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ABSTRACT. The conformational states of cytochrominside intact and Ca-exposed mitochondria have

been investigated using resonance Raman spectroscopy. Intact and swelling bovine heart and rat liver
mitochondria were examined with an excitation wavelength (413.1 nm) in resonance with the Soret transition
of ferrous cytochrome. The differentb- to c-type cytochrome concentration ratio in mitochondria from

two different tissues was used to help assign the Raman spectral components. Resonance Raman spectra
were also recorded for mitochondria fractions (supernatants and pellets) obtained from swolfen (Ca
exposed) mitochondria after differential centrifugation. The results illustrate that cytoclodme an

altered vibrational spectrum in solution, in intact, and in swollen mitochondria. When cytoclorane
released from mitochondria, its Raman spectrum becomes identical to that of ferrous cytochirome
solution. The spectra of mitochondrial pellets indicate that a small amount of structurally modified
cytochromec remains associated with the heavy membrane fraction. Indeed, spectroscopic shifts in the
low-frequency fingerprint and the high-frequency marker-band regions suggest that membrane binding
leads to a partial opening of the heme pocket and an alteration of the heme thioether bonds. The results
support the conclusion that most cytochroomolecules in mitochondria are membrane-bound and that

the cytochrome structure changes upon binding. Furthermore, changes in the resonance Raman active
mode located at 675 cmiin the spectra of intact, swollen, and fractionated mitochondria indicate that
b-type cytochromes may also undergo structural alterations during mitochondrial swelling and disruption.

Cytochromec is essential for normal functioning of living  primarily at the outer face of the inner mitochondrial
cells (1), and ironically, it also plays a key signaling role membraneX) and its cristaeX 4), behaves as a peripheral
during the process of cell death (apoptosB) (n life and protein (i.e., it can be removed from the membrane by
respiration, cytochrometransfers electrons from cytochrome relatively mild treatments such as changes in pH or ionic
c reductase to cytochronteoxidase {). In apoptotic death,  strength of the aqueous mediut))( Nevertheless, the details
a key step in the initiation pathway is the translocation of of cytochromec redox activity and its mechanism of
cytochromec from the mitochondrial membrane space into  membrane binding are clearly complex-11).

the cytosol 2). Numerous in vitro and in vivo studies have  cyiochromes catalyzes electron transfer from cytochrome
provided much information about the structure and the ¢ rgqyctase to cytochrome oxidase (two intrinsic inner

function of cytochrome (3). Still, the precise physiological  emprane proteins) as well as between adjacent cytochrome
context of_th|s protein in the living and dying cell remains . olecules 12). It also participates in redox cycles with
poorly defined. _ , _ , cytochromebs, an outer membrane proteib, (13, 14). Most
Cytochromec is a six-coordinate low-spin heme iron iniernrotein electron-transfer reactions are preceded by the
species. The heme (iron protoporphyrin IX) has axial iron ¢4 mation of reversible protein complexes that bring the
ligands at both the fifth and the sixth coordination posi- jnteracting hemes into an almost coplanar alignménSuch
tions: histidine (His18) and methionine (Met8d), @). In an arrangement usually maximizes overlap between the
addition, two cysteine residues (Cys14 and Cysl7) attaChgeqron wave functions of the interacting cytochromes.

the heme to the protein via thioether bonds. The heme has,yije 4 membrane bound cytochromean perform electron

only Ilmlt(ald agceiﬁ tr? tc:'e sarfgce of.the pr%telrgltl “?ﬁ wnéun transfer between cytochronoereductase and cytochronge
a crevice lined with ydrophobiC amino acids. LUnly th€ €dge . ;qaqe it must also be available in an unbound conformation

(.)f one pyrrole ring and the adjacent Cys_17 thioether bond (5—7, 11) to serve as an electron carrier from the inner
lie at the surface 1). Cytochromec, which is located membrane to the proteins bound in the outer membranes
t Supported in part by NIH DK35090 (P.M.C.), GM57563 (H.W.), (e.g., with cytochromés). Investigations of the interactions

and NSF MCB 0211816 (P.M.C.). between cytochrome and various membrane systens-(
* Corresponding author. Telephone: (617) 373-2918. Fax: (617) 373- 11, 15—30) suggest that mitochondrial cytochromis found
2943. E-mail: p.champion@neu.edu. in unbound as well as in several membrane-bound conforma-
* Northeastern University. . . . .
$ Boston Biomedical Research Institute. tions, all of which are exchangeable (see earlier reviews, refs
'Harvard Medical School. 6 and8).
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A recent model of cytochrome interaction with the Despite extensive work on the problem of cytochrome
membranes and membrane proteins suggests that this combinding, it remains unclear what kind of reorganizations the
plex dynamic process is controlled by interplay of electro- structure of native cytochronteundergoes when the protein
static and hydrophobic binding forces. Cytochrarieteracts associates with the membrane and whether the protein’s
with the phospholipids of the inner mitochondrial membrane. structure pronouncedly differs depending on the type of
This interaction yields at least two different cytochrome  binding (i.e., electrostatic or hydrophobic).
conformations. One is created through electrostatic interac- In the investigation described here, we use resonance
tions of the positively charged cytochrorovith negatively Raman spectroscopy to examine the conformational states
charged phosphate groups of phospholipkis?, 22—24). of cytochromec in its native environment inside mitochon-
The other is created when cytochromeartially embeds  dria. Vibrational spectroscopy has been recognized to be a
itself into the membrane bilayer through hydrophobic sensitive tool, capable of revealing subtle changes in the
interactions 22—24, 28, 29). The interaction of cytochrome  molecular structure of proteins. The difficulty of applying
¢ with the various redox protein partners potentially yields this method to the complex mitochondrial system arises from
additional conformations3( 5, 31). the presence of several different heme protelsEecause

