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Abstract. Resonance Raman spectra have been recorded 
from ferri-cytochrome c bound to phospholipid vesicles 
composed of dimyristoyl phosphatidylglycerol (DMPG), 
dioleoyl phosphatidylglycerol (DOPG) or dioleoyl phos- 
phatidylglycerol-mlioleoyl phosphatidylcholine (DOPG- 
DOPC) (70 : 30 mole/mole). Lipid binding induces very 
significant conformational changes in the protein mole- 
cule. The resonance Raman spectra differ in their content 
of bands originating from two different conformational 
species, I and II, of the protein, and from two different 
spin and coordination states of the heme in conforma- 
tion II. Data of sufficiently high precision were obtained 
that the spectra of the individual species could be quanti- 
tated by a constraint interative fitting routine using single 
Lorentzian profiles. In the high frequency, or marker 
band region (1200 to 1700 cm-1), the frequencies, half 
widths and relative intensities of the individual bands 
could be estimated from previous surface enhanced reso- 
nance Raman measurements on cytoehrome c adsorbed 
on a silver electrode. These were then further optimized to 
yield both the spectral parameters and relative contents 
of the different species. In the low frequency, or finger- 
print, region (200 to 800 cm- 1), the spectral parameters of 
the individual species were obtained from difference spec- 
tra derived by sequential subtraction between the spectra 
of ferri-cytochrome c in the three different lipid systems, 
using the relative proportions of the species derived from 
the marker band region. These parameters were then 
subsequently refined by iterative optimization. The opti- 
mized spectral parameters in both frequency regions for 
the six-coordinated low spin states I and II, and for the 
five-coordinated high spin state II are presented. The pro- 
portion of state II, in which hence the heme crevice as- 
sumes an open structure, and of the five-coordinated high 
spin configuration, is found to increase on binding ferri- 
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cytochrome c to negatively charged lipid vesicles. The 
extent of this conformational change increases in the 
order: DOPG-DOPC < DOPG < DMPG, with a paral- 
lel decrease of the proportion of the conformational 
state I, whose structure is similar to that of the uncom- 
plexed ferri-cytochrome c in solution. Similar conforma- 
tional changes are found for ferro-cytochrome c com- 
pared to those obtained with the oxidized species on 
binding to lipids. The present work is essential for studies 
which seek to analyze, in any detailed fashion, the confor- 
mational transitions in the heme protein which take place 
in response to changes in the lipid environment. 
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Introduction 

In previous studies, the structure and electron transfer 
properties of the heme protein, cytochrome c (cyt c), 
bound to charged surfaces were investigated by both 
normal resonance Raman (RR) and surface enhanced 
RR (SERR) spectroscopy (Hildebrandt and Stockburger 
1989a, b). These techniques selectively probe the vibra- 
tional structure of the heine chromophore, yielding infor- 
mation on the conformation of the heme and its interac- 
tions with the immediate protein environment (Cotton 
et al. 1980; Spiro 1983; Smulevich and Spiro 1985; de 
Groot and Hester 1987; Kitagawa and Ozaki 1987; Wolf 
et al. 1988; Niki et al. 1989; Verma et al. 1989). A detailed 
analysis was carried out for cyt c adsorbed at the silver 
electrode/electrolyte interface (Hildebrandt and Stock- 
burger 1989a). Two stable conformational states (desig- 
nated I and II) could be identified, that differ with respect 
to the coordination pattern of the heme iron and the 
structure of the heme pocket. In state I (cy h), the structure 
of the protein remains largely unchanged relative to the 
native cyt c in solution, while in state II (cyt.) the axial 
met-Fe bond is weakened, leading to a thermal equilibri- 
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um between a six-coordinated low spin (6cLS) and a five- 
coordinated high spin (5cHS) configuration. These struc- 
tural changes are induced by electrostatic interactions of 
the basic protein with the charged electrode surface. It has 
also been demonstrated that similar conformational tran- 
sitions can occur at charged interfaces other than the 
electrode surface, if they provide the necessary negatively 
charged binding sites for the positively charged front sur- 
face of the cyt c molecule (Hildebrandt and Stockburger 
1989b). Thus it was suggested that the formation of the 
conformational states I and II is a general property of 
cyt c under the influence of strong electrostatic fields and 
hence may affect the electron transfer reactions of cyt c 
with its physiological redox partners, cytochrome oxidase 
(cyt.ox) and cytochrome reductase (cyt.red). 

