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ABSTRACT The structural changes of ferrousCyt-c that are induced by binding to SDSmicelles, phospholipid vesicles, DeTAB,
and GuHCl as well as by high temperatures and changes in the pH have been studied by RR and UV-Vis absorption
spectroscopies. Four species have been identified in which the native methionine-80 ligand is removed from the heme iron. This
coordination site is either occupied by a histidine (His-33 or His-26) to form a 6cLS configuration, which is the prevailing species in
GuHCl at pH7.0andambient temperature, or remains vacant to yield a5cHSconfiguration. The three identified5cHSspeciesdiffer
with respect to the hydrogen-bond interactions of the proximal histidine ligand (His-18) and include a nonhydrogen-bonded, a
hydrogen-bonded, and a deprotonated imidazole ring. These structural motifs have been found irrespective of the unfolding
conditions used. An unambiguous spectroscopic distinction of these 5cHS species is possible on the basis of the Fe-N(imidazole)
stretching vibrations, the RR bands in the region between 1300 and 1650 cm�1, and the electronic transitions in the Soret- and
Q-band regions. In acid and neutral solutions, the species with a hydrogen-bonded and a nonhydrogen-bonded His-18 prevail,
whereas in alkaline solutions a configuration with a deprotonated His-18 ligand is also observed. Upon lowering the pH or
increasing the temperature in GuHCl solutions, the structure on the proximal side of the heme is perturbed, resulting in a loss of the
hydrogen-bond interactions of the His-18 ligand. Conversely, the hydrogen-bonded His-18 of ferrous Cyt-c is stabilized by
electrostatic interactions which increase in strength from phospholipid vesicles to SDS micelles. The results here suggest that
unfolding of Cyt-c is initiated by the rupture of the Fe-Met-80 bond and structural reorganizations on the distal side of the heme
pocket, whereas the proximal part is only affected in a later stage of the denaturation process.

INTRODUCTION

Cyt-c is a small single domain heme protein which serves as

an electron shuttle in the respiratory chain of aerobic organ-

isms (1). Moreover, it has been recently discovered that it

plays a role in programmed cell death (apoptosis) (2,3). The

heme group is covalently bound to the polypeptide chain and

coordinated by His-18 and Met-80 to yield a 6cLS config-

uration. The three-dimensional structure of Cyt-c has been

well characterized by x-ray crystallography and NMR

spectroscopy (4–6).

The importance of the natural function of this protein has

stimulated numerous studies on its structure and dynamics.

Furthermore, Cyt-c serves as a model protein for investi-

gating fundamental folding and unfolding processes of poly-

peptide chains, and the impact of these studies goes far

beyond the specific function of Cyt-c. Although the unfold-

ing process of ferric Cyt-c in solution has been extensively

explored (7–15), little is known about the folding and

unfolding pathways of the reduced form, which is distinctly

more resistant to denaturation than the ferric form (15–22,

and references therein). The Fe-ligand bonds of ferrous Cyt-c
are preserved over a wide range of temperatures and dena-

turant concentrations and, even in 9 M urea at neutral pH, the

ferrous protein maintains its native structure. Equilibrium

and kinetic studies of ferrous Cyt-c in GuHCl solution indi-

cate that at neutral pH a 5cHS form coexists with a nonnative

6cLS heme and that the ratio of these two species is affected

by the pH (13,23–26). In addition, UV-Vis absorption and

NMR spectroscopies have revealed that at neutral pH SDS

also induces a spin state change (14,27). RR spectroscopy

(13) has shown that the latter corresponds to formation of

two different 5cHS forms, both having the His-18 residue

bound to the iron atom.

The previous studies on ferrous Cyt-c indicate that, in a

similar manner to the ferric form, the unfolding/folding pro-

cess of the protein includes various metastable states that

exhibit a specific coordination state of the heme group. How-

ever, details of the respective heme pocket structures are not

known. In this work we have employed UV-Vis absorption

and RR spectroscopies to gain further insight into molecular

interactions of the heme group in the various states that are

formed during unfolding processes. In particular, we focused

on identifying structural motifs of the unfolded species in-

duced by different agents and external stimuli including ex-

treme pH and temperatures and interactions with denaturants,

SDS micelles, and phospholipid vesicles.
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MATERIALS AND METHODS

Materials

Horse heart Cyt-c (type VI) was purchased from Sigma-Aldrich (St Louis,

MO). For quantitative studies, the protein was purified as previously

described (28). MP11 was prepared following the procedures described by

Wang et al. (29). Sample concentration was ;10–60 mM for RR spec-

troscopy. The UV-Vis absorption spectra of Cyt-c and MP11 were obtained

with a concentration of 5–50 and 50–150 mM, respectively. Buffers for pH

5.0, 6.0, and 7.0 were 100 mM acetate, MES, and HEPES, respectively. For

experiments with DOPG liposomes, a pH value of 7.0 was established by 5

mM HEPES/1 mM EDTA buffer; 9 M urea, 6.3 M GuHCl, and 75 mM SDS

solutions were prepared with 50–100 mM buffer at the desired pH. For

highly alkaline solutions, DeTAB was dissolved in 2.5 M NaOH to yield a

DeTAB concentration of 300 mM. DeTAB, purchased from Fluka Chemie

(Buchs, Switzerland), was recrystallized twice from acetone. Solutions

of unfolded polypeptide were prepared by dissolving Cyt-c and MP11 in

denaturant stock solutions.

Deuterated ferric Cyt-c and MP11 in SDS or DeTAB were prepared at

neutral and alkaline pD, respectively. The protein was then reduced by so-

dium dithionite in D2O (99.9%) (Merck KGaA, Darmstadt, Germany) as

described below. No spectral variations were observed with respect to the

H2O buffers—either for Cyt-c or for MP11.

The ferrous forms were obtained by addition of a few microliters of a

freshly prepared sodium dithionite solution (10 mg/ml) to the deoxygenated

fresh polypeptide solution. The heme coordination state of the ferrous

protein in GuHCl was found to be dependent on the concentration of the reduc-

ing agent. A high amount of sodium dithionite (.60:1 dithionite/protein

molar ratio) gave rise to the formation of a new 6cLS heme, irrespective of

the pH value (see Supplementary Material). The formation of this species

was also observed at lower sodium dithionite concentration when the protein

had spent more than 2 h in the denaturant solution before reduction. Thus,

reduction of Cyt-c in the presence of GuHCl was achieved with the smallest

amount of sodium dithionite required to fully reduce the protein (from

dithionite/Cyt-c molar ratios of 40:1 at pH 7.0 to 100:1 at pH 4.8).

Furthermore, each spectrum was recorded using a freshly prepared sample.

Thermal denaturation was performed in thermostated cuvettes by pro-

gressively raising the temperature from 20�C to 95�C. The spectra of Cyt-c
were recorded after the solution had reached thermal equilibrium by keeping

the sample at the desired temperature for ;1 min. The rate of heating

between the set temperatures was ;3�C min�1.

DOPG was purchased from Sigma. Dry films of 10 mg lipid were pre-

pared from a stock solution in chloroform under a nitrogen stream and left

under vacuum for at least 8 h to remove all traces of the organic solvent. The

lipid films were resuspended in HEPES/EDTA buffer and gently vortexed

for a few minutes. Large unilamellar vesicles with a diameter of ;150 nm

were then prepared by sequential extrusion through polycarbonate mem-

branes (Avanti Lipids) of decreasing pore size diameter. Vesicle sizes and

their distribution as well as vesicle stability were checked by dynamic light

scattering using an ALV goniometer system with fiber optic detection.

Methods

Electronic absorption and RR spectra were collected at room temperature

unless specified otherwise. Electronic absorption spectra, measured with a

double-beam Cary 5 spectrophotometer (Varian, Palo Alto, CA), were

recorded both before and after the RR measurements. No sample degrada-

tion was observed under the experimental conditions employed.

D2 spectra (LabCalc, Galactic Industries, Salem, NH) were obtained

using the Savitzky-Golay method with 15 data points. No changes in the

wavelength or in the bandwidth were observed when the number of points

was increased or decreased.

RR spectra were measured with 413.1 nm (Kr1 laser, Coherent, Innova

300 C, Santa Clara, CA), 476.5-nm (Ar1 laser, Coherent, Innova 90/5), and

441.6-nm excitation (He-Cd laser, Kimmon IK4121R-G, Tokyo, Japan).

Except for the quantitative analysis, the RR spectra were recorded using

samples in slowly rotating NMR tubes (backscattering) and either a double

monochromator (Jobin-Yvon HG2S, Villeneuve d’Ascq, France) equipped

with a cooled photomultiplier (RCA C31034A, Burle Industries GmbH,

Baesweiler, Germany) and photon-counting electronics, or a triple spec-

trometer (consisting of two Acton Research SpectraPro2300i and a SpectraPro

2500i in the final stage with a 1800 grooves/mm grating) (Acton, MA)

working in a subtractive mode, equipped with a liquid nitrogen cooled CCD

detector (Roper Scientific Princeton Instruments, Trenton, NJ) were used.

RR spectra used for the quantitative analysis were measured using sam-

ples in rotating quartz cells (90� scattering) and a double monochromator

operated as a spectrograph and equipped with a liquid-nitrogen cooled CCD

detector (U1000, ISA). In these experiments the spectral resolution was

4 cm�1 with a wavenumber increment per data point of 0.53 cm�1. Details

of the experimental setup are given elsewhere (13).