The existence of multiple membrane-bound conformations the Peaks of the electronic absorption bands-aindb-type
of cytochromez in mitochondria has been verified in studies CYtochromes are quite similar, it is difficult to resonantly
of the two step release of cytochrorefrom isolated rat enhance only one type of cytochrome in whole mltochondr]a.
liver mitochondria 82). First, the interaction between cyto- N€vertheless, this obstacle can be resolved by taking
chromec and its membrane-anchoring associate cardiolipin 2dvantage of clear differences in the Raman marker bands
must be disrupted to generate a pool of soluble cytochrome©f the purifiedc- andb-type cytochromes33-—35). In earlier
c. Thereafter, permeabilization of the outer membrane leads W'k, Adar and Erecinska3g) obtained resonance Raman
to the significant release of cytochronselt was demon- ~ SPectra of whole pigeon breast mitochondria using Q-band
strated that solubilization of the two bound cytochrome excitation (520.8, 530.9, and 568.2 nm). The results reported

conformations requires different detachment stin2)(The by these authorls Iack th? Ic_;w-frequency part .O.f th_e Spectra
electrostatically bound conformation is sensitive to ionic (P€low 600 cmm), which is important for identification of

strength, surface-charge density, or pH, while hydrophobi- the axial heme Iigands. Even so, they were able to c;oncludg
cally bound conformations respond to a disturbance of the that the biochemical states of the hemes and/or their protein
membrane structure or modification of the mitochondrial environments in the intact mitochondria are different from

lipids, specifically, cardiolipin. the native prote_in (_:onformations in solutio_n. Here, we use

) , o ) Soret-band excitation (413.1 nm) to obtain the resonance

More support for the view of different binding environ-  paman spectra of mitochondria from two types of tissue
ments for cytochromec comes from investigations of

. . . oo ) (bovine heart and rat liver) under different physiological
mitochondrial cristae modifications during apoptogs On  ¢ongitions. To obtain additional information on the putative

the basis of the results of combined high-voltage electron g ctyral changes of cytochrome on/in mitochondrial

microscopic tomography (HVEM) and biochemical measure- empranes, data were collected from both intact mitochon-
ments, Scorrano and co-worke# €oncluded that a major  q1ia and mitochondria that were induced to swell and release
part of cytochrome in mitochondria is separated from the ¢y tqchromer. The observed differences are discussed in the

inter_membrane space and is stored in cristae. These result§yniext of interactions between the cytochromes and the
are in good agreement with earlier functional estimates of yitochondrial membrane.

Bernardi and Azzonel(l), which suggest that only ¥520%
of cytochromec is in the intermembrane space. MATERIALS AND METHODS

_ Interestingly, through recogpnition of different conforma-  prenaration of Rat Lier and Baine Heart Mitochondria.
tions of cytochrome in apoptotic and necrotic T hybridoma  pa¢ jiver mitochondria were prepared by standard centrifuga-
cells with monoclonal antibodies, it was shown that the cyto- 4 procedures37) in MSH (210 mM mannitol, 70 mM
chromec conformation, which activates apoptosis in these ¢,crose. 5 mM HEPESpH 7.5) buffer suppleménted with

cells, is membrane boynd2$). Specifically, immuno- 1 mM Na&EDTA and 0.1% BSA. The last washing was
fluorescence confocal microscopy revealed that conforma- performed in an EDTA-free medium, and final mitochondria

tionally altered cytochromein post-apoptotic T hybridoma yare suspended in MSH buffer without EDTA at 96 mg of
cells remains associated with mitochondria. Moreover, the otein/mL. Fresh mitochondria were used within 4 h. Bovine
heavy membrane (mitochondria containing) fraction of post- haart mitochondria were prepared in MSE (220 mM man-
apoptotic, but not of live cells, was functional in caspase pitol. 70 mM sucrose. 0.2 mM EDTA pH 7.2) buffer as
activation. The supernatant of post-apoptotic mitochondria gescribed earlier3®) and stored at 40 mg of protein/mL
did not show a pro-apoptotic function. On the basis of these —20°C). The frozen mitochondria were rapidly thawed and
observations, it was suggested that the membrane-bounq,seq within 3 h.

