63

BIO®I3UYHUI BICHUK Bum. 24 (1). 2010

BIODPI3UKA KIIITUHU

VIK 577.37

CYTOCHROME C - CARDIOLIPIN INTERACTIONS: EXTENDED LIPID
ANCHORAGE REVISITED

V.M. Trusova
Department of Biological and Medical Physics, V.N. Karazin Kharkov National University, 4 Svobody Sq.,
Kharkov, 61077

Resonance energy transfer (RET) from antrylvinyl-labeled (AV) lipids to the heme moiety of cytochrome ¢ (cyt
¢) has been employed to assess the molecular level details of cyt ¢ interactions with negatively charged lipid
membranes composed of phosphatidylcholine (PC) and its mixture with 10 or 20 mol % of cardiolipin (CL). At
the lowest ionic strength used here (20 mM) RET profiles from neutral (AV-PC) and anionic (AV-CL) donor
were virtually indistinguishable, suggesting that the peculiarities of cyt ¢ association with lipid membranes
containing different donors are identical. In contrast, elevating ionic strength up to 40 and 60 mM resulted in
expected decrease of energy transfer efficiency in the case of AV-PC containing liposomes, but not for those
with AV-CL where RET exhibited an unexpected enhancement with increasing ionic strength. Monte Carlo
analysis of the results obtained allowed us to attribute this untypical behavior to the transition of CL into
extended lipid conformation. The revealed peculiarities of cyt ¢ — CL interactions are of great interest not only
from the viewpoint of regulating cyt ¢ electron transfer and apoptotic propensities but also for elucidating the
general mechanisms by which membrane functional activities can be modulated by protein-lipid interactions.
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B3AMMO/JIEMCTBUE OUTOXPOMA C C KAPAUOJMIINHOM: BBITSAHYTASA KOHO®OPMALUA
JUIINIA CHOBA B ®OKYCE
B.M. TpycