-squares residuals were calculated by [ C(yi -J)2]  1/2/ymx, 
where y ,  are the experimental data,f; are the fit values, and 
y,,, is the data maximum amplitude. Local minima in the 
least-squares fit (alternate solutions) were found by system- 
atically varying the input, first-guess parameters. The fits 
determined the amplitudes Ax,,,b and Dx,y,b. From D, and D, 
the angles between the A,  and A, transition moments and the 
gel squeezing axis (membrane normal) were calculated. Tilt 
of the heme normal from the orientation axis was then de- 
termined by assuming that the A ,  and A, directions are or- 
thogonal and lie in the heme plane. 

RESULTS 

Orientation of Reaction Center in Squeezed Polyacrylamide 
Gels. Reaction centers vesicles were oriented in an aqueous 
environment with squeezed polyacrylamide gels. The extent 
of reaction center orientation was assayed by measurement 
of the dichroism for the bacteriochlorophyll dimer, B2, Q,, (860 
nm) and Q, (600 nm) transitions. Previous dichroism mea- 
surements (Vermeglio & Clayton, 1976; Rafferty & Clayton, 
1979) showed that in the natural membrane the 860-nm 
transition is oriented nearly parallel to the membrane surface, 
while the 600-nm transition is tilted out of plane. 

Dichroism of the light-induced loss of the 860- and 600-nm 
absorptions accompanying the generation of the B2+Q- state 
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Table I: Bacteriochlorophyll Dimer Orientation in Squeezed Polyacrylamide Gels 
transition (nm) S 0 (des) sr Or (den)' SM 

860 -0.29 f 0.05 68 f 3.5 -0.36 f 0.02 72 f 1 0.80 i 0.2 
600 0.38 f 0.02 40 f 1 0.41 f 0.35 39 f 15 0.93 i 0.46 

"Determined by Rafferty & Clayton (1979). 

wavelength (nm) 
FIGURE 3: Absorption spectra of reaction center vesicles measured 
with linearly polarized light in squeezed polyacrylamide gels. The 
solid line spectrum was measured with the electric vector of the 
polarized light perpendicular to the gel squeezing axis, AH, and the 
dashed line spectrum measured with the electric vector parallel to 
this axis, Av. The reaction center concentration was 2.5 pM. The 
cytochrome c2 (25 pM) was reduced by soaking the gels in 1 mM 
ascorbate. 

are shown in Figure 2, for oriented reaction center vesicles in 
the presence of ferricyt c. The largest absorption change for 
the 860-nm transition is seen with light polarized perpendicular 
to the gel squeezing axis, AAW Conversely, the largest 600-nm 
absorption change is seen with light polarized parallel to the 
gel squeezing axis, AAv. Since membranes are expected to 
align with the membrane normal along the gel compression 
axis (see Material and Methods), these results indicate that 
the 860-nm transition lies approximately parallel to the 
membrane surface, while the 600-nm transition points out of 
plane. For different samples, dichroic ratios ( M v  - A A H ) / M  
were found to be in the range -0.87 f 0.2 for the 860-nm 
absorption transient and 1.14 f 0.1 for the 600-nm change. 
These dichroic ratios correspond to angles, 8, of 68O f 3.5O 
and 40' f 1 O for the 860- and 600-nm transitions, respectively 
(Table I). This dichroism for reaction center membranes is 
also evident in the polarized absorption spectra, shown in 
Figure 3 for a sample with ferrocyt c2. These spectra show 
the 860-nm transition to absorb more strongly with light po- 
larized in the plane of the membrane, as does the 800-nm 
absorption, while the 760-nm Q,, transitions of the reaction 
center bacteriopheophytins preferentially absorb light polarized 
along the membrane normal. 

The dichroism spectra shown here are analogous to those 
reported previously for reaction centers in the chromatophore 
membrane (Rafferty & Clayton, 1979; Vermeglio & Clayton, 
1976). Rafferty and Clayton (1979) calculated the angles 8, 
between the membrane normal and the 860- and 600-nm 
transitions to be 72O f l o  and 39' f 15O, respectively. The 
correspondences between the angles 8 measured here between 
the optical transitions and the gel orientation axis and the 
calculated angles OT with the membrane normal (Table I) 
indicate that the reaction centers are very well ordered in the 
squeezed acrylamide gels. Membrane orientation parameters, 
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FIGURE 4: Light-induced cytochrome c2 oxidation by reaction center 
vesicles in squeezed polyacrylamide gels. The traces are 550-nm - 
540-nm differences for single-beam transients, averaged 8 times and 
measured with linearly polarized light. The reaction center con- 
centration was 5.1 pM. The total, unpolarized absorption change was 
-0.0476AA, corresponding to a cytochrome concentration of 2.38 pM. 
This is 47% of the total reaction center concentration, suggesting, as 
discussed under Materials and Methods, that the quinone acceptor 
accumulates in the reduced state in the remainder of the reaction 
centers and prevents photochemistry. 

SMr are calculated to be 0.80 f 0.2 and 0.93 f 0.46 from the 
860- and 600-nm dichroism data, respectively. As discussed 
under Materials and Methods, SM varies from a value of 0 
for a random distribution to 1 for a complete alignment. 
Because of the high degree of orientation induced with the 
reaction center vesicles, the following cytochrome dichroism 
data were not corrected for membrane disorder. 

Dichroism of Cytochrome c,-Reaction Center Complexes. 
( A )  Kinetic Dichroism Measurements. In the presence of 
ferrocyt c2, flash excitation of the reaction center generates 
the cB2+Q- redox state, which subsequently oxidizes one cyt 
c2 per reaction center: c+BzQ-. Figure 4 shows the light-in- 
duced 550-540-nm absorbance transients accompanying cyt 
c2 oxidation in squeezed polyacrylamide gels and measured 
with linearly polarized light. The transients are found to be 
biphasic with 5 pM reaction center and 20 pM cyt c2. The 
fast phase (T = 1-3 ps; Overfield et al., 1979; Overfield & 
Wraight, 1980; Rosen et al., 1980) could not be resolved with 
the 10-ps response of the instrument, but semilog plots fit the 
Av and AH slow phases with single, first-order decays with 
half-times of 220 pus (7 = 317 ps) and 275 ps (7 = 397 ps), 
respectively. The extrapolation of the semilog plots to zero 
time shows that extents of the slow phase oxidations are the 
same for both Av and AH polarizations. However, the fast 
oxidation component shows a larger absorption change mea- 
sured with light polarized along the Av direction. The di- 
chroism of the fast phase is also evident in the AAv - AAH 
difference kinetic trace (Figure 4). The proportion of fast- 
phase oxidation varied in the range 40-60% for different 
preparations, and the dichroism that was only seen in the fast 
phase varied in the range (AAv - AA,)/AA = 0.45 f 0.05 
at  550 nm. 

A spectrum of the fast phase component of the flash-induced 
absorbance changes is shown in Figure 5 with the filled circles. 
The top spectrum shows the unpolarized absorbance changes. 
The solid line is a chemically reduced minus oxidized difference 
spectrum generated with isolated cyt c2 in 10 mM Tris, pH 
7.8, and normalized to the 550-nm absorbance transient. The 
middle spectrum, filled circles, is the AA, - AAH dichroism 
due to the fast kinetic phase. The solid line is the total cyt 
c2 dichroism, Av - AH, measured from the total cyt c2 ab- 
sorbance in the oriented membrane sample, which is described 
in the following section. The bottom trace in Figure 5 shows 
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FIGURE 5 :  Linear dichroism (AV - AH) for cytochrome c2 when bound to reaction center vesicles in squeezed polyacrylamide gels. (Top) The 
top traces show unpolarized spectra. The solid circles mark the light-induced absorbance changes due to the fast-oxidation phase of cytochrome 
c2 in gels. The solid line is a chemically oxidized minus reduced difference spectrum. (Middle) The middle traces are the corresponding linear 
dichroism difference spectra for cytochrome c2 bound to the reaction center vesicles. The solid circles are the kinetic differences, AAv - AAH, 
between the absorption transients measured with vertially and horizontally polarized light. Differences are only seen for the fast component 
of the oxidation kinetics. The solid line is the linear dichroism spectrum, Av -AH, determined by taking the difference between “static” spectra 
measured with vertically and horizontally polarized light. The spectrum was obtained by recording the linear dichroism spectrum for the oriented 
reaction center vesicles plus cytochrome c2 and subtracting the dichroism obtained for reaction center vesicles alone. (Bottom) Spectrum of 
the kinetic dichroic ratio, (AAv - AAH)/AA, for the fast component of the cytochrome c2 oxidation. The reaction center and cytochrome c2 
concentrations were 5 and 20 pM, respectively. The same dichroic ratio found for the kinetic measurements can be calculated from the absorption 
dichroism by dividing AV -AH by a cytochrome c2 absorption corrresponding to the percent fast phase times the total reaction center concentration. 
This indicates that all of the absorption dichroism can be accounted for by the cytochrome c2 population that undergoes rapid oxidation. The 
difference in absolute extent of the kinetic and absorption dichroism in the middle spectra is a reflection of the fact that only a portion (-50%) 
of the reaction centers were repeatablely flash activatable. As discussed in Figure 4 and under Materials and Methods, this is apparently due 
to accumulation of the quinone acceptor in the reduced state. 

the wavelength dependence of the kinetic dichroic ratio (AAv 
- b i H ) / u  calculated for the fast phase of the cyt c2 oxi- 
dation. The peak of the kinetic dichroism spectrum was seen 
to be shifted 0.5-1.0 nm to shorter wavelengths from that of 
the unpolarized spectrum. 

(B)  Total Cyt c2 Dichroism. The kinetic dichroism mea- 
surements are sensitive only to cytochromes bound to oxidation 
sites on the reaction center protein. A measure of the total 
dichroism arising from all oriented cytochromes can be ob- 
tained by measurement of the dichroism for the full cyto- 
chrome c2 absorption. An absorbance dichroism spectra, Av 
-AH, for cyt c2 was obtained by recording the linear dichroism 
spectrum for reaction center reconstituted vesicles plus cyt c2 
and subtracting the dichroism obtained for the reaction center 
reconstituted vesicles alone, after having normalized the spectra 
for the dichroism of the reaction center by the bacteriopheo- 
phytin peak at 760 nm. This difference is the solid line trace 
in the middle spectrum in Figure 5. The reaction center 
concentration was 5 pM and cyt c2 concentration was 25 pM. 
The dichroism spectrum is similar to the absorption spectrum, 
although the peak position is shifted 0.5-1 .O nm to shorter 
wavelengths. 

The cyt c2 absorbance dichroism will have a contribution 
due to the population of cytochrome that is bound to the 
reaction center and gives rise to the fast oxidation (-0.5 
cyt/RC), plus the dichroism of other populations of oriented 
cyt c2. The total dichroism for cyt c2 at 550 nm with 5 pM 
reaction center is 0.0275 f 0.01. Dividing this value by the 
absorption due to the rapidly oxidized cyt c2 population (2.5 
pM) yields a dichroic ratio (Av - & ) / A  of 0.4 f 0.02. This 
value matches closely that determined at 550-540 nm (0.45 
f 0.05) for the rapid phase of the flash-induced absorbance 
changes. This equivalence demonstrates that the cytochrome 
population that undergoes rapid oxidation can account for the 
entire cyt c2 dichroism. 