cytochromec may be the relevant caspase coactivation factor - por experiments with mitochondria swelling and release
in apoptosis. Involvement of membrane-bound cytochrome o cytochromec, the original medium was substituted with
¢ in apoptosis appears contradictory considering that cyto- k c| huffer (150 mM KCI, 5 mM Tris-HCI, pH 7.4) and 200
phromec must interact with Apaf-1, dATP, and procaspase-9 ol of Ca+ per mg of protein was added in the presence
in the cytosol to form an apoptosomg).(To resolve this

Issue, a more precise understanding of the possible mecha- 1 Abbreviations: EDTA, ethylenediaminetetraacetic acid; HEPES,

nism_s for cytochrome translocation to cytosolic states is  n.-hydroxyethylpiperaziné¥-2-ethanesulfonic acid; UV, ultraviolet;
requwed. BSA, bovine serum albumin; Pi, inorganic phosphate.
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of 5 mM Pi. A buffer with 150 mM KCI is a standard cristae, they contain different relative concentrations of the
medium for detaching loosely bound cytochroafeom the various cytochromes, which helps in the assignment of the
inner membrane2@Q). About 3 h after C&" overload, the resonance Raman peaks.

mitochondrial suspensions were centrifuged at 9800 5 The choice of 413.1 nm as an excitation wavelength
min at 4 °C. It was demonstrated?®) that this protocol provides conditions for a preferential resonant enhancement
washes electrostatically bound cytochromefrom the of low-frequency Raman modes of reduced cytochrame
mitochondrial intermembrane space. Supernatants were adbecause the absorption peak of its Soret band is at 415 nm.
ditionally filtered through a 0.22m filter (Millex-GV) that Nevertheless, one might also expect contributions to the

allows soluble proteins but not mitochondrial fragments to Raman spectra (especially in the high-frequency region) from
pass through. The resulting supernatants and pellets wereghe reducedb-type cytochromes, which have Soret band
used for measurements of Raman and absorption spectramaxima at 424, 430, and 432 nm, respectively s, bseo,
All samples were measured in sealed square quartz cuvettesind bses (inner membrane proteins) and at 423 nm lbgr
with a 3 mm optical path (NSG Precision Cells). The (outer membrane protein). Estimates of the cytochrome
mitochondrial samples remained reduced at the proteincontent of the mitochondria from these two tissues are as
concentration used. follows (1): bovine heart mitochondria 0.7@mol of
Cytochrome cHorse heart cytochromewas purchased  cytochromec + c¢; per gram of protein and 0.bmol of
from Sigma and dissolved in 100 mM sodium phosphate cytochromeb per gram of protein; rat liver mitochondria
buffer (pH 7.2). The sample was reduced with ascorbic acid. 0.11 umol of cytochromec + ¢, per gram of protein and
Raman Spectroscopéll resonance Raman measurements 0-1 #mol of cytochromeb per gram of protein. The
were carried out at 413.1 nm (krypton ion laser, Coherent concentration ratio of cytochronge+ c; to cytochromeb is
Innova 300) in a 9Bscattering geometry usingSpex1870 1.5:1 for bovine heart and 1.:1 for r'at liver. The preparathns
spectrometer (2400 grating, 0.5 m focal length, slit width that we used had, respectively, in the bovine heart mito-
100xm). The output of the monochromator was coupled to chondria 3q:M cytochromec + ¢, and 20uM cytochrome
a CCD detector cooled by liquid nitrogen (Princeton Instru- 0 @nd in the rat liver mitochondria 104M of cytochrome
ments, Inc.). The experimental setup also includes focusing® t ¢ and 9.6uM cytochromeb. We anticipated that the
and collection optics and a holographic notch filter (Kaiser different cytochrome ratios found in rat liver and bovine heart
Optical system). A commercial software (Princeton Instru- Mitochondria could aid in the interpretation of the Raman
ments, Inc.) provided elimination of the noise spikes in the SPectra obtained at 413.1 nm. In the Discussion, we assume
spectra caused by cosmic rays. The average power at thdhat the.strongest enhancement occurs for ferrous.cytochrome
sample was 1215 mW for whole mitochondria and 5 mw  © Possible interference from-type cytochromes is taken
for cytochromec in solution. Signal-to-noise ratio was Nto account. _ .
improved by several repetitive scans at a rate of 30 s exposure R@man Spectra of Intact Mitochondriigure 1a,b shows
per scan (1 scan covers the spectral region800 cnt). _the low and hlgh-frequenpy resonance Raman spectra for
The spectra were calibrated using neat fenchone. Thelntact re_duced mitochondria from bovine hea_rt and r_at liver,
accuracy of absolute frequencies was cnm ! and less than  long with the spectra of reduced cytochroaia solution.
+0.2 cnT ! for relative shifts of bands. Collection of a typical 1he fluorescence background signal is not conducive to
spectrum took 2 min. Sample integrity was monitored by obtaining well-resolved spectra from mitochondria. Spectra