All RR measurements were repeated several times under the same

conditions to ensure reproducibility. To improve the signal/noise ratio, a

number of spectra were accumulated and summed only if no spectral

differences were noted. The RR spectra were calibratedwith indene and CCl4
as standards to an accuracy of 1 cm�1 for intense isolated bands. The relative

intensities of the high-frequency RR spectra in the figures are normalized on

the n4 band. Before the spectra analysis contributions from the unfolding

agents and the structureless background were subtracted. For the quantitative

determination of the individual species, a component analysis was applied to

the RR spectra in the high-frequency region (1300–1650 cm�1) as described

previously (13,30). The spectral region between 150 and 300 cm�1 was

analyzed by a band-fitting program (LabCalc) restricting the number of bands

to the number of peaks and shoulders detectable in the original spectrum (see

SupplementaryMaterial). The reliability of the fits was checked by analyzing

spectra obtained with different excitation lines but under otherwise identical

conditions. Thus, only relative band intensities were allowed to vary, whereas

frequencies and halfwidths were fixed.

RESULTS AND DISCUSSION

Different states of unfolded ferrous Cyt-c
and microperoxidases

Detergent binding

The electronic absorption spectrum of ferrous Cyt-c in buffer
solution at pH 7.0 displays a Soret band at 415 nm and Q

bands at 520 and 550 nm, which are typical of a 6cLS heme

with aMet/His coordination (31). Upon binding to SDS above

the cmc, the UV-Vis spectrum of Cyt-c is drastically altered

with broad Soret and Q bands at 422 and 550 nm, respectively

(Fig. 1 A) (14). The spectrum is very similar to that of the

mono-His ligated Cyt-c9 at pH 8.0 (32) and of microper-

oxidases MP8 (33) and MP11 in SDS (Fig. 1 A). MP8 and

MP11 are the products of proteolytic digestion of Cyt-c,
containing the proximal His-18 ligand as a part of a residual

8- and 11-membered peptide, containing the amino acid

sequence 14–21 and 11–21 of Cyt-c, respectively (34). The

D2 spectra of Cyt-c and MP11 reveal more clearly the

shoulders on the long wavelength side of the Soret and Q

bands (at 433 and 565 nm). These bands indicate the coex-

istence of (at least) two different species. In addition, the RR

spectra in the spin state marker band region (1300–1650

cm�1) of reduced MP11 and Cyt-c in SDS at pH 7.0 are quite

similar and characteristic of a 5cHS heme with bands at 1353
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(n4), 1469 (n3), 1552 (n11), 1572 (n2), 1588 (n37), and 1606

cm�1(n10) (Fig. 1 B). However, MP11 also includes a small

contribution of a 6cLS form as reflected by the weak band at

1492 cm�1 (n3) (35). This 6cLS species appears to be formed

at the expense of the minor 5cHS species characterized by the

430- and 565-nm bands (Fig. 1 A). However, the contribution
of the 6cLS species is too low to allow the identification of the

respective bands in the UV-Vis absorption spectrum.

A band-fitting analysis of the RR marker bands of Cyt-c in
SDS reveals two 5cHS species with the n4 modes at 1353.7

and 1359.9 cm�1 for the dominant and minor forms, respec-

tively (13). These two forms, which have also been identified

upon binding to DOPG vesicles (Supplementary Material),

have been attributed to hemes with different hydrogen-

bonding interactions of the His-18 ligand (13). Since the n4
mode is a sensitive indicator of the electron density on the

porphyrin, a downshift of its frequency to 1353 cm�1 has been

related to an increase of the electron-donating capability of the

axial ligand, which can be in turn a consequence of stronger

hydrogen-bond interactions of the NdH group of the imida-

zole ring. In contrast to this species, denoted as [5cHS(1)], the

n4mode at 1360 cm�1 corresponds to a hemewith a ‘‘normal’’

electron density on the porphyrin [5cHS(2)], ruling out sig-

nificant hydrogen-bond interactions of the His-18 ligand.

Since these 5cHS species should differ with respect to the

interactions of the histidine ligand, it is instructive to analyze

the iron-imidazole stretching n(Fe-Im), which is expected to

give rise to a strong band in the region between 200 and 250

cm�1 upon Soret excitation (36). In fact, studies of model

5-coordinated ferrous porphyrins have demonstrated that

the Fe-Im stretching frequency is a sensitive indicator of the

status of the hydrogen-bond interactions of the coordinated

imidazole (37,38).

The low-frequency RR spectrum of Cyt-c in SDS obtained

with 441-nm excitation, i.e., in resonance with the maximum

at ;430 nm (Fig. 1 A), displays a strong band at 227 cm�1

with shoulders at 201 cm�1 and 257 cm�1 (Fig. 1 C). The
band at 227 cm�1, which is not found in the RR spectrum of

the native form of ferrous Cyt-c (39), decreases in intensity

upon 413-nm excitation, i.e., in resonance with the Soret

maximum at 422 nm, since the n(Fe-Im) mode is strongly

coupled to the Soret resonance (36). In the spectrum obtained

with 476-nm excitation (spectrum not shown) both bands at

201 and 227 cm�1 almost disappear. These intensity

changes, as a function of the excitation wavelength, allow

the assignment of the 227 cm�1 band to the n(Fe-Im) mode

of the 5cHS(1) species with the Soret maximum at 430 nm.