In order to check these conclusions we have extended 
our RR investigations of cyt c at charged interfaces to 
include biologically relevant systems. We have chosen 
anionic phospholipid vesicles which have the advantage 
of being a more realistic model for biological interfaces. In 
addition, such a study may provide valuable information 
about the role of phospholipids in the mitochondrial 
electron transport process between the membrane bound 
redox enzyme complexes. Furthermore, the cyt c/lipid 
system is of particular interest within the wider context of 
membrane interactions with peripheral proteins. Taking 
cyt c as a representative extrinsic protein, this system has 
been frequently studied by physico-chemical techniques 
in order to understand the molecular function of charged 
lipids in the activation of peripherally bound enzymes, in 
general (for example Azzi et al. 1969; Kimelberg et al. 
1970; Deveaux et al. 1986; Peschke and M6hwald 1987) 

In preliminary RR experiments in this study it was 
found that the conformational changes of cyt c, which are 
induced in these complexes, depend on a variety of 
parameters, which control the structure of the phospho- 
lipid vesicles, such as the temperature and the lipid com- 
position. Hence, it turned out that a prerequisite for eluci- 
dating the interdependence between the conformational 
changes ofcyt c and the structural and electrostatic prop- 
erties of the phospholipid vesicles is the quantitative anal- 
ysis of the RR spectra of these systems. 

Thus the principal goal of the present study is to 
develop methods for the quantitation of the spectral 
changes and to assign these to the various conformational 
states of the cyt c in different lipid environments. It was 
found possible to obtain consistent results from both the 
low frequency and high frequency regions of the RR spec- 
trum, by comparing cyt c in three different lipid systems, 
which induce quite distinct conformational changes in the 
protein. 

to-induced oxidation of the cyt c by the exciting laser 
beam. Dimyristoyt phosphatidylglycerol (DMPG) and 
dioleoyl phosphatidylglycerol (DOPG) were obtained 
from Avanti Polar Lipids, Inc. (Pelham, A1). Dioleoyl 
phosphatidylcholine (DOPC) was obtained from Sigma, 
St. Louis, MO. 

Lipid vesicles were prepared by suspending the vacu- 
um dried lipids (mixed previously in CH2C12) in aqueous 
buffer (1 mM Hepes, 1 mM EDTA, pH 7.5). The complex- 
es with cyt c were formed by adding the protein to the 
lipid suspension. The final concentration of cyt c was 
20 ~tM and the cyt c/lipid ratio was adjusted to ensure 
that more than 97% of the protein was bound. Such 
concentration ratios were calculated from the binding 
curves which were determined by Heimburg (1989). 
Samples containing unsaturated lipids were kept under 
nitrogen or argon during preparation and measurement. 
Reduction of the lipid-bound cyt 3 + was achieved by addi- 
tion of dithionite to the carefully deoxygenated sample. In 
order to avoid an excess of the reductant, reduction was 
monitored using the characteristic RR bands of the oxi- 
dized and reduced forms. 

The RR spectra were excited using the 407 nm line of 
a Kr + laser. Details of the experimental set-up are de- 
scribed elsewhere (Hildebrandt and Stockburger 1989 b). 
The sample was contained in a rotating cuvette in order 
to avoid heating by the exciting beam (40 mW at the 
sample). For room temperature measurements (20 ~ a 
divided cell was used that allowed quasi-simultaneous 
measurement of two different samples, yielding optimum 
conditions for difference spectroscopy (principles of this 
technique are described by Rousseau (1981)). For variable 
temperature measurements, the rotating cell was enclosed 
in a thermostated chamber suitable for temperature con- 
trol between 5 ~ and 40 ~ with an accuracy of _+ 0.5 ~ All 
RR spectra were recorded with a slit width of 2.7 cm- 1. 
For band fitting, the spectra were recorded with a step 
width of 0.2 cm- 2, and a program similar to that described 
by Fraser and Suzuki (1970) and documented by Alshuth 
(1985) was used. The fitting routine is based on a least 
squares optimization and permits temporary fixation of 
the individual fitting parameters and modification of the 
weighting factors. This offers the advantage that variation 
of those parameters which are known a priori with some 
confidence can be limited in the fitting routine. The RR 
bands were simulated with Lorentzian lineshapes which 
were shown to be appropriate in the case of cyt c. The 
baseline was simulated by a linear curve. 

Results and discussion 

Experimental 

Cytochrome c (horse heart, type VI, Sigma, St. Louis, 
MO) was purified according to Brautigan et al. (1978) and 
converted to the oxidized form (cyt 3 +) by addition of an 
excess of K3Fe(CN)6. The protein was then dialyzed ex- 
tensively against buffer (1 mM Hepes, I mM EDTA, 
pH 7.5), which was found to be necessary to prevent pho- 

Spectral indicators for conformational changes 
in cytochrome c 

Figure 1 A shows the RR spectrum of cyt 3 + in buffered 
solution (cyt 3 +/H20) in the range below 800 cm-2. The 
spectrum displays a complex pattern of bands which orig- 
inate from vibrations involving high contributions of the 
peripheral substituents of the heine (Spiro 1983; Choi and 
Spiro 1983; Lee et al. 1986; Kitagawa and Ozaki 1987). 
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Fig. 1A-C.  Low frequency region of the RR spectra of cyt 3 + excit- 
ed at 407 nm. A in aqueous solution, and B bound to DMPG 
dispersion. C difference spectrum B-A. Spectra recorded at 20 ~ 
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Fig. 2 A-C. High frequency region in the RR spectra of cyt 3 + excit- 
ed at 407 nm. A in aqueous solution, and B bound to DMPG 
dispersions. C difference spectrum: B-A. Spectra recorded at 20 ~ 

Therefore, these bands sensitively respond to steric and 
electrostatic interactions of the heme side chains with the 
protein matrix. In this way, this part of the spectrum, in 
particular the bands between 200 and 500 cm-  1, can be 
regarded as a fingerprint region for the specific structure 
of the heme pocket. For  cyt 3 +/H20,  these bands have a 
unique pattern which clearly differs from that of other 
heme proteins or model compounds. The number of 
bands is almost doubled compared to, for example, 
hemoglobin (Choi and Spiro 1983). This pattern is there- 
fore taken as a characteristic indicator of the closed heme 
crevice in cyt3+/H20 (Hildebrandt and Stockburger 
1989a, b). 

On the other hand, in the conformational state II of 
cyt 3§ (cyt~ § ), which is formed on adsorption at charged 
surfaces, the heme pocket is more open, as is reflected, for 
example, by the loss of the band at 446 cln-  ~ (Hilde- 
brandt and Stockburger 1989 a, b). In fact, the binding of 
cyt 3+ to negatively charged lipid vesicles leads to a large 
decrease in intensity of this latter band (see Fig. 1 B). In 
addition to this band, the changes induced on binding 
cyt 3 + to anionic lipid vesicles extend throughout  the RR 
spectral range. They are particularly marked in the finger- 
print region, and for the 694 cm-  1 band, as is shown by 
the difference spectrum in Fig. 1 C. This difference spec- 
trum was obtained by subtracting the spectrum in Fig. 1 B 
from that in Fig. 1 A, both of which were measured quasi- 
simultaneously in a divided cell. 

Figure 2 gives the corresponding set of spectra for the 
high frequency range (1200 to 1700 cm-1)  which includes 
the oxidation- and spin-state marker bands v4, v3, v2, and 
v x o. For  these modes correlations between the frequencies 

and the electronic configuration and ligation state of the 
heme iron are well established (Spiro 1983; Parthasarathi 
et al. 1987; Kitagawa and Ozaki 1987). For  cyt3+/H20,  
these marker bands are located at 1370 (v4), 1500 (v3), 
1582 (v2) and 1633 cm -1 (Vlo), which are expected posi- 
tions for a ferric 6cLS heine (Fig. 2A). In the RR spectrum 
of cyt 3+ bound to negatively charged phospholipid vesi- 
cles, there is a broadening of these peaks which is accom- 
panied by frequency shifts of up to 6 cm -  t (see Fig. 2 B). 
These spectral changes are more clearly seen in the differ- 
ence spectrum (Fig. 2 C). 

We now consider the spin state marker band v3 in 
more detail. Figure 3 gives the RR spectra of cyt 3§ asso- 
ciated with three different anionic lipid systems, D M P G ,  
DOPG,  and D O P G - D O P C  (70 : 30 Mole/Mole). It can 
be readily seen that both the location of the peak maxima 
and the shape of the spectra differ between these systems. 
For  cyt 3 + / D M P G  (Fig. 3 A), there is a distinct shoulder 
at 1488 cm-1 accompanying the broad peak with maxi- 
mum at 1504 cm -  1. For  cyt 3 §  (Fig. 3 B), this lat- 
ter peak shifts down to 1502 cm - t  together with a de- 
crease in intensity of the low frequency shoulder. Finally, 
in cy t3+ /DOPG-DOPC (Fig. 3C), this peak sharpens 
and exhibits a maximum at 1500 cm-1.  Comparison of 
these profiles, show that there must be three bands which 
contribute in different degrees to the RR spectra of the 
three samples. These are located at ~1488, 1500, and 
1504 cm -1. While the 1488 cm -1 band lies in the range 
expected for a 5cHS configuration, the other bands must 
originate from 6cLS configurations (Parthasarathi et al. 
1987). These estimated band locations are very similar to 
those found for the conformational states I and II of 
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Fig. 3A-C. RR spectra (v a mode region) of cyt 3+ bound to differ- 
ent anionic lipid dispersions. A DMPG recorded at 30 ~ B DOPG 
recorded at 20 ~ C DOPG-DOPC (70 : 30 mole/mole) recorded at 
20 ~ Excitation at 407 nm 

cyt 3 + at the silver electrode, where the frequencies of the 
v3 mode were found to lie at 1499.5 cm -1 (cytia+6cLS), 
1503.1 cm -1 (cyt~+6cLS)and 1488.4 cm -~ (cyt~+5cHS) 
(Hildebrandt and Stockburger 1989 a). This therefore in- 
dicates that these states also coexist in cyt 3§ bound to 
negatively charged lipid vesicles. 

Summarizing this overview of the entire RR spectrum 
of cyt 3+ bound to phospholipid vesicles, we have two 
separate spectral regions (fingerprint and marker bands) 
which distinctly reflect the conformational and spin state 
changes on association of cyt 3+ with lipid membranes. 
These regions therefore provide complementary informa- 
tion regarding the structure of the heine pocket and the 
coordination shell of the heme iron. Quantitative analysis 
of the two spectral regions is given below. 

Quantitative analysis of  the marker band region 

The principal goal of the quantitative analysis is the eval- 
uation of the relative RR intensities, I u, of the individual 
species, j, which are related to the relative concentrations, 
cu, by: 

Cq--=fij" lij ( ] )  

where fu are constants which are proportional  to the 
Raman cross section of the mode i. The marker bands 
corresponding to the modes v 4 and v 3 were selected, since 
these have a high intensity and are well separated from 
other vibrational modes (see Fig. 4A). From the discus- 

sion in the preceeding section, it is clear that three bands 
must be considered for each mode, corresponding to three 
different species. Each of the modes is defined by Iij, the 
frequency, vu, and the half width A vii. Unfortunately, the 
measured RR profiles in the v3 band region and, in partic- 
ular in the v4 band region, are not well structured. Thus 
simulation based on nine freely adjustable parameters 
does not lead to unequivocal results. A crucial step is 
therefore the estimation of the initial parameters for the 
fitting routine (Maddams 1980). These data were taken 
from a previous SERR study of cyt 3 + adsorbed on an Ag 
electrode (Hildebrandt and Stockburger 1989a). Since 
these parameters were found to be very similar to those 
for the states I and II induced on binding of cyt 3+ to 
various anionic macromolecular systems (Hildebrandt 
and Stockburger 1989 b) the values can be adopted with 
some confidence. Consequently, the allowed range for v u 
and A v u was limited to improve the uniqueness of the fit. 
Since the relative band intensities at a given excitation 
wavelength are fixed for each cyt 3 § species, an additional 
constraint could be introduced into the fitting program. 
For  each mode, i, the intensity relative to a reference 
mode (in the marker band region, Va) is defined by the 
ratio: 

Rij ( / ) 3 )  = Iu/Ij (v3) (2) 

The initial values of R u (v3) can also be adopted from 
SERR experiments (P. Hildebrandt, unpublished). Final- 
ly, it is reasonable to assume that these spectral parame- 
ters (R u, v u, and Avu) are independent of the relative 
contributions of the individual species, j. Therefore, the 
data set was enlarged by extending the simulations to the 
15 independent RR spectra obtained from the various 
cyt3+/lipid samples, which differ in the distribution 
among the three species of cyt 3 +. It should be mentioned 
that no experimental conditions were found to measure 
directly the RR spectra of the pure conformational spe- 
cies. 

Based on these considerations, the fitting procedure 
was carried out according to the following protocol. Ini- 
tially, the spectral parameters were maintained constant 
and only the intensities of the three band components 
were allowed to vary. Then the R-factors, frequencies, and 
half widths were progressively released, but only allowed 
to vary within 20% for Rij and _+0.4 cm -1 for v u and 
Av u. In this way, a first fit was obtained for all measured 
spectra, yielding an improved set of spectral parameters 
which were taken as the new initial data for the second fit. 
This procedure was iterated five times, yielding a final 
data set which was constant to within __ 10% for R u and 
_+0.2 cm -1 for v u and Avlj , o v e r  all the RR spectra ana- 
lyzed, and corresponded to the experimental accuracy of 
measurement. These results are listed in Table 1, and a 
representative RR spectrum analyzed in this way is 
shown in Fig. 4C, D. In this connection it is necessary to 
add that the spectral range simulated included other 
vibrational modes than v4 and v 3, such as vz9 and Vzo, 
whose spectral parameters also depend on the different 
cyt 3 + species (P. Hildebrandt, unpublished results). How- 
ever, the intensities of these modes are too low to provide 
reliable results for conformational analysis and they were 
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System/state v~ Av 4 v 3 A% R (14/13) f (%) Vlo Avlo 