UV/visible spectroscopy before and after each resonancefbtained by Adar and Erecinska&d) of pigeon breast
Raman experiment. mitochondria with visible excitation also exhibit fluorescence

contamination. For a given set of experimental conditions
(e.g., 15 mW laser power at the sample and averaging the
final spectra over 4 scans of 30 s each), we observed a better
RESULTS signal-to-noise ratio for bovine heart mitochondria, which
can be explained by the higher concentration of cytochromes
The aim of this work is to explore vibrational spectra of in this sample and by the absence of fluorescent liver enzyme
cytochromec in real time during the course of mitochondrial systems such as cytochrome P-450. Although this enzyme
swelling and upon its release from disrupted membranes. Wesystem is present in rat liver mitochondria in minor amounts
prepared mitochondria from rat liver and bovine heart, which as compared to other cytochromes (0.@1iol/g of protein
represent tissues having different functions and which also (1)), fluorescence from the flavoproteins associated with the
vary in structure and in cytochrome content. Liver mito- cytochrome P-450 system may not be negligible. The mode
chondria contain relatively few cristae and thus have more at about 490 cmt (Figure 1a) arises from the quartz cuvette.
matrix space and less inner membrane surface than hearBecause of the poor optical quality of the samples (mito-
muscle mitochondria. The heart mitochondria lack many of chondrial solutions are strongly opaque media), we aligned
the enzymes found in liver mitochondria, their cristae are the excitation beam very close to the wall of the cuvette;
packed more densely, and less matrix space is availdple ( thus, the low-frequency region of almost all spectra contain
Heart mitochondria are thought to possess more of the tightly a trace of the quartz peak. To verify the reproducibility of
membrane-bound cytochronme Likewise, the shape and the data, we repeated the measurements seven times for
volume of cristae can be expected to affect the diffusion of bovine heart and five times for rat liver mitochondria and
cytochromec between intracristal and intermembrane com- obtained similar results.
partments, as well as the fraction of cytochrootgound to Raman Spectra of Swelling Mitochondrighe introduction
the inner membrane3). Both liver and heart mitochondria  of C&" ions leads to accumulation of calcium diacetate in
were investigated because, in addition to the differences inthe mitochondrial matrix and subsequent osmotic swelling

UV and Visible SpectraUV and visible spectra were
recorded with a Hitachi U-3410 spectrophotometer.
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FiGURE 1: Soret resonance Raman spectra of intact bovine heart Raman shift (cm™ )
(A) and rat liver (B) mitochondria obtained with 413.1 nm excitation
in the low (a) and high (b) frequency regions along with the
spectrum of ferrous cytochronwin a buffer solution (C). In the
spectrum of native cytochrome the peak position o, mode

(cut off in the plot (C)) is at 1362 cni.

Ficure 2: Time evolution of Soret resonance Raman spectra in
the low-frequency region of bovine heart (a) and rat liver (b)
mitochondria loaded with Ga. Spectra were obtained with 413.1
nm excitation at indicated time intervals.

near 700 cm. Specifically in the case of rat liver mito-
proportional to the extent of Ga uptake (). In both chondria, we observed a decrease in the relative intensity of
mitochondrial preparations, the original isolation media were the 675 cmi* band (after abdul h at 4°C the band at 675
substituted with high ionic strength KCI buffer, and®€a  cm ! became undetectable) and an emerging triplet structure
was added in the presence of Pi to induce mitochondria between 680 and 700 crh In contrast, the triplet structure
swelling. The rationale of these experiments was to induce was not revealed in bovine heart mitochondria, but a sharp
changes in the Raman spectra of the mitochondria, whichpeak at 688 cm! appeared. At the same time, the spectra in
undergo swelling and release cytochromito the extra- the 300-500 cm! low-frequency region became more
mitochondrial medium. It is expected that cytochrome complex and evolved toward the 8-peak structure, which is
undergoes structural alterations during this process, specif-a unique feature of soluble cytochroroe
ically, a conversion from membrane-bound to soluble The data that we were able to record in the high-frequency
conformation, and we attempted to monitor these changes.part of the Raman spectrum (above 900 énsuffer from a
The results obtained for bovine heart and rat liver mitochon- strong fluorescence background (Figure 3). We collected data
dria loaded with C& are shown in Figures 2 and 3. During  scans within~20 min intervals fo 4 h (the samples were
the first 30-40 min after C&" addition, we observed kept at 4°C during signal acquisition), and after the runs
significant changes in the vibrational spectra in the region both sample preparations were centrifuged. The resulting
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Ficure 3: Time dependence of Soret resonance Raman spectra in
the high-frequency region of bovine heart (A) and rat liver (B)
mitochondria loaded with Ca. Spectra were obtained with 413.1
nm excitation at indicated time intervals.

supernatant

u.)

supernatants and pellets were probed independently, and the 3
Raman spectra are shown in Figures 4 and 5, respectively.
The spectrum, which we obtained for supernatants of swollen
mitochondria (Figure 4a,b) corresponds to that of native
cytochromec, while the pellets of swollen mitochondria
(Figure 5a,b) show a spectrum resembling that of intact
mitochondria and differing from that of soluble cytochrome
c¢. In addition to the Raman spectra, we also recorded the
absorption spectra for supernatants of both rat liver and
bovine heart mitochondria as seen in Figure 6, where they
can be compared with the absorption spectrum of reduced b
cytochromec in buffer solution.