The relatively high frequency of 227 cm�1, which is iden-

tical to that found for the 1–57 N-fragment of Cyt-c (40) and
for Cyt-c9 (41), is reminiscent of the frequencies observed for

those peroxidases in which a hydrogen-bond is formed

between the NdH proton of the imidazole ring and an Asp

residue (42). In Cyt-c, the side-chain carbonyl oxygen atom of

Pro-30, which is located at 2.7 Å from the Nd of the imidazole

(43), is a possible candidate for a hydrogen-bond accepting

FIGURE 1 (A) Electronic absorption andD2 (dotted line) spectra of ferrous

MP11 (upper trace) andCyt-c (lower trace) in 75mMSDS at pH 7.0, andRR

spectra measured in the marker band (B) and low-frequency region (C), using
413- and 441-nm excitations. The 475–650 nm region in the absorption

spectrum (A) has been expanded by a factor of three. The RR spectra (B,C)

were measured with a laser power of 10–20 mW at the sample, a spectral

resolution of 4 cm�1 (413 nm) and 3 cm�1 (441 nm), and integration times

between 5 and 150 min. The 1380–1650 cm�1 and 150–500 cm�1 regions

have been expanded by a factor of three and seven, respectively.
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group (see Santoni et al. (40) for an illustrative figure). How-

ever, it is also possible that other hydrogen-bond acceptors are

in close proximity to His-18 as a consequence of the SDS-

induced structural changes of the protein (vide infra). An

alternative explanation of the high Fe-Im stretching frequency,

based on reduced repulsive interactions between the histidine

ligand and the pyrrole nitrogens (44), is considered to be less

likely as it cannot account for a substantial increase in the

electron density of the porphyrin, as reflected by the low n4
mode frequency (13).

The second Fe-Im stretching at 201 cm�1, attributed to the

[5cHS(2)] form, is indicative of a weakly hydrogen-bonded

histidine, which again is in agreement with the conclusions

drawn from the frequency of the corresponding electron den-

sity marker band n4.
Two n(Fe-Im)modes at 201 and 227 cm�1 are also found in

the RR spectrum ofMP11, and bands at very similar positions

have been previously reported forMP8 in SDS at pH 7.0 (33).

Based on the amino acid sequence of the undecapeptideMP11

(34), we propose that the strongly hydrogen-bonded His (227

cm�1) results from the interaction of NdH group with Glu21,

whereas the weakly hydrogen-bonded His (201 cm�1) is

attributed to the interactions with the solvent (water). Othman

et al. (33) have further shown that in alkaline solutions of

cetyltrimethylammonium bromide these bands are replaced

by a new band at 243 cm�1 which, hence, was attributed to the

stretching mode involving a deprotonated His-18. The un-

folded forms of Cyt-c and MP11 in DeTAB in very alkaline

solutions display an intense band at 251 cm�1 (441-nm exci-

tation) (Fig. 2 C), which disappears upon 413-nm excita-

tion. This band is assigned to Fe-Im stretching involving a

deprotonated His ligand. This rather high frequency is nearly

identical to that found for peroxidases, which also possess a

deprotonated histidine ligand (42). The weak shoulder at

213 cm�1 (see Supplementary Material), which only slightly

decreases upon 413-nm excitation, is assigned to the n53mode

of the porphyrin as in the native Cyt-c (39).
The corresponding RR spectra in the marker band region

(Fig. 2 B) largely reflect a 5cHS form, although a small con-

tribution from a 6cLS heme can be detected (n3 and n2 at

1492 and 1591 cm�1, respectively) (35). This unfolded fer-

rous Cyt-c species, possessing a deprotonated His ligand, is

denoted [5cHS(3)].

Both the unfolded ferrous Cyt-c and MP11 in alkaline

solutions show similar maxima and minima (420, 437, 522,

551, 565, and 586 nm) in the D2 spectra, albeit with different

relative intensities (Fig. 2 A). In particular, the intensity ratio
of the bands in the Soret region appears to be reversed in Cyt-c
as compared to MP11. Moreover, the minimum at 420 nm

observed in the D2 spectrum of Cyt-c is relatively broad.

Cyt-c binding to phospholipid vesicles

Binding of ferrous Cyt-c to DOPG vesicles at high L/P ratios

and to SDS micelles is associated with similar spectral

FIGURE 2 (A) Electronic absorption andD2 (dotted line) spectra of ferrous
MP11 (upper trace) and Cyt-c (lower trace) in 300 mM DeTAB at alkaline

pH (2.5MNaOH), and RR spectra measured in the marker band (B) and low-

frequency region (C), using 413- and 441-nm excitations. The 480–650 nm

region in the absorption spectrum (A) has been expanded by a factor of three.
The RR spectra (B,C) were measured with a laser power of 10 mW at the

sample, a spectral resolution of 4 cm�1 (413 nm) and 3 cm�1 (441 nm), and

integration times between 10 and 70min. The 1380–1650 cm�1 and 150–500

cm�1 regions have been expanded by a factor of five and seven, respectively.
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changes. The UV-Vis and D2 spectra (Fig. 3 A) reflect the
contributions of both the 5cHS(1) and 5cHS(2) forms albeit

with different relative contributions, as judged by the relative

intensities of the Soret bands at 417 and 427 nm. Moreover,

the spectra appear very similar to those recorded for MP11 in

SDS, suggesting the presence of a small amount of a 6cLS

heme coexisting with the HS species. These conclusions are

confirmed by the RR spectra (Fig. 3, B and C). In the high-

frequency region (Fig. 3 B), a small amount of a 6cLS form is

reflected by the weak band at 1492 cm�1 (n3), which coexists
with the 5cHS species. Moreover, the positions of the n4
marker bands in the RR spectra obtained with different exci-

tations reflect the coexistence of both 5cHS(1) and 5cHS(2)

forms, which again is consistent with the UV-Vis absorption

data. Finally, in the low-frequency region (Fig. 3 C) two

n(Fe-Im) modes are observed at 201 and 227 cm�1, which

are very intense upon 441-nm excitation but disappear for

413-nm excitation.

Guanidinium hydrochloride denaturation

In neutral GuHCl solution the absorption bands broaden and

the maxima shift to longer wavelengths with respect to native

Cyt-c (Fig. 4) as reported previously (13,17,23,24). Specif-

ically, in the D2 spectra we note minima at ;417, 520, and

550 nm attributed to a nonnative 6cLS heme, together with a

weak shoulder at ;430 nm originating from the 5cHS

species. Upon increasing the temperature to 95�C or lower-

ing the pH, the Soret band slightly shifts to longer wave-

lengths and the visible region further broadens although the

band structure is better resolved as compared to ferrous Cyt-c
in SDS (Fig. 4). The intensity of the 430-nm band increases

and appears to include contributions from both [5cHS(2)]

and [5cHS(1)], for which the respective maxima have been

found at 422 and 430 nm for Cyt-c in SDS.

The RR spectra in the high-frequency region recorded in

resonance with both Soret bands confirm the presence of

both 5cHS and a 6cLS forms (Fig. 5). At neutral pH the pre-

vailing form is a 6cLS heme, although the spectral features of

a 5cHS heme can be detected. Upon heating the sample or

lowering the pH the HS heme dominates. The positions of

the n4 marker bands reflect the coexistence of both 5cHS

forms, which again is consistent with the UV-Vis absorption

data.

In the low-frequency region (Fig. 5) at pH 7.0, a band at

227 cm�1 is observed, which is relatively intense for 441-nm

excitation but markedly decreases with 413-nm excitation.

Upon heating the sample or lowering the pH from 7.0 to 5.0 a

new band at 201 cm�1 is observed. The intensity of this band

is comparable to that at 227 cm�1 in the spectrum obtained at

95�C, whereas it increases at pH 5.0. Both bands exhibit a

lower intensity in the RR spectrum obtained with 413-nm

excitation. The bands at 201 and 227 cm�1 are, therefore,

assigned to the n(Fe-Im) stretching modes of the 5cHS(2)

and 5cHS(1) species, respectively.

FIGURE 3 (A) Electronic absorption and D2 (dotted line) spectra of Cyt-c

in DOPG 5 mM (1:100) at pH 7.0, and RR spectra measured in the marker

band (B) and low-frequency region (C), using 413- and 441-nm excitations.

The 475–650 nm region in the absorption spectrum (A) has been expanded

by a factor of three. The RR spectra (B,C) were measured with a laser power

of 10 mW at the sample, a spectral resolution of 4 cm�1 (413 nm) and 3

cm�1 (441 nm), and integration times between 10 and 130 min. The 1385–

1650 cm�1 and 150–500 cm�1 regions have been expanded by a factor of

three and seven, respectively.
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Nonnative states of ferrous Cyt-c

The UV-Vis absorption and RR spectroscopic results

demonstrate that there are (at least) four nonnative states of

ferrous Cyt-c that exhibit specific structural properties of the
heme pocket. These states include a 6cLS and three 5cHS

species. The 5cHS species lack the Met-80 ligand and differ

with respect to the location of the N(d) proton of the

imidazole ring of the proximal His-18 ligand. The 6cLS

species should correspond to a heme in which the Met-80

ligand is replaced by a His ligand. In fact, under similar

conditions, ferric Cyt-c forms a bis-His ligated 6cLS state

with His-33 (or His-26) serving as the sixth ligand (13,15

and references therein). This ferric bis-His ligated Cyt-c has

been found both in the presence of denaturing agents and

upon binding to electrostatic or hydrophobic surfaces.