cyt c/H20 b 

cyt 3 +6cLS 1370.1 15.1 1500.4 11.1 5.55 
cyt a + 6cLS 1360.4 9.8 1490.5 12.0 13.3 

cyt c/lipid 

cyt~ +6cLS 1369.1 12.2 1499.4 9.6 5.20 
cyh] +6cLS 1374.0 13.3 1504.6 11.1 5.45 
cyt 3 + 5cHS 1366.0 13.4 1488.2 15.2 7.50 
cyt~ + 6cLS 1358.8 9.7 1489.2 10.9 11.0 
cyt~ + 6cLS 1361.3 11.1 1491.6 9.2 11.5 
cyh] +5cHS 1353.1 15.8 1468.4 13.9 4.65 

cyt c/electrode b 

cyt~ +6cLS 1369.0 12.0 1499.5 11.4 4.65 
cyh] + 6eLS 1373.6 13.7 1503.1 11.6 6.04 
cyt~ + 5cHS 1367.8 11.8 1488.4 12.5 5.90 
cyt 2 + 6cLS 1358.8 9.9 1489.8 12.3 13.5 
cyt~+6cLS 1362.5 13.3 1491.1 12.1 11.5 
cytZ+5cHS 1354.8 14.4 1467.3 14.4 4.30 

1633.1 8.8 

6.01 1633.0 8.8 
13.66 1637.2 10.8 
5.99 

v u and Av u are given in cm-l ,  fi~ in M/1 
b from Hildebrandt and Stockburger (1989 a), except for the R values (P. Hildebrandt, unpublished results) 
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Fig. 4 A -  F. High frequency region in the RR spectra ofcyt a + excit- 
ed at 407 nm and recorded at 20 ~ A in aqueous solution, B bound 
to DMPG dispersion. C SERR spectrum excited at 413 nm of a 
cyt~ +/cyt~ + mixture adsorbed on an Ag electrode (cf. Hildebrandt 
and Stockburger 1989 a). Dotted lines are the component Lorentzi- 
an profiles, obtained by band fitting as described in the text 

therefore s imulated by single Loren tz ian  curves. Final ly it 
is necessary to c o m m e n t  on the reliability of  the fitting 
procedure.  Using the same spectral  parameters ,  but  quite 
different initial values for the intensities, the fitting pro-  
g r a m  did not  lead to deviat ions  in the calculated intensi- 
ties of  greater  than  5%, even for weak  c o m p o n e n t s  such 
as the 1488 c m - 1  band.  

Figure  4 E, F gives the S E R R  spec t rum of a mixture  of 
cyti 3 + 6cLS, cyt~] + 6cLS, and cyt~ + 5cHS. The  similari ty to 
the R R  spec t rum of cyt 3 + b o u n d  to D M P G  vesicles con- 
firms tha t  these same conformat iona l  states are also stabi- 
lized on associat ion of cyt 3 + with lipid membranes .  

We like to note  that  these confo rma t iona l  changes 
are fully reversible after dissociat ion of the cyt 3 +/lipid 
complexes  which can be achieved by  increasing the 
ionic strength. The  RR spectra  of  cyt a + / H 2 0  and cyt 3 +/ 
D O P G  in the presence of 1 .0M KC1 were identical. 

Final ly it should be men t ioned  tha t  the o ther  spin 
state m a r k e r  bands  can be analyzed in a similar way 
(spectra not  shown). The  spectral  pa ramete r s  so ob ta ined  
for vlo are listed in Table 1. 

Quantitative analysis o f  the f ingerprint region 

The band  fitting analysis of the low frequency region is 
more  compl ica ted  because the precise spectral  pa r ame-  
ters for the characteris t ic  bands  of cyti 3 + 6cLS, cyt~ + 6cLS, 
cyt~+5cHS are not  avai lable f rom the SERR study, thus 
an al ternat ive a p p r o a c h  was chosen to obta in  a initial 
p a r a m e t e r  set. Figure  5 shows the RR spectra  of  the three 
different cyt 3 +/lipid complexes  in this region. O n  the left 
side of the figure (Fig. 5 A, C, E) the v 3 b a n d  region is 
given for compar i son ,  with the calculated Loren tz ian  
profiles being included to indicate the relative cont r ibu-  
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Fig. 5A-F. High frequent (left panel) and low frequency (right 
panel) regions in the RR spectra of cyt 3 + bound to different anionic 
lipid dispersions. A, B DMPG recorded at 30~ C, D DOPG 
recorded at 22~ E, F DOPG-DOPC (70 : 30 mole/mole) recorded 
at 20~ Excitation at 407 nm. The dotted lines are the fitted 
Lorentzian profiles for the high frequency region 

ference spectra corresponding to the pure forms of the 
cyt 3 -- species. 