Intensity (a

10l00 I 11l00 ' 12I00 ' 13I00 ' 14I00 ' 15l00 I 1SIOO
DISCUSSION Raman shift (cm™1)

The structural changes that cytochromendergoes upon Ft')GUfF;E 4lije§gretrée?gr?§”gfe E&’i‘:}ae“ ﬁggﬁtraAi“ t;‘ﬁdk’;’;t(al?vaerr‘d gigh
t.)".]dmg tp model membrane systems (polyan!ons, phospho'Sni)tochgndriaysupgrnatants. Spectra were(ot)atained with 413.(1 %m
lipid vesicles, electrodes) have been investigated using agycitation.
variety of biophysical techniques including resonance Raman
spectroscopyl(7, 18, 40, 41), *H, 13C, 3P nuclear magnetic  pholipid interactions are considered to be a close simulation
resonancel, 16, 42), circular dichroism 43), and other of the putative interaction of cytochrontewith the inner
spectroscopic and biochemical techniqu&$(47). Accord- mitochondrial membrane48), the structural information
ing to these studies, cytochronnaindergoes a wide range reported in the studies with artificial membranes is likely to
of conformational changes upon association with the model hold also for cytochrome inside mitochondria. However,
membranes. Generally, these studies demonstrated thasupport for this concept from a direct analysis of cytochrome
binding of cytochrome to model membrane systems creates ¢ in the functioning mitochondrial membrane in situ is
a protein conformation with a destabilized tertiary structure lacking.
but a nativelike helical secondary structure and a more open The structures of heme proteins in gene#d)(and of
heme pocket as compared to the native protein. Electrostaticcytochromec in particular 60) have been scrupulously
(or loose) binding of cytochrome to the membrane does correlated with the frequencies of certain resonance Raman
not yield significant changes in the protein conformation as modes. The low-frequency regiom~200-800 cn1?) is
shown by circular dichroism4@) and resonance Raman informative for identification of the heme structural in-
measurementQ, 41). The hydrophobic (or tight) interaction  homogeneity and the axial ligation of the central iron atom.
between the protein and the phospholipids, however, leadsThe high frequency or marker-band region (130F00
to protein penetration into the membrane bilayer and a partial cm™) reveals the oxidationvg), spin, and coordination state
loss of a-helical structure Z2—27). Since proteir-phos- (v2, v3) of the heme iron atom. All of these frequencies
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' . : T . ' . ' swollen bovine heart (A) and rat liver mitochondria (B) as well as
300 400 500 600 700 800 of ferrous cytochrome in buffer solution (C). Absorption spectrum
1 ) of ferrous cytochrome is downscaled by a factor of 9.
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for ferric and ferrous cytochrome, except for the high-
frequency skeletal modes, which reflect the different extent
of back-bonding §0). The relative intensities of the Raman
modes for F&" and Fé* cytochromec species are also very
similar, reflecting the minimal change in heme structure in
the two oxidation statess().

In general, the resonance Raman spectra of intact reduced
mitochondria excited at 413.1 nm do not exactly replicate
the spectrum of the native reduced cytochroen@-igure
la,b). The mitochondria spectra display a complex pattern
of bands, only some of which belong to reduced cytochrome
c. A comparison of the spectra of the purified protein with
the spectra of mitochondria reveals that mitochondria have
new bands that are not spectral features of cytochrome
(e.g., 675, 1228, 1245, 1473, 1568, 1612, and 1622'cm
Also, the 1362 and the 1397 cibands of cytochrome
are downshifted in mitochondria spectra to 1360 and 1393

i 1360
pellets

Intensity (a.u.)