The techniques employed in this study are not sensitive to

structural changes induced in the protein matrix. Thus, each

of the four heme configurations identified in this work may

be associated with different protein structures, which depend

on the ‘‘unfolding’’ conditions by which they are produced.

The minimum structural change that is required for the for-

mation of the 5cHS species is the rupture of the Fe-Met-80

FIGURE 4 Electronic absorption

spectra (left panel) and D2 spectra (right

panel) of ferrous Cyt-c. From top to

bottom: SDS (75 mM, pH 7.0); GuHCl

(6.3 M, pH 5.0); GuHCl (6.3 M, pH 7.0,

95�C); GuHCl (6.3 M, pH 7.0). The

475–650 nm region has been expanded

by a factor of five.

FIGURE 5 RR spectra of ferrous

Cyt-c in GuHCl (6.3 M) at pH 7.0 and

pH 5.0 at ambient temperature, and at

pH 7.0 at 95�C measured in the marker

band (left panel) and low-frequency re-

gion (right panel), using 413- and 441-nm

excitations. The laser power at the sam-

ple was 10 mW. The spectra were re-

corded with a spectral resolution of

4 cm�1. Integration times vary between

6 s (pH 7.0, 413-nm excitation) and

100 min. The 1415–1675 cm�1 and

150–500 cm�1 regions have been ex-

panded by a factor of five and seven,

respectively.
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bond and the displacement of the peptide segment 80–85 out

of the heme pocket. To generate the bis-His-coordinated

6cLS species the peptide segment 30(20)–49 has to swing

toward the heme crevice to bring His-33 (His-26) in bonding

distance to the heme. For ferric Cyt-c, these reorganizations
of the polypeptide chain are not associated with variations in

secondary structure as judged from circular dichroism and

infrared spectroscopic measurements (13,45,46). This con-

clusion most likely holds also for ferrous Cyt bound to SDS

or DOPG taking into account the higher protein stability as

compared to ferric Cyt-c. These nonnative states of ferrous

and ferric Cyt-c for which the secondary structure is largely

preserved are denoted as B2 states (13). The conversion

between these B2 states and the native state, denoted as B1,

has also been observed for Cyt-c immobilized on (coated)

electrodes and shown to be coupled to the interfacial redox

process (47,48).

The transition to the statesB2 can be induced by electrostatic

or hydrophobic interactions. Strong electrostatic fields which

are present upon Cyt-c binding to anionic surfaces (e.g., SDS

micelles, DOPG vesicles) may induce dipoles, align dipoles,

and shift protonation equilibria in the interior of a protein (49),

specifically in the vicinity of the interaction domain, and thus

may substantially perturb the hydrogen-bond network. In Cyt-
c, these distortions may lead to a destabilization of the Fe-Met-

80 bond as the first step of the B1/ B2 transition. In fact, the

portion of the B2 state of ferric Cyt-c immobilized on elec-

trodes has been shown to increase with the electric field

strength (50). On the other hand, the formation of B2 induced

by interactions with hydrophobic surfaces is most likely

initiated by an attack on the hydrophobic peptide segment

80–85, which leads to a weakening and finally to the rupture of

the Fe-Met-80 bond. This mechanism may represent a crucial

step in the unfolding process ofCyt-c induced bydenaturants in
both ferrous and ferric states.

However, in contrast to the nonnative B2 states, a

substantially larger degree of protein unfolding is expected

to occur for Cyt-c in GuHCl at low pH or high temperatures,

both in the ferric and in the ferrous form (13). Unlike the

immobilization on hydrophobic surfaces (e.g., electrodes

coated with self-assembled monolayers of alkanethiols

(51)), the interactions are not restricted to the protein surface

around the exposed heme edge such that GuHCl-induced

unfolding of the polypeptide chain may take place at quite

different sites of the protein. These Cyt-c species are, there-
fore, denoted as U-states to indicate the unfolded protein

structure even though the heme configurations are the same

as in the corresponding species of the B2 state (13). The UV-

Vis and RR spectral parameters of all nonnative ferrous

Cyt-c species are listed in Table 1. Table 2 summarizes under

which conditions the various native and nonnative states are

formed.

Quantitative distributions of the unfolded ferrous Cyt-c
species bound to SDS and DOPG

Complexes of ferrous Cyt-c with SDS and DOPG were pre-

pared at different protein/amphiphile ratios. TheRR spectra in

the marker band region obtained from these samples were

subjected to a component analysis in which complete spectra,

which include all the individual components, are fitted to the

experimental spectra (30). This analysis allows a quantitative

determination of the relative concentration of the individual

B1 and B2 states as described previously (13).

Fig. 6 shows the relative concentrations of the various

ferrous Cyt-c species as a function of the SDS concentration.