The correspondence between the cyt c2 absorbance dichroism 
and the rapid kinetic phase can be seen in a titration of the 
reaction center reconstituted vesicles with cyt c2. Figure 6A 
shows the cyt c2 absorbance dichroism at 550 nm (solid circles) 
and the percent fast-phase oxidation (open circles) measured 
as a function of cyt c2 concentration with reaction center 
vesicles having a reaction center concentration of 0.8 pM. The 
solid line is a calculated curve with a dissociation constant of 
6 pM. The similarity of the extent of dichroism and the 
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FIGURE 6:  Titration of reaction center vesicles with cytochrome c and c2 in squeezed polyacrylamide gels. (A) Titration with cytochrome c2 
and a reaction center concentration of 0.8 pM. The filled and open circles show the concentration dependence for the absorption dichroism 
Av - AH, measured at 550 nm, and the extent of the rapid cytochrome c2 oxidation, respectively. The solid line is a calculated binding curve 
with a dissociation constant of 6 pM. The upper portion of part A shows the dependence of the dichroic ratio on cytochrome c2 concentration, 
calculated by dividing the linear dichroism Av - AH measured at 550 nm by the absorption due to the portion of the cytochrome population 
that undergoes rapid oxidation. (B) Titration with cytochrome c and a reaction center concentration of 0.55 pM. The filled and open circles 
show the dependencies on cytochrome c concentration for the absorption dichroism Av - AH measured at 554 nm and the extent of rapid cytochrome 
c oxidation, respectively. The solid line is a calculated binding curve with a 2 pM dissociation constant. 

percent fast phase support the conclusion that only the cyt c2 
population that gives rise to the rapid oxidation phase is di- 
chroic. 

These dichroism data find that with reaction centers re- 
constituted into phosphatidylcholine membranes there is only 
one dichroic binding site for cyt c2, which has at  saturation 
a stoichiometry of 0.5 cyt c2 per reaction center. The cyto- 
chrome population that is associated with the slow oxidation 
phase must either be bound in a nondichroic fashion (i.e., with 
the heme normal at  5 5 O  to the membrane normal or bound 
randomly) or may be due to a diffusion-limited reaction be- 
tween unbound cyt c2 and the reaction center. 

Dichroism of Reaction Center-Cytochrome c Complexes. 
( A )  Kinetic Dichroism Measurements. The dichroism of the 
reaction center-cyt c2 complex can be compared to that of the 
reaction center-cyt c complex. Flash-induced oxidation of the 

reaction center is also seen to initiate biphasic oxidation of the 
cyt c; however, the fast oxidation phase is - 10-fold slower 
than that with cyt c2 (Overfield et al., 1979; Overfield & 
Wraight, 1980; Rosen et al., 1980). In contrast to the di- 
chroism for cyt c2 oxidation that was always positive (AAv > 
MH), the dichroism for the flash-induced cyt c oxidation was 
found to be close to zero near the absorbance maximum at 
550 nm but increased on either side of this peak with a di- 
chroism of opposite sign. The top trace in Figure 7 shows a 
plot of the unpolarized light induced absorption changes (solid 
circles), and a plot of the polarized AAv - AAH difference 
spectrum is shown in the middle trace (solid circles). The 
bottom trace shows a plot of the kinetic dichroic ratio, de- 
termined by dividing the extent of the kinetic dichroism (AAv 
- AAH) by the unpolarized absorption change due to the fast 
phase (50% Utob,), which varied from 0.3 f 0.2 at  546-540 
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FIGURE 7: Linear dichroism spectra for cytochrome c bound to reaction center vesicles in squeezed polyacrylamide gels. The spectra are analogous 
to those in Figure 6 .  (Top) The top traces are unpolarized spectra. The solid circles mark the total flash-induced absorption changes (fast 
plus slow phases) for cytochrome c in these gels. The solid line is the chemically oxidized minus reduced spectrum. (Middle) The middle 
traces show the linear dichroism spectra for cytochrome c bound to the reaction center vesicles. The solid circles are the AAv - AAH differences 
for the flash-induced cytochrome c absorption transients measured with linearly polarized light. The solid line is the absorption dichroism, 
AV - AH, obtained by measuring the dichroism spectrum for gels containing reaction center vesicles plus cytochrome c and subtracting the 
dichroism obtained from gels containing reaction center vesicles alone. (Bottom) Spectrum of the dichroic ratio (&Iv - AAH)/AA, associated 
with the fast phase of the cytochrome oxidation kinetics. Comparable values can be calculated from the “static” dichroism spectrum, Av - 
AH, by dividing by the absorption of the cytochrome c population that undergoes rapid oxidation. The reaction center and cytochrome c concentrations 
were 4 and 20 pM, respectively. 

nm to -0.5 f 0.1 at  554-540 nm. center vesicles having a reaction center concentration of 0.55 
(B)  Total Cytochrome c Dichroism. The total absorbance pM, with cytochrome c (Figure 6B). Both the dichroism Av 

dichroism for cyt c in association with the reaction center- - AH and the extent of fast-phase oxidation show a similar 
phosphatidylcholine membranes was determined as above, by dependence on cyt c concentration. The solid line is calculated 
recording the absorption dichroism for a sample of reaction 
center membranes plus cyt c and subtracting the dichroism 
from the reaction center vesicles alone. The resulting cyt c 
dichroism spectrum Av - AH is shown by the solid line trace 
in the middle spectrum of Figure 7. The cyt c kinetic and 
absorption dichroism spectra are similar, both having a di- 
chroism of opposite sign on either side of the unpolarized 
absorption maximum. These cyt c dichroism spectra differ 
markedly from the spectra seen for the reaction center-cyt 
c2 complex. The splitting of the cytochrome c dichroism 

curve with a dissociation constant of 2 pM. A dichroic ratio 
calculated by dividing the dichroism Av - AH at 554 nm by 
the absorption due to the population of cyt c that undergoes 
fast oxidation yields a value -0.41 f 0.7. The similarity 
between this value and that measured in the kinetic experiment 
indicates, as in the case of cyt c,, that the cyt c that is bound 
to the reaction center and gives rise to the fast oxidation 
accounts for the entire cyt c dichroism. This suggests that 
there is only one dichroic binding site for cyt c on the reaction 
center membranes, which has a stoichiometry of 0.5 cyt c per 

spectrum suggests that the 550-nm absorption band is com- 
posed of two overlapping components that have dichroisms of 
opposite sign. 

The correspondence between the fast oxidation phase and 
the absorbance dichroism is shown by a titration of the reaction 

reaction center. However, the qualitatively different linear 
dichroism spectra for cyt c and c2 suggest that heme orientation 
differs in each case. 

Dichroism of Cytochrome c Bound to Negatively Charged 
Membranes. In addition to binding to protein sites, cyto- 
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FIGURE 8: Absorbance dichroism spectrum, Av - AH, for oxidized 
and reduced cytochrome c bound to negatively charged vesicles and 
oriented in squeezed polyacrylamide gels. Vesicles with a total lipid 
concentration of 0.6 pM were composed of phosphatidylcholine and 
phosphatidylinostitol in a 5:1 ratio. The cytochrome c concentration 
was 28 pM. The reduced sample was soaked in 1 mM sodium 
ascorbate. The insets show a 4 times expanded vertical scale. 

chrome c also binds electrostatically to the surface of negatively 
charged membranes (Das et al., 1965; Fromherz, 1970; 
Steinemann & Lauger, 1971). A dichroism signal is seen for 
cytochrome c bound to negatively charged vesicles and oriented 
in the squeezed polyacrylamide gels. Figure 8 shows the 
absorbance dichroism spectrum measured for oxidized and 
reduced cytochrome c bound to vesicles composed of phos- 
phatidylcholine (PC) plus phosphatidylinositol (PI) in a 5: 1 
ratio. The dichroism of the membrane-bound cytochrome is 
qualitatively similar to that seen for the reaction center-cyt 
c complex but differs in the relative ratio of the positive and 
negative components. In addition, the extent of the dichroism 
per bound cytochrome is smaller than in the case of the cy- 
tochrome c-reaction center complex. The number of cyto- 
chromes bound to the charged vesicles can be estimated from 
titrations of the vesicles with cytochrome c. 

Figure 9a shows the amplitude of the dichroism measured 
as a function of cytochrome c concentration, with vesicles 
composed of PC + PI in a 5:l ratio. With 0.6 mM total lipid, 
the extent of dichroism saturates near 20 pM cytochrome c .  
The nonhyperbolic form of the titration suggests that stoi- 
chiometric binding occurs until saturation is reached. This 
result is consistent with the 1.1 pM dissociation constant 
measured for cytochrome c binding to mixed, negatively 
charged vesicles (Teissie, 1981) and a much higher concen- 
tration of binding ”sites” provided by the 0.1 mM PI. Dividing 
the dichroism amplitude at  553 nm by the absorbance of the 
20 pM bound cyt c yields a dichroic ratio of -0.047 for this 
population. This value is approximately 10-fold smaller than 
the dichroism seen for the reaction center-cyt c complex. 

Figure 9a also shows that the maximal extent of the cyt c 
dichroism signal is dependent upon the concentration of ves- 
icles. Halving the total vesicle concentration while holding 
the PC:PI ratio constant diminishes the dichroism by a factor 
of approximately 2. In the absence of mixed PC + PI vesicles, 
the absorption spectrum of cytochrome c is not dichroic in the 
squeezed polyacrylamide gels. Figure 9b shows the effect of 
varying the PC:PI ratio while holding the total lipid concen- 
tration constant (0.6 mM). With pure PC vesicles, the cy- 
tochrome c does not show an absorption dichroism. The ab- 
sence of dichroic binding sites on the PC membrane is also 
consistent with the measurements on reaction centers recon- 
stituted into PC vesicles, where only the reaction center binding 
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FIGURE 9: Titrations of dichroism signal for ferrocytochrome c bound 
to lipid vesicles with varying lipid compositions in squeezed poly- 
acrylamide gels. Part a shows that the maximal dichroism signal is 
proportional to the concentration of charged vesicles. The cytochrome 
dichroism as a function of cytochrome concentration is plotted for 
samples having a constant 5:l phosphatidylcholine to phosphatidyl- 
inostitol ratio, but with total lipid concentrations of 0.6 mM (@), 0.3 
mM (0) and no lipid (0). Part b shows titrations with a constant 
total lipid concentration (0.6 mM), but with varying phosphatidyl- 
choline to phosphatidylinostitol ratios: (@) repeats the 5:l ratio from 
part a, (0) 50:l ratio, and (0) pure phosphatidylcholine vesicles. The 
titrations show that the cytochrome c dichroism signal arises from 
a specific binding to negatively charged vesicles and is not due to 
artifactual associations between cytochrome c and the polyacrylamide 
gel. 

sites were found to be dichroic. At a PC:PI ratio of 50:l a 
small dichroism is seen for cyt c. The top trace repeats the 
data for the 5:l PC:PI ratio. These experiments show that 
a dichroic binding of cytochrome c to vesicles only occurs with 
negatively charged membranes. These experiments rule out 
the possibility that the dichroism arises from artifacts due to 
associations between cytochrome c and the acrylamide gel. 

Analysis of Cytochrome Dichroism Spectra. Figures 5, 7, 
and 8 show that the dichroic ratios for cyt c and c2 bound to 
the reaction center and for cyt c bound to negatively charged 
vesicles are not constant throughout the a-band absorption. 
This will occur if the a-band is composed of more than one 
component with different dichroic ratios. Dichroism studies 
on cytochrome c single crystals (Eaton & Hochstrasser, 1967) 
and in polyvinyl alcohol films (Vermeglio et al., 1980) have 
suggested that optical absorptions in the heme x and y di- 
rections are not completely degenerate. Low-temperature 
absorption spectra of ferrocyt c and c2 in 60% glycerol confirm 
this (top spectra of Figures 10 and 11) and show the a-band 
to split into two components. This suggests that the room 
temperature absorption and dichroism spectra can be analyzed 
as the sum of two overlapping components. As described under 
Materials and Methods, fits to the low-temperature spectra 
were used to determine the integrated intensity for each 
component. By holding these intensities constant, simultaneous 
fits to the room temperature absorption and dichroism spectra 
were used to determine the position of these components at 
room temperature and the sign and amplitude of their di- 
chroism. 

The low-temperature absorption spectra of cyt c and c2 (top 
spectra of Figures 10 and 11) could be fit very closely as the 
sum of three Lorentzian components, A,, A,,, and A,, where 
A,  and A, are the two a-band components, defined as the 
short- and long-wavelength components, respectively, and Ab 
arises from the adjacent P-band. The solid-line fits are es- 
sentially superimposable on the experimental 100 K spectra 
(dashed lines). The normalized least-squares residuals were 
<O. 1 for each cytochrome. A tabulation of the positions and 
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FIGURE 10: Simulation of cytochrome c2 absorption and dichroism 
spectra. (Top) The dotted line is the experimental absorption spectrum 
for cytochrome c2 at 100 K in 65% glycerol and 35% 10 mM Tris, 
pH 8. The solid line is the sum of three Lorentzian components fit 
to the experimental spectra. The fit parameters are summarized in 
Table 11. (Middle) The dotted line is the experimental absorption 
spectrum for cytochrome c2 at room temperature. The solid line is 
the fit obtained by simultaneously fitting the room temperature ab- 
sorption and dichroism spectra as the sum of three Lorentzian com- 
ponents. (Bottom) The dotted line is the experimental dichroism 
spectrum (Av - AH) measured for cytochrome c2 bound to reaction 
center vesicles as described in Figure 6 ,  middle trace. The solid line 
is the fit obtained by simultaneously fitting the absorption and di- 
chroism spectra as the sum of three Lorentzian components, as de- 
scribed in the text and under Materials and Methods. 

Table 11: Line-Shape Parameters Derived from Fits to a-Band 
Absorption and Dichroism Spectra 

absorption peak half-width at relative 
complex component position (nm) half-height (nm) area 

551.1 3.16 0.91 
548.8 4.28 1 .o 
550.8 4.37 1 .O 
548.8 4.1 1 0.66 

A" 548.8 4.09 0.67 

RC-C~ A, 
Ax 

RC-C 4 
Ax 

vesicle-c A, 550.9 4.32 1 .o 

line widths determined by these fits for cytochrome c and c2 
is given in Table 11. 

A simultaneous fit to the cytochrome c2 room temperature 
absorption (middle spectrum, Figure 10) and dichroism due 
to the reaction center bound cytochrome (lower spectrum, 
Figure 11) yielded a least-squares residual of 0.277. The 
resulting positions and line widths for the A,  and A, compo- 
nents a t  room temperature are also listed in Table 11. The 
fit yielded dichroic ratios of 0.827 and 0.132 for these com- 
ponents, which correspond to angles of 44.0' and 53.0' be- 
tween the A,  and A, transitions and the membrane normal. 
By assuming that these components are orthogonal and lie in 
the plane of the heme, the angle between the normal to the 
heme and the membrane normal can be calculated from the 
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FIGURE 11: Simulation of cytochrome c absorption and dichroism 
spectra. (Top) The dotted line is the experimental absorption spectrum 
for cytochrome c at 115 K in 65% glycerol and 35% 10 mM Tris, 
pH 8. The solid line is the sum of three Lorentzian components fit 
to the experimental spectra. The fit parameters are summarized in 
Table 11. (Middle) The dotted line is the experimental absorption 
spectrum for cytochrome c at room temperature. The solid line is 
the fit obtained by simultaneously fitting the room temperature ab- 
sorption and dichroism spectra as the sum of three Lorentzian com- 
ponents. (Bottom) The dotted line is the experimental dichroism 
spectrum (Av - AH) measured for cytochrome c bound to reaction 
center vesicles as described in Figure 7, middle spectrum. The solid 
line is the fit obtained by simultaneously fitting the absorption and 
dichroism spectra as the sum of three Lorentzian components, as 
described in the text and under Materials and Methods. 

Table 111: Orientation of Heme Normal and Q, and Q, Directions 
complex Ox (deb9 0, (ded 0, ( d e d  
RC-C~ 44.0 53.0 69.7 
RC-c 28.8 83.4 62.2 
vesicle-c 57.0 52.3 55.0 

vector cross product to be 69.7' (Table 111). 
Two acceptable fits (least-squares residuals 10.25) were 

found for the spectra of cytochrome c bound to the reaction 
center. One set occurred when the positions of the A,  and A, 
components were nearly overlapping (peak separation 10 .9  
nm). This set of solutions was rejected since it required A ,  
and A, to have dichroisms that exceed the physically possible 
bounds (Le., 3 L L D / A  L 1.5). The other solution (middle 
spectrum, Figure 11) occurred with A, and Ay peak separations 
of 2.0 nm. This solution required A,  and A, to have dichroic 
ratios of 1.96 and -1.44, respectively, which correspond to tilts 
of 28.8' and 83.4' from the membrane normal. These values 
yield an angle of 62.2' between the heme normal and the 
membrane normal (Table 111). 

For cytochrome c bound to negatively charged membranes, 
dichroism spectra were measured in both the heme oxidized 
and reduced states. The dichroism spectrum for the oxidized 
cytochrome shows a component at 695 nm. This transition 
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has been assigned to an r-d,z (Fe"') transition polarized 
perpendicular to the plane of the heme (Gouterman, 1978; 
Eaton & Hochstrasser, 1967). Hence, the dichroism of this 
transition provides a direct measure of the angle between the 
heme and membrane normals and can be compared to the tilt 
calculated from the fits to the dichroism for the reduced cy- 
tochrome. 

The sign of the 695-nm dichroism suggests that the angle 
between the oxidized heme normal and the membrane normal 
is -34.7' (Le., Av > AH). By use of an extinction coefficient 
of 840 M-' cm-' (Eaton & Hochstrasser, 1967), a dichroic 
ratio of 0.041 is calculated for the 695-nm band, which cor- 
responds to an angle of 54.2' between the heme and membrane 
normals. 

Fits to the dichroism spectrum of the reduced cytochrome 
bound to negatively charged vesicles were performed as de- 
scribed above. One solution gave positions and amplitudes for 
the A, and A, components that are nearly identical with those 
found to fit the cytochrome ereaction center dichroism (Table 
11). This fit to the cytochrome c-vesicle dichroism gave tilt 
angles of 52.3' and 57.0' for the A, and A, components, 
corresponding to a 55.0' angle between the heme and mem- 
brane normals. This fit for the reduced cytochrome predicts 
that the 695-nm transition of the oxidized cytochrome should 
show a small dichroism of opposite sign from that observed. 
However, differences could arise if the reduced and oxidized 
cytochromes were not bound with identical orientations or if 
the assumptions on the positions of the A,, A,, and 695-nm 
transitions with respect to the heme axes were slightly in error. 
The agreement within 2' for the heme orientation measured 
from the 695-nm band and derived from fits to the dichroism 
spectrum of the reduced cytochrome suggests that the pro- 
cedures used for fitting are appropriate. The other fit to the 
reduced heme spectra gave an angle of 53.4' between the heme 
and the membrane normals, but this solution was rejected since 
it required amplitudes and line widths for the A,  and A, 
components that could not be used to fit the dichroism spectra 
of the cytochrome bound to the reaction center. 

DISCUSSION 
"Proximal" and "Distal" Binding Configurations. Previous 

kinetic studies have suggested that two types of c cyto- 
chrome-reaction center complexes can be formed. They are 
distinguished by their rapid or slow rates of oxidation (Dutton 
et al., 1976; Overfield et al., 1979; Moser & Dutton, 1986). 
Notations of proximal and distal configurations have been used 
to imply that differences in cytochrome orientation could 
account for these kinetic differences (Dutton & Prince, 1978; 
Moser & Dutton, 1986). The dichroism measurements re- 
ported here show that, in fact, heme orientations for the two 
populations are physically distinct. Only the fast-phase cy- 
tochrome oxidation is seen to be dichroic. Significantly, the 
linear dichroism spectra for cytochrome c and c2 bound to the 
reaction center are qualitatively different, indicating that heme 
orientation differs in each case. This may be in part respon- 
sible for the 20-fold difference in oxidation rate. As described 
below, the dichroism spectra for cytochrome c and c2 can be 
interpreted to arise from binding involving the protein surface 
near to the exposed heme edge. 

The slow phase has also been attributed to arise from a 
diffusion-limited reaction with cytochrome c in solution (Rosen 
et al., 1979). The present dichroism data cannot distinguish 
this possibility from that of a bound, but weakly dichroic 
cytochrome population. For example, the dichroism of cyto- 
chrome c bound to the negatively charged membrane is suf- 
ficiently small that it would not be discerned with the present 

signal-to-noise in binding experiments with the reaction center. 
A cytochrome bound rigidly with the A, and A, transitions 
oriented near 55' to the membrane normal would be nondi- 
chroic, as would a bound, but rotating cytochrome whose A, 
and A, directions have on average nearly equal projections 
perpendicular and parallel to the membrane. 

Dichroic Binding Surfaces on Cytochromes c and c2. The 
dichroism data find that in the cyt c2-reaction center complex 
the heme is tilted 7.5' more perpendicular to the membrane 
and rotated by 32' about the heme normal compared to the 
cyt ereaction center complex. If the placements of the optical 
transition moments with respect to the molecular axes are 
known, then dichroism data can be used to identify molecular 
orientation. The Soret and a-band absorptions are known to 
lie in the plane of the heme (Eaton & Hochstrasser, 1967; 
Hofrichter & Eaton, 1976), but their directions in the plane 
are not known. This means that the observed cytochrome 
dichroism limits possible sites for binding to specific circum- 
ferences on the cytochrome surface. However, likely locations 
for the optical x and y directions are restricted by the sym- 
metry of the heme, which suggests that the x and y directions 
may lie along the Fe-pyrrole ring directions (Gouterman, 1978; 
Adar, 1978), and by the likelihood that the most efficient 
electron transfer will occur via the exposed heme edge. 

For example, by assignment of A, to the pyrrole ring D 
(with the surface-exposed propionic acid side chain) to pyrrole 
ring B (bound to cysteine-14) direction [see Takano and 
Dicherson (1981) for nomenclature] and A, to the pyrrole C 
(bound to cysteine-17) to pyrrole A (with the buried propionic 
acid) direction, the crystal structure of cytochrome c2 can be 
rotated so that A,  and A, directions make projections on the 
membrane normal as described in Table 111 for the cyt c2- 
reaction center complex. This causes the cytochrome surface 
shown in Figure 12a to be in direct contact with the reaction 
center binding site. The view in Figure 12 is out from the 
membrane along the membrane normal. The orientation of 
cytochrome c2 places the exposed heme edge squarely facing 
the reaction center. Neither of the Fe-pyrrole ring directions 
are facing the binding site. The long protein segment 95-105 
lies closest to the reaction center site. This segment is re- 
markably rich in lysine residues, at positions 95, 97, 99, 103, 
105, and 106, which are labeled in Figure 12A. It is suggested 
that these residues dominate the binding interactions for the 
rapidly oxidized cytochrome c2 population. The phenyl- 
alanine-102 is positioned where it may form hydrophic contacts 
with the reaction center but may not be involved in the electron 
transfer from the heme to bacteriochlorophyll. 

This orientation for cytochrome c2 is consistant with the 
structure of the cytochrome binding site on the reaction center. 
Chemical cross-linking and antibody labeling has shown that 
this site is composed of the reaction center L and M subunits 
on the extracellular surface of the membrane (Rosen et al., 
1983). Crystal structures of the R .  sphaeroides (Chang et 
al., 1986) and Rhodopseudomonas viridis (Deisenhofer et al., 
1985) reaction centers show that this surface is parallel to the 
surface of the membrane. The cytochrome c2 orientation in 
Figure 12A permits the closest approach of heme to the 
bacteriochlorophyll dimer acceptor. 

The orientation of the cytochrome c2 heme in Figure 12A, 
including the positions of the Fe-pyrrole directions, is very 
similar to that for the heme closest to the bacteriochlorophyll 
dimer in the cytochrome subunit of the Rp. uiridis reaction 
center (Deisenhofer at al., 1985). The optical dichroism for 
the Rp. viridis cytochrome (Vermegelio et al., 1980) is 
analogous to that seen here for cytochrome c2 bound to the 
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FIGURE 12: Orientations for bound cytochrome c and c2 determined from dichroism measurements. The view in each case is out from the 
membrane along the membrane normal. The cytochrome structures have been rotated so that the heme x and y directions (see text) make 
projections on the membrane normal as determined for the A, and A transitions (Table 111). (A) The cytochrome c,-reaction center electron-transfer 
complex. The figure shows the protein backbone for Rhodospirihium rubrum cytochrome c2 (Brookhaven National Laboratory Protein Data 
Bank), which has an analogous folding pattern to the R .  sphaeroides cytochrome c2 (Meyer & Kamen, 1982) used in these experiments. The 
positions of lysine residues 95, 97, 99, 103, and 105 are indicated in the figure. The numbering is taken from the R. sphaeroides sequence, 
with the phenylalanine-102 and heme methionine and histidine ligands as references. This orientation places this lysine-rich protein segment 
and the exposed heme edge in closest approach to the reaction center. (B) The cytochrome c-reaction center electron-transfer complex. The 
figure shows the protein backbone structure for tuna cytochrome c (Brookhaven National Laboratory Protein Data Bank), which shares a 
common folding pattern to the horse heart cytochrome c used in these experiments (Meyer & Kamen, 1982). The surface shown represents 
that used to bind to the reaction center. The positions of phenylalanine-82 and lysine residues 13,72,73,86, and 87, which have been determined 
by chemical modification to form the binding domain (Capaldi et al., 1982; Koppenol & Margoliash, 1982; Meyer & Kamen, 1982), are indicated 
in the figure. The numbering is taken from the horse cytochrome sequence. (C) Cytochrome c bound to the surface of negatively charged 
vesicles. In this orientation, lysine residues 86, 87, and 88 are in closest approach to the membrane, as is the first helix, which lies parallel 
to the membrane surface and has lysine residues at positions 5, 7, 8, and 13. 

R .  sphaeroides reaction center.' The R .  sphaeroides and Rp. 
viridis reaction centers differ in that the R .  sphaeroides re- 
action center contains no cytochrome subunit and reacts with 
water-soluble c cytochromes, while the Rp. viridis reaction 
center has a cytochrome subunit containing four hemes per- 
manently fixed to it (Dutton & Prince, 1978). Although the 
two cytochromes are clearly unrelated, these data suggest that 
both position the heme in similar orientation with respect to 
the bacteriochlorophyll dimer. 

By defining the optical x and y directions as described above, 
the dichroism for the cyt c-reaction center complex (Table 
111) yields the orientation for cytochrome c shown in Figure 
12B. The heme is oriented 7.5' less perpendicular to the 
membrane and rotated by 32' about the heme normal com- 
pared to the cyt c,-reaction center complex. The protein 
segment with residues 82-86, the end of the first helix (residues 
13 and 14), and the end of the third helix (residues 71 and 
72) lie closest to the reaction center binding site. Lysines-13, 
-72, -86, and -87 are all in position to form contacts with the 
reaction center. These residues are labeled in Figure 12B and 
define the binding site for cytochrome oxidase and cytochrome 
c reductase (Capaldi et al., 1982; Koppenol & Margoliash, 
1982, Meyer & Kamen, 1982). The dichroism data suggest 
that the same site on the cytochrome c surface is used to bind 
to the reaction center. The position of phenylalanine-82 
suggests that it may also make hydrophobic contacts with the 
reaction center. 

Figure 12C shows how these assignments position cyto- 
chrome c in the complex with the negatively charge membrane. 
Residues 86, 87, and 88, which are all lysines, lie closest to 

' Note that the in the article by Vermeglio et al. (1980) the oriented 
membranes are rotated by 90° compared to the definitions used here 
(Figure 1). so that their Av and A, correspond to our A ,  and Av, 
respectively. 

the membrane. The next closest is the first helix, which is 
parallel to the membrane surface and has lysines a t  positions 
5, 7, 8, and 13. Lysines-72 and -73 are also positioned closely 
enough to interact with the negatively charge surface. The 
phenylalanine-82 ring is directly over the heme. This orien- 
tation does not position the cytochrome c dipole moment 
(Koppenol et al., 1978; Koppenol & Margoliash, 1982) per- 
pendicular to the membrane surface. 

The dichroism data demonstrate that the interaction sites 
on cytochrome c and c2 for the reaction center are different. 
This suggests that although the tertiary structures for the two 
cytochromes have been conserved, interaction domains on their 
surfaces have not been. Although the assignment of the optical 
x and y transitions to different heme directions would lead to 
different predictions for the cytochrome orientations, the di- 
chroism data are consistant with the idea that the same site 
on the cytochrome c surface that is used to bind to cytochrome 
c oxidase and reductase is also used to bind to the reaction 
center. A different site, more directly facing the exposed heme 
edge, is indicated for cytochrome c2. 

The proposed binding domain on cytochrome c does not 
position the exposed heme cleft nearest to the membrane as 
in the case of cytochrome c2. Unlike cytochrome c2, the tilt 
of the closest approach to the exposed heme edge away from 
the reaction site suggests that rotation may be needed to assist 
rapid electron transfer to the reaction center. This is consistent 
with experiments that show electron transfer to the reaction 
center to be slowed by viscosity and cross-linking for cyto- 
chrome c, but not for cytochrome c2 (Rosen et al., 1983). In 
order to maximize electron-transfer rates with cytochrome c 
oxidase and reductase, this would suggest that binding or 
reaction domains on these enzymes must be inclined to the 
membrane. 

The ability to distinguish between the binding of cytochrome 
c and c2 to the reaction center shows that this dichroism ap- 
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proach can be used to examine how specific amino acid 
modifications affect cytochrome orientation and electron 
transfer in complexes with the reaction center. This approach 
can also be extended to study cytochrome c binding to the 
cytochrome c oxidase and reductase, and to examine the 
complexes formed between plastocyanin and photosystem I. 
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ABSTRACT: Beef heart mitochondrial oligomycin sensitivity conferring protein (OSCP) labeled with 
['4C]-N-ethylmaleimide ([ 14C]OSCP) at  the only cysteine residue, Cys-118, present in the sequence 
[Ovchinnikov, Y .  A., Modyanov, N.  N., Grinkevich, V. A., Aldanova, N. A., Trubetskaya, 0. E., Nazimov, 
I. V., Hundal, T., & Ernster, L. (1984) FEBS Lett. 166, 19-22] exhibits full biological activity in a 
reconstituted F,-F, system [Dupuis, A., Issartel, J. P., Lunardi, J., Satre, M., & Vignais, P. V. (1985) 
Biochemistry 24, 728-7331. The binding parameters of [14C]OSCP with respect to the F, sector of sub- 
mitochondrial particles largely depleted of F1 and OSCP (AUA particles) have been explored. In the absence 
of added F,, a limited number of high-affinity OSCP binding sites were detected in the AUA particles (20-40 
pmol/mg of particles); under these conditions, the low-affinity binding sites for OSCP were essentially not 
saturable. Addition of F, to the particles promoted high-affinity binding for OSCP, with an apparent & 
of 5 nM, a value 16 times lower than the Kd relative to the binding of OSCP to F, in the absence of particles. 
Saturation of the F1 and OSCP binding sites of AUA particles was attained with about 200 pmol of both 
F1 and OSCP added per milligram of particles. The oligomycin-dependent inhibition of F1-ATPase bound 
to AUA particles was assayed as a function of bound OSCP. At subsaturating concentrations of F,, the 
dose-effect curves were rectilinear until inhibition of ATPase activity by oligomycin was virtually complete, 
and maximal inhibition was obtained for an OSCP to F1 ratio of 1 (mol/mol). Experiments carried out 
with F, labeled in the p subunit by [14C]dicyclohexylcarbodiimide ( [14C]F1) indicated that [14C]F1, in spite 
of extensive inactivation [Pougeois, R., Satre, M., & Vignais, P. V. (1979) Biochemistry 18, 1408-14131, 
was able to bind to the AUA particles specifically, even in the absence of OSCP, as does native F1, with 
a & value of 60 nM. OSCP enhanced by about 6 times the binding affinity of [14C]F1 for the AUA particles 
but not its binding capacity. The mutual promotion of OSCP and Fl for binding to AUA particles was 
corroborated by a double-labeling experiment carried out with [3H]OSCP and [ 14C]F1. Whereas the binary 
associations between OSCP and particles or between F1 and particles were readily reversible, the ternary 
complex formed by particles, F, ,  and OSCP was much more difficult to dissociate. These results make 
it likely that OSCP is a key component required for the stability of the mitochondrial F,-F, complex. 
Photoirradiation with an azido derivative of OSCP in the presence of AUA particles resulted in the pho- 
tolabeling of mainly the /3 subunit of F1, whereas, in the absence of particles, azido-OSCP reacted with both 
the cy and p subunits of F,, with strong preference for the a subunit, suggesting that F, undergoes con- 
formational changes when it binds to the F, sector of the ATPase complex. 

x e  coupling between the catalytic sector F1' and the proton 
channel F, of the mitochondrial ATPase complex is central 
to the mechanism of ATP synthesis. The oligomycin sensitivity 
conferring protein (OSCP) (Mc Lennan & Tzagoloff, 1968) 
is thought to be one of the peptides that link the catalytic sector 
F1 of the mitochondrial ATPase complex to the membrane 
sector F,, (Mc Lennan & Asai, 1968). Fl per se is insensitive 
to oligomycin; however, in the reconstituted FI-F, complex, 
F1 becomes sensitive to oligomycin, a ligand of F,, provided 
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that OSCP is added to the FI-F, complex [see Tyler (1984) 
for review], Although OSCP is recognized as a key factor in 
oxidative phosphorylation, its exact function remains enig- 
matic, partly due to the lack of a precise assessment of the 

' Abbreviations: OSCP, oligomycin sensitivity conferring protein; 
[14C]OSCP, OSCP labeled by [I4C]NEM; TPCK-trypsin, trypsin treated 
by L- 1 -(tosylamido)-2-phenylethyl chloromethyl ketone; ATPase, ade- 
nosinetriphosphatase; F,, catalytic sector of H*-dependent ATPase; F,,, 
membrane sector of H+-dependent ATPase; [I4C]F1, F, labeled in the 
0 subunit by [14C]DCCD; NaDodS04, sodium dodecyl sulfate; NEM, 
N-ethylmaleimide; DCCD, dicyclohexylcarbodiimide; AP-OSCP, azido- 
phenacyl-OSCP; AUA particles, submitochondrial particles depleted of 
FI and OSCP after treatment with urea and ammonia; IgG, immuno- 
globulin G; Tris, tris(hydroxymethy1)aminomethane; MES, 4- 
morpholineethanesulfonic acid; EDTA, ethylenediaminetetraacetic acid. 
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