7 b cm 1, respectively, and the 1300, 1314, 1547, and 1592 cm
1000 1100 1200 1300 1400 1500 1600 modes of cytochrome are not detected at all. On the other

1 hand, the spectra obtained for bovine heart and for rat liver

Raman shift (cm™’) mitochondria show good agreement of their peak positions,

FIGURE 5: Soret resonance Raman spectra in the low (a) and high although not all of the bands are equally enhanced in both
(b) frequency regions of bovine heart (A) and rat liver (B) spectra.
R:;:}ochondna pellets. Spectra were obtained with 413.1 nm excita- Low-Frequency Regioow-frequency vibrational modes

: in the cytochrome& Raman spectrum create a unique eight-
correspond to skeletal vibrations of the porphyrin. The modes peak structure of closely spaced bands that clearly distin-
v10 and vyg also reflect the spin and coordination (5 or 6) guishes cytochrome from other heme proteinst9, 50).
state of the metal atom. These general rules apply to The number of vibrations is doubled as compared to other
cytochromec, but specific differences (relative to proto- heme proteins and is considered an indicator of a closed heme
porphyrin IX) occur because of the existence of two covalent crevice and a pronounced saddling distortion of the heme
bonds—CH(SR)CH at the 2 and 4 positions in the porphyrin  group in cytochrome resulting from the six-coordinate state
ring (1, 3, 50), which attach the heme to the polypeptide and the existence of strong steric constraints on the heme
chain through two thioether bridges. The symbol R represents(40, 41, 50). The characteristic four sets of doublet bands,
cysteine residues Cys14 and Cys17 in the 2 and 4 positionsclustered in the spectral regier830—430 cnt?, are assigned
respectively. The notation here is adopted from the paperto the two porphyrin stretching modes(347 cm?) and
by Hu and co-workers50), who provided complete assign-  vso(357 cn1?), and the remaining three pairs are, respectively,
ment of cytochromec resonance Raman spectra, using C—C—C and C-C—S bending modes of the propionate (at
cytochromec reconstituted with isotopically labeled hemes. the 6,7 positions) and thioether (at the 2,4 positions) groups
At the 6 and 7 positions5Q) in the porphyrin ring,  (50).
cytochromec has two propionate groups, whose vibrations  In both of the intact mitochondria samples, the peak
are also Raman active. Band frequencies are almost the sampositions in the~330-430 cnm! region are well-correlated
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with cytochromec modes (Figure 1a), but the spectra lose
their resolution, and a prominent octet is not clearly observed.
The same effect was observed by Hildebrandt etlal. 18,

40, 41) when cytochromec was bound to an atrtificial

membrane interface. This was explained as a consequence

of a looser structure around the heme crevice in the
membrane-bound protein, which could also be associated
with weakening of the FeMet80 bond 17, 18) and/or a
partial unfolding of the protein51). When the protein is
bound to the membrane, the tertiary structure and axial ligand
interactions of the heme are relaxethh{18), and as a

consequence, the spectral pattern is inhomogeneously broad-

ened. The effect is stronger for bovine heart mitochondria,
which may be related to the higher fraction of membrane-
bound cytochrome in this sample (because of dense packing
of the inner membrane cristae). A careful inspection of the
mitochondria and cytochrome spectra reveals smalt@
cm1) frequency differences for some of the low-frequency
bands. While in the case of well-resolved and/or isolated
peaks these differences are real (e.g., the 1362 p@ak),

for the weak and poorly resolved bands we consie2cnr?

to fall within the limits of detection error. Therefore, we do
not report any significant frequency shifts for the bands in
the low-frequency £200-500 cnT?) region.

Figures 2 and 3 present the spectra of swelling mitochon-
dria. Only the soluble form of cytochronuds released when
the mitochondria lose outer membrane integrity. A soluble
(native) conformation of cytochromeis characterized by
the well-resolved octet of bands between 347 and 421tcm

Biochemistry, Vol. 42, No. 20, 20035155
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FiIGURE 7: Resonance Raman spectrum of cytochrdgia buffer
solution obtained with 441.6 nm excitation.

36), cytochromebse,—o (52), reduced mitochondri&bg), and
our own studies (Figure 7) demonstrate that the band at 675
cmtis a common feature di-type hemes.

The use of 413.1 nm excitation could be expected to
provide conditions for selective resonance enhancement of
the vibrational modes of reduced cytochroognce its Soret

Examination of the dynamics of these bands reveals that thepeak is at 415 nm. However, this argument is effective only

Raman spectra of swelling mitochondria in this region
eventually attain a well-resolved eight-peak structure that was
not observed in the intact mitochondria. We suggest that

for the low-frequency modes. As shown previoug¥,(55),
the Raman excitation profiles of cytochromdisplay strong
resonant enhancement up to one Raman quantum to the blue

these changes reflect appearance of an increasing pool obf the Soret band vibrational origin. The peak positions of

free cytochrome in the intermembrane space. The resonance
Raman spectra of both bovine heart and rat liver mitochon-
dria supernatants (the mitochondria preparations were frac-
tioned after C&" overload) in Figure 4 show a one-to-one
correspondence with the spectrum of reduced cytochrome
¢. These results obviously demonstrate that cytochrome
released from mitochondria converts to its solution phase
conformation. The spectra of mitochondria pellets in the low-
frequency region (Figure 5 a) are quite similar to that of
intact mitochondria, which suggests that some fraction of
cytochromec remains bound to the inner membrane, even
after the mitochondria have ruptured.