Increasing the SDS concentration to the cmc (;2 mM)

results in the formation of up to ;80% B2[5cHS(1)] at the

expense of the native B1 state. A further increase of the SDS

concentration leads to an almost complete conversion of B2.

Whereas the B2[5cHS(1)] concentration remains at ;80%

also for higher SDS concentrations, the second 5cHS species,

B2[5cHS(2)], and the bis-His ligated B2[6cLS] species reach

relative concentrations of;10% each. The conversion of B1

to the nonnative species is thus complete at the cmc of SDS,

but unlike to ferric Cyt-c (52), increasing the SDS concen-

tration above the cmc does not result in significant changes in

the relative concentration of the B2 states.

TABLE 1 Spectral properties of the four nonnative (B2) and the native (B1) heme configurations of ferrous Cyt-c

Spectral properties

B2* 5cHS(1)

-/His. . .H
B2* 5cHS(2)

-/His

B2 5cHS(3)

-/His�
B2* 6cLS

His/His

B1 6cLS

Met/His

RRy (cm�1)

n(Fe-Im)z 227 201 251 – –

n4 1353.7 1359.9 1355 1360.0 1361.1

n2 1572.7 1569.6 1571 1592.0 1591.2

n10 1606.3 1604.7 1606 n.d. 1621.0

UV-Vis§ (nm)

Soret band 433 420 437 417 415

Q band 565 586 520, 550 520, 550

*Spectral parameters are the same as for the corresponding U-states.
yBand frequencies for the marker bands of B2[5cHS(1)], B2[5cHS(2)], B2[6cLS], and B1[6cLS] have been determined previously (13).
zThe predominant form is reported.
§Band maxima determined from the D2 spectra.
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Fig. 7 shows the relative concentrations of the B1 and B2

states as a function of the L/P ratio. At high DOPG/Cyt-c
ratios, Cyt-c exists exclusively in the nonnative B2[5cHS(1)]
and B2[5cHS(2)] states with relative concentrations of

;35% and 55%, respectively. Lowering the L/P ratio by

maintaining the Cyt-c concentration constant and decreasing
the DOPG concentration, results in an increase of the relative

concentration of the native B1 state at the expense of the HS

states. For an L/P ratio of;30:1, already;50% of the bound

Cyt-c is found in the B1 state. This behavior is quite different
compared to ferric Cyt-c, which remains fully in the B2

states down to L/P ratios of ;20:1 and undergoes a much

steeper transition to the native form upon further lowering

the L/P ratio (53). This difference can be rationalized in

terms of the dependence of the local electrostatic field on the

surface coverage. Upon increasing the amount of bound pro-

tein per phospholipid vesicle, the surface potential decreases

due to neutralization of the anionic charges on the lipid

headgroups by the cationic protein. Such a dependence of the

electrostatic interactions on the amphiphile/protein ratio does

not exist in the case of SDS above the cmc. In this regime,

the number of SDS micelles bound to Cyt-c is ;1 and

independent of the number of micelles in solution (52).

Structural perturbations on the proximal side of the heme

A common feature of all nonnative states of ferrous Cyt-c is
the loss of the distal Met ligand such that this coordination

site remains vacant leading to various 5cHS configurations,

or it is occupied by a His residue (His-33 or His-26) giving

rise to a 6cLS form. The 5cHS forms, which represent the

dominant species, differ mainly with regard to the interac-

tions of the proximal His-18 ligand. In neutral or acid solu-

tions two spectroscopically different states of His-18, i.e.,

a nonhydrogen-bonded and a strongly hydrogen-bonded His

are observed, whereas at alkaline pH a species with a

deprotonated His ligand is present.

In ferric Cyt-c, the contributions of the B2 substates and,

among them, specifically the HS forms, increase at the expense

of the B1 state when the electric field strength is increased

(13,50,52,53). Thus, the concentration ratios between the B2

substates and the native state B1 or between the 5cHS and

6cLS species of the ferric B2 state ([HS]/[LS]) determined

previously (52,53) can be taken as a measure for the strength

of the local electric field experienced by the bound protein in

electrostatic complexes. Correspondingly, electrostatic in-

teractions are concluded to be stronger for Cyt-c bound to

FIGURE 6 Relative concentrations of the ferrous Cyt-c species in the

presence of SDS. The data were determined from the component analysis of

the RR spectra measured at ambient temperature in 50 mM phosphate buffer

(pH 7.0) as a function of the SDS concentration. The protein concentration

was 15 mM. Further details are given in the text. The different species are

represented by the following symbols: (s) B1[6cLS], (D) B2[5cHS(1)], and

(h) B2[5cHS(2)]. The data points for B2[6cLS], which exhibits a largely

constant and small relative concentration (,10%) in the entire SDS concen-

tration range, have been omitted for the sake of clarity of the representation.

In some RR spectra minor concentrations (,5%) of ferric B1[6cLS] and

B2[6cLS] were found. These contributions were added to those of the ferrous

B1[6cLS] and B2[6cLS] states, respectively. The dotted lines are to guide

the eye.