The difference spectra (denoted Zi) are obtained by 
sequential subtractions between the RR spectra corre- 
sponding to different compositions (see Fig. 5). They may 
be represented by linear combinations of the three inde- 
pendent experimental RR spectra B, D, and F, corre- 
sponding to Fig. 5 B, D, and F: 

Zj = kjB" B + kid ' D + kjv. F (3) 

where kjx are the weighting factors. Since these constants 
depend exclusively on the concentration ratios for each 
species in the three samples, they can be determined from 
the intensities of the marker bands which were obtained 
from the fitting program (Fig. 5 A, C, E). This subtraction 
method was extended to 15 independent RR spectra, 
yielding 5 difference spectra for each species, which were 
finally combined. The reliability of this procedure de- 
pends critically on the normalization of the measured 
spectra. Although extreme care was taken to maintain 
the same experimental conditions (concentration, laser 
power, etc.) for each spectrum, deviations of the normal- 
ized intensities of up to 3% for the entire series of mea- 
surements cannot be exluded. This can produce a maxi- 
mal overall error for the calculated weighting factors of 
ca. 10%. Hence, the spectral parameters which were 
derived from the difference spectra by band fitting analy- 
sis had to be regarded as preliminary and were further 
refined by iterative analysis of the original spectra follow- 
ing the protocol outlined above. The final set of spectral 
parameters (Table 2) was used to construct more accurate 
spectra of the pure components (Fig. 6B, C, D). 

Determination of  the relative concentrations 

tions of the three components. It can readily be seen that 
the content of cyt~+6cLS, and to a lesser extent of 
cyt~ +5cHS, decreases in the order D M P G >  D O P G  > 
DOPG-DOPC,  with a parallel increase in the cyt~ +6cLS 
configuration. These trends are reflected by systematic 
changes in the low frequency spectra (Fig. 5B, D, F) 
which are given on the right side of the figure. The bands 
whose intensities decrease with decreasing cytiZ+6cLS 
content are located at 446, 398, and 305 cm-1 and can 
therefore ascribed to state I. 

It is more difficult to identify the bands corresponding 
to cyt~ + 6cLS and cyt~ + 5cHS. An increasing RR intensity 
around 405 cm-  1 correlates with the increasing contribu- 
tion of state II. Evidently, a band close to this frequency 
must arise from the 6cLS configuration, the content of 
which increases significantly from cyt 3 + /DOPG-DOPC 
to cyt 3 +/DOPG, while that of the 5cHS configuration 
changes only slightly. From similar arguments, it can be 
expected that the cyt~]+5cHS configuration exhibits 
strong bands around 418 and 347 cm-  1. However, visual 
inspection cannot provide reliable spectral parameters 
for the individual components; it is even not possible to 
determine the number of bands attributable to each spe- 
cies. These parameters can only be determined from dif- 

Careful inspection of the spectral parameters listed in 
Table 2 reveals that not all of the bands in the fingerprint 
region are appropriate for a conformational analysis of 
cyt 3§ bound to lipid vesicles RR spectra since some of the 
bands are too weak or coincide with bands from different 
species. Nevertheless, including the modes from the 
marker band region, there are about 7 to 12 bands for 
each species that are suitable for determination of the 
relative contributions in samples of unknown composi- 
tion. Since the spectral parameters of these bands are now 
well characterized, only three freely adjustable parame- 
ters are required for the fitting routine, independent of the 
total number of bands involved. Once the relative intensi- 
ties are evaluated in this way, it is necessary to convert 
them into relative concentrations using (1). The corre- 
sponding proportionality factors, fu, can be adopted 
from the previous SERR study (Hildebrandt and Stock- 
burger 1989 a) assuming that, for a given excitation wave- 
length, the relative fu values are the same in the RR and 
SERR experiments, e.g. adsorption of cyt 3+ on the Ag 
electrode, and the accompanying enhancement of the RR 
scattering, does not affect the Raman cross sections of the 
individual species in a different way. This assumption 
appears to be justified since even the relative intensities of 
the conformational states I and II are independent of the 
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State Param- Band number 
eter 