Mid-Frequency Region Near 700 ctlnThe Raman spectra
of mitochondria in the mid-frequency region around 700
cm! exhibit more dramatic changes with respect to the
solution phase cytochronmespectrum. The main difference
is the appearance of a strong band at 675dimat is absent
in cytochromec spectra. This band is more strongly enhanced
in the spectrum of rat liver mitochondria. At this time, we
are unable to make a firm assignment of this band and its
dynamics during mitochondria swelling (Figure 2a,b). This
band is absent in the spectrum of native cytochranaad

the Soret bands db-type cytochromes are red-shifted by
10-19 nm (5006-1000 cn?) from 413.1 nm; thus, excitation

at this wavelength will minimize the interference from low
frequency Raman scattering bftype hemes. On the other
hand, the potential for relatively strong Raman scattering of
high frequencyb-type heme modes, along with the fluores-
cent background present in the experimental data (e.g., Figure
4b), does not allow us to quantitatively determine the
contribution fromb-type hemes in the high-frequency region
of mitochondria 83—36). Therefore, on the basis of the
available experimental data, it is difficult to unequivocally
explain the dynamics of the 675 cinmode during mito-
chondria swelling and protein release. However, it is likely
that the observed spectral effects at 675 tmsan be
attributed tob-type cytochromes and their transformations
during mitochondrial swelling.

Another major discrepancy between the spectra of soluble
cytochromec and cytochrome within the mitochondria is
found in the region of the triplet centered near 692 &nn
the Soret-excited spectrum of reduced cytochranbere
are three characteristic bands near 700%cna strong broad
band at 692 cmt and two resolved shoulders at 682 and at

the mitochondria supernatants. It appears in the spectra of700 cn1'. The shoulder at 700 cri was identified as the

intact mitochondria and eventually vanishes as the mito-
chondria swell. Thus, it is conceivable that this band might
signal interactions between the cytochrorneand the
membrane lipids upon association. However, previous reso-
nance Raman studies of the cytochrdme complex 83—

v7 stretching mode, and the 682 and 692 ¢érhands were
assigned to €S stretching of the two thioether groups).