FIGURE 7 Relative concentrations of the ferrous Cyt-c species in com-

plexes with DOPG vesicles. The data were determined from the component

analysis of the RR spectrameasured at ambient temperature in 5mMHEPES/

1 mM EDTA buffer (pH 7.0) as a function of the L/P ratio. The protein

concentration was 10 mM. Further details are given in the text. The different

Cyt-c species are represented by the following symbols: (s) B1[6cLS], (D)

B2[5cHS(1)], and (h) B2[5cHS(2)]. The data points for B2[6cLS], which

gradually decreases from 10% at L/P ¼ 500 to 0% at L/P ¼ 20, have been

omitted for the sake of clarity of the representation. In someRR spectra,minor

concentrations of ferric B1[6cLS] and B2[6cLS] were found. These con-

tributions were added to those of the ferrous B1[6cLS] and B2[6cLS] states,

respectively. The dotted lines are to guide the eye.

TABLE 2 Formation of the various nonnative (B2) and native

(B1) states of ferrous Cyt-c under different conditions

B2 5cHS(1)

-/His. . .H

B2 5cHS(2)

-/His

B2 5cHS(3)

-/His�
B2 6cLS

His/His

B1 6cLS

Met/His

Exp. Conditions

pH 7.0 X

SDS pH 7.0 X X

DeTAB alk. pH X X X X

GuHCl pH 7.0 X X

GuHCl pH 7.0,

95�C
X X X

GuHCl pH 5.0 X X X

DOPG pH 7.0 X X X X
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SDS micelles ([HS]/[LS]ffi 1.2) compared to DOPG vesicles

at L/P ¼ 100 ([HS]/[LS] ffi 0.55). This conclusion is consis-

tent with the results for ferrous Cyt-c obtained in this work.

For DOPG vesicles at L/P ¼ 100, we still observe a residual

contribution of the native state B1 (;10%) implying that the

electrostatic field is not sufficiently strong for a complete

shift of the conformational equilibrium toward the B2 states.

For ferric Cyt-c no native state could be detected under these
conditions, reflecting the intrinsically higher stability of the

heme pocket and, specifically, of the Fe-Met bond in the

ferrous state (13,16). However, upon complexation with SDS

micelles, ferrous Cyt-c also exists exclusively in the state B2,
confirming the view that local electrostatic fields are larger at

these micelles than at DOPG vesicles.

Moreover, the distribution between the B2[5cHS(1)]

and B2[5cHS(2)] forms of ferrous Cyt-c is also different in

complexes with SDS micelles and DOPG vesicles and, thus,

appears to be electric-field dependent. Figs. 6 and 7 show a

distinctly higher contribution of B2[5cHS(1)] in com-

plexes with SDS micelles (;80%) than with DOPG vesicles

(;40%), which is in qualitative agreement with the relative

intensities of the n(Fe-Im) modes measured for both samples

on the basis of a band-fitting analysis of the low-frequency

region (Supplementary Material). It appears that the some-

what stronger electrostatic interactions with SDS micelles

stabilize the polar hydrogen-bonded His-18, which carries a

partial negative charge on the imidazole ring.

In GuHCl at pH 7.0 and ambient temperature, the bis-His

ligated U[6cLS] state of ferrous Cyt-c is the prevailing state

and the only high spin species refers to the U[5cHS(1)] form.

When the polypeptide chain unfolding is increased, either

through raising the temperature to 95�C or lowering the pH to

5.0, the contribution of U[6cLS] decreases and the U[5cHS(2)]

state grows in. We, therefore, conclude that the loss of the

hydrogen-bond of the His-18 ligand in U[5cHS(2)] results

from a structural rearrangement on the proximal side of the

heme. These results are of relevance for understanding the

unfolding mechanism of ferrous Cyt-c. Since the U[6cLS]

and U[5cHS(1)] states are converted to U[5cHS(2)] only

under ‘‘harsh’’ denaturing conditions (i.e., GuHCl at low pH

or high temperature), we conclude that unfolding of the pro-

tein is initiated by the rupture of the Fe-Met-80 bond and first

restricted to the distal side of the heme pocket. Subsequently,

also the proximal heme side is attacked. These two steps may

correspond to the ‘‘ligand exchange’’ and ‘‘nascent’’ phase

that have been shown to constitute the biphasic folding

process of ferric Cyt-c and proposed to hold for ferrous Cyt-c
as well (15).

On the other hand, the results here also imply that, con-

trary to previous suggestions (13), the conformational changes

in the heme pocket of the ferrous B2 states are not restricted

to the vicinity of the Met-80 ligand but may also extend to

the proximal heme side as reflected by the contributions of

the B2[5cHS(2)] state in complexes with SDS micelles and

DOPG vesicles.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting

BJ Online at http://www.biophysj.org.
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