1 2 3 4 5 6 7 8 9 10 11 

cyt3+/H20 v 272.2 289.5 304.8 349.1 361.8 375.0 382.2 398.2 413.3 419.0 446.8 
Av 11.9 10.2 12.3 9.4 9.7 6.3 7.2 8.5 8.1 7.4 13.8 
R b 0.25 0.10 0.21 2.25 0.79 0.33 0.52 1.43 1.00 0.62 0.36 

V 270.8 289.7 304.7 348.4 361.7 372.4 381.5 397.9 413.0 420.2 446.2 
AV 10.7 9.7 12.4 10.0 9.8 7.6 6.9 9.3 8.4 7.9 12.0 
R b 0.23 0.11 0.18 1.69 0.47 0.22 0.39 0.99 1.00 0.21 0.25 

V - 316.5 350.4 362.3 375.4 383.7 402.2 419.5 454.6 
AV - - 14.7 11.9 9.5 8.2 9.0 - 10.5 8.4 17.4 
R b - - 0.09 0.40 0.35 0.20 0.30 - 1.00 0.95 0.08 

v - - 343.1 359.9 374.0 387.1 - 408.1 418.5 428.0 
Av - 13.0 11.0 15.3 12.7 - 11.7 12.5 13.1 
R b - -- 1.70 0.70 0.43 0.44 1.00 0.95 0.09 

cyt~ + 6cLS/ 
lipid 

cyt~+6cLS/ 
lipid 

cyh] § 5sHS/ 
lipid 

a All v and Av are given in cm-1 
b The R factors refer to band no. 9; the f~ values for this band are 2.81, 14.42, and 1.0 for cyt~ +6cLS, cyh]+6cLS, and cyt]+5cHS, respectively 

280 340 z, O0 460 280 31,0 400 450 
Avlcm-1 Av/cm-1 

Fig. 6 A - D .  RR spectra in the low frequency region for the individ- 
ual species ofcyt 3 + bound to anionic lipid dispersions and dissolved 
in water. A cyt a +/H20, B cyt~ +6cLS, C cyt~] + 6cLS, D cyta 3+ 5cHS. 
Excitation at 407 nm. The spectra B, C and D are difference spectra 
obtained by sequential subtraction as described in the text. The 
dotted lines are the fitted Lorentzian profiles 

specific envi ronment  in which they are formed (Hilde- 
brandt  and Stockburger  1989 b). Since the SERR spectra 
were measured  with 413 nm excitation (Hildebrandt  and 
Stockburger  1989 a) the cor responding  values for 407 nm 
excitation, which was used in this work,  can be obta ined 
by compar ing  the band  intensities of  the same sample 
measured  at bo th  excitation wavelengths according to: 

f j  (407) = f j  (413)- I u (407)/I u (413) (4) 

Conformational changes of  the reduced cytochrome c 

Figure 7 A  shows the v3 band  o f  fe r ro-cy tochrome c in 
water (cyt 2 + / H 2 0  ), the frequency o f  which (1490.5 c m -  1) 
reflects the 6cLS conf igura t ion  o f  the reduced heine iron 
(Partharasathi  et al. 1987). In  the R R  spectrum of  cyt  2§ 
bound  to D M P G  (Fig. 7B), a new band  emerges at  
1468.8 c m -  ~, indicating a 5cHS configurat ion.  The spec- 
t rum of  cyt 2 § b o u n d  to lipid is very similar to the S E R R  
spectrum of  a mixture o f  cyt  2 § 6cLS, cyt  2 § 6cLS, and 
cyt 2 + 5cHS which is shown in Fig. 7 C. This compar i son  
shows that  the nature  o f  the conformat iona l  changes 
taking place u p o n  binding to lipid vesicles is the same for 
bo th  oxidat ion states o f  cyt  c. 

Quant i ta t ive analysis o f  the R R  spectra o f  cytZ+/ 
D M P G  was performed following the same strategy as for  
the oxidized cyt  c. The results o f  the band  fitting are given 
by the dot ted  lines in Fig. 7 B. In principle, a systematic 
study can also be carried ou t  for  the f ingerprint  region. 
However ,  since the relative intensities o f  the low frequen- 
cy bands  o f  cyti]+6cLS and cyt2+5cHS are very weak 
with 407 nm excitation, these spectra are domina ted  by 
the R R  bands  o f  cyt~ + 6cLS so that  a reliable decomposi-  
t ion is no t  possible for this region. 

Structural implications 

The fo rmat ion  of  state I and state II  o f  cyt 3 + and cyt 2 + 
on binding to anionic lipid vesicles further  suppor ts  the 
conclusion that  these conformat iona l  transit ions are in- 
duced by the interact ion with negatively charged inter- 
faces in general (Hi ldebrandt  and Stockburger  1989b). 
The close resemblance between the R R  spectra o f  cyt  3+ 
(cyt 2+) bound  to lipid membranes  and adsorbed  on a 
metal electrode demonst ra tes  that  the structure o f  these 
states does not  depend critically on the nature o f  the 
material  f rom which the surface is composed.  Apparent -  
ly, the electrostatic interactions o f  the binding domain  o f  
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1460 14.80 1500 
Av/cm-1 

Fig. 7 A - C .  RR spectra of cyt 2+ excited at 407 nm and recorded 
at 20~ A in aqueous solution, B bound to D M P G  dispersion. 
C SERR spectrum excited at 413 nm of a cyt~+/cyh] + mixture (cf. 
Hildebrandt and Stockburger 1989b). Dotted lines are the fitted 
Lorentzian profiles 

cyt c with the electrical double layer of electrodes or 
biomembranes are comparable. On the other hand, the 
small differences in frequency between the spectra of 
state II on the electrode and bound to lipid vesicles may 
be taken as evidence for different population of confor- 
mational substates. This may reflect differences in the 
details of the electrostatic interactions in the two systems. 

Comparison of the RR spectra in both the marker 
band and the fingerprint band regions shows that the 
structure of state I is very similar to that of cyt c in solu- 
tion. The small frequency shifts, by about 1 cm- 1, of the 
marker bands (see Table 1) can be attributed to an electro- 
chemical Stark effect at the charged surface. In the finger- 
print region, the spectral differences are even smaller 
(Table 2, Figs. 6A, B). Both cyt3+/H20 and cyt~+6cLS 
exhibit extremely narrow widths (7 to 10 cm-1) for most 
modes, indicating that inhomogeneous broadening is 
small. Since these modes include appreciable contribu- 
tions from vibrations involving peripheral substituents, 
this may imply that the heme is rigidly enclosed in the 
protein matrix, permitting little mobility of the side 
,chains of the heine. Rotations of the substituent groups 
may have relatively high activation energies, so that 
specific orientations are preferred, rather than a broad 

distribution, as is found for porphyrins in solution. Such 
an interpretation can also account for the large number 
of bands associated with state I or cyt c in solution, pos- 
sibly reflecting stabilization of individual rotamers. 

The transition from state I to state II involves the 
weakening of the Fe-met bond, establishing a thermal 
coordination equilibrium. This is accompanied by an 
opening of the heine crevice (Hildebrandt and Stock- 
burger 1989a, b). In this way the heme pocket becomes 
less hydrophobic, as evidenced by the large negative shift 
of the redox potential for both cytH6cLS and Cyhx5cHS. 
Hence, one would expect that the steric constraints im- 
posed on the heme by the protein environment in state I 
are at least partly removed in state II. This is in accord 
with the low frequency spectra in which the number of 
bands is reduced and the band half-widths are increased 
to values between 9 and 12 cm- 1 for the cyt 2 § 6cLS (see 
Fig. 6 C and Table 2). Upon dissociation of the sixth 
ligand, a further loosening of the heme pocket can be 
inferred from the corresponding values of 10 to 13 cm- 1 
for cyt 2 + 5cHS (see Fig. 6 D and Table 2). 

Conclusion 

The present study has identified a variety of RR bands 
which can be used to evaluate the relative populations of 
the conformational states I and II. The precise determina- 
tion of the spectral parameters of these bands for each of 
the three cyt c species, cytx6cLS, cyh~6cLS, and cyt.5cHS, 
Tables 1, 2) now allows a full analysis of the RR spectra of 
cyt c bound to lipid vesicles or related systems. Band 
fitting routines can then be employed which require a 
minimum of freely adjustable parameters. 

The data clearly indicate that the changes in the 
protein conformation, which take place on binding cyt c 
to negatively charged lipid vesicles, are qualitatively the 
same as for binding to the silver electrode (Hildebrandt 
and Stockburger 1989 a). This gives further support to the 
idea that, docking of cyt c onto the negatively charged 
binding domains of cyt.ox and cyt.red, induces the forma- 
tion of the conformational states I and II which, in turn, 
controls the physiological electron transfer reactions 
(for a detailed model see Hildebrandt and Stockburger 
1989b). Finally, the present findings suggest that both 
states are stabilized when cyt c is bound to the inner 
mitochondrial membrane so that these conformational 
equilibria may already be established during the lateral 
diffusion between the membrane-bound cyt.red and 
cyt.ox. 
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