The complex structure of the bands near 700 érs lost
in intact mitochondria spectra, and only one peak can be
resolved at 688 cnt. In both bovine heart and rat liver
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mitochondria spectra, the band at 688 ¢éns weaker as  obtained under these conditions to provide quantative
compared to the band at 675 cinmoreover, in the rat liver  information about the concentration of the released cyto-
mitochondria spectrum the 688 cimode appears as a chromec, they do show qualitatively that the amount of
shoulder. However, the distribution of the amplitudes might released cytochromeis higher for rat liver mitochondria.
be somewhat distorted because of a strong fluorescencéVe used the same quantities of the two mitochondria
background. The spectra of swelling bovine heart mitochon- preparations (about 3 mL) for pelleting, and the absorption
dria do not show a noticeable shift of mode frequency, and spectra were measured in matched cuvettes (optical path is
the band at 688 cnt stays at the same position while the 3 mm). Figure 6 also presents the absorption spectrum of
mitochondria undergo swelling and release of cytochrome reduced cytochromein buffer solution. Comparison of the
c. The triplet structure of the bands centered at 692'dm spectra in Figure 6 shows a good agreement between the
not identifiable in the swelling bovine heart mitochondria. absorption peak positions of the cytochrooreleased from
On the other hand, a clear triplet structure emerges in themitochondria and native ferrous cytochrome
spectrum of the bovine heart supernatant (Figure 4a), and High-Frequency RegiaornThe inability to clearly resolve
the correlation between the Raman frequencies of theall of the high-frequency Raman modes of bovine heart and
supernatant with the modes of soluble reduced cytochromerat liver mitochondria limits the analysis. The high-frequency
c is excellent (682, 692, and 700 cf). The pellets from region (1206-1700 cmY) includes the oxidation, core-size,
bovine heart mitochondria (Figure 5a) show a single 688 and spin marker bands, v, v,, andvio. For these modes,
cm! band as found in intact and swelling mitochondria.  correlations between frequencies and electronic configuration,
The spectra of swelling rat liver mitochondria display a core size, and ligation state of the heme iron are well-
somewhat different behavior in the 700 chregion. When established49). For reduced cytochrome, these marker
mitochondria undergo swelling and the 675 dmmode bands are located at 1362, 1492, 1592, and 1622,amfich
intensity decreases, we can clearly see the development of @re the positions expected for a 6-coordinate low-spin heme.
triplet structure near 692 cmh The spectrum of rat liver One of the spin state marker bands,in mitochondria is
mitochondria supernatant (Figure 4a) again is very similar found at 1493 cmt, which correlates well with native
to that of soluble reduced cytochrome The spectrum of  reduced cytochromeand corresponds to the low-spin state
rat liver pellets (Figure 5a) displays similarity with the intact (Figure 1b). The other spin-state marker is found at 1473
mitochondria spectrum in the low-frequency region, but the cm™ and conceivably reflects the emergence of a pool of
structure of the bands near 700 ¢his slightly changed: high-spin cytochromes. However, thaype heme of cyto-
the band at 688 cr converts from a shoulder (Figure 1a) chromec oxidase also has a weaks mode at 1472 crt
to a peak, and a weak shoulder is recognizable at 682.cm (56). The Soret band peak position of cytochrooexidase
Taken together, these data suggest that in the intactis found at 445 nm, and the resonance Raman spectra of
mitochondria a major part of cytochroreenolecules are in  intact reduced mitochondria, obtained by Adar and Erecinska
the membrane-bound conformation, and binding to the (57) using the 441.6 nm HeCd laser line, show a weak band
membrane causes alterations in the structure of the tripletat 1472 cm®. A band at 1472 cm! was also resolved in
bands near 692 cmt. The room temperature Soret-excited the spectrum of soluble cytochronteoxidase, excited at
resonance Raman spectrum of native (soluble) ferrous413.1 nm 81). This band was slightly smaller with respect
cytochromec has two clearly resolved thioether £€S) to thevs mode of ferric cytochrome, obtained under similar
stretching bands at 692 and at 682 én#\t low temperature, experimental conditions (Figure 5A,B in r&fl). In our
the complex triplet envelope resolves into three distinct bandspreparations, the cytochrome oxidase concentration is
(55). Detailed analysis of the cytochronteenhancement calculated to be approximately 40M (the values for
pattern 60) demonstrated that the cytochroneesz—m* cytochrome content of isolated mitochondria are found in
excited-state undergoes a large expansion along coordinate3able 4.7 of refl). The cytochrome concentration is found
that involve substantial (& S) stretching. Because the (€ to be 30uM for bovine heart and 10.e@M for rat liver
S) bonds attach the heme to the protein, binding to the mitochondria, respectively. It is therefore possible, or even
membrane might perturb these linkages and affect the Ramarlikely, that the weak 1472 cm mode of cytochromec
intensity. Detachment of the protein from the membrane oxidase is enhanced sufficiently at 413.1 nm to become
would restore the original solution structure of the protein. visible relative to the 1493 cm mode of ferrous cytochrome
Therefore, one can observe the emerging triplet structure ofc as observed in the mitochondria spectra of Figure 1b.
the bands near 686700 cn1! during mitochondria swelling The oxidation state marker band is downshifted in
and the clear appearance of all three bands in the supernatanthitochondria by 2 cmt. In reduced cytochrome this band
solution samples. The fact that the appearance of the triplethas a small shoulder at 1397 chFigure 1b) that is also
structure during swelling is noticeable only for rat liver downshifted in mitochondria to 1393 crh The positions
mitochondria may be explained by the differences between of v, and the shoulder in supernatant preparations are found
the membrane structure in bovine heart and rat liver at 1362 and 1398 cm, which are the same as in native
mitochondria. The membrane of bovine heart mitochondria cytochromec. In the pellet preparations of bovine heart and
contains many more cristae that are likely to retain cyto- rat liver mitochondriay, is found at 1362 cmt. An upshift
chromec during the swelling process so that less material is of v, or the appearance of a shoulder at 1372 %nif
converted into the free solution phase. observed, would indicate a change from the fully reduced
Additional indirect evidence that cytochronteis more state to one with an oxidized population of cytochromes (the
easily released from swelling rat liver mitochondria comes oxidized cytochromec hasv, at 1372 cm?). We do not
from the absorption spectra of the supernatants (Figure 6).observe such changes; thus, the cytochramemains in
Although it is speculative to use the absorption spectra the fully reduced state. The downshift of by 2 cmt is



Cytochromec in Mitochondria Probed by Raman Spectroscopy Biochemistry, Vol. 42, No. 20, 2005157

assigned to perturbations associated with the pretein apoptosis and necrosis, which is not due to a covalent
membrane interaction. The behavior of this band during modification but is consistent with a membrane association
mitochondria swelling and cytochrome release gives induced transformation2@). The release of cytochrome
support to the hypothesis that the changes are due to proteirfrom its membrane bound state in the mitochondria is a
intercalation in the inner membrane. We note thain rat fundamental signaling mechanism for cell death. The ability
liver and bovine heart pellets (Figure 5b) remains at 1360 to understand and control the process of cytochrame
cm ! as found for intact mitochondria, while in both binding and release from the mitochondrial membrane would
supernatants this mode is observed at 1362 aimilar to likely have significant ramifications in our ability to treat
native cytochrome. Therefore, some fraction of cytochrome human cancer cells, many, if not all of which, display a

¢ remains in the bound conformation within the membrane strong resistance to apoptosgs).

remnants formed after mitochondria swelling and centrifuga-

tion. This observation is in agreement with the estimation ACKNOWLEDGMENT
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membrane at ionic strength150 mM.
The v, band at 1592 cmt is not clearly resolved in

those involving cytochromes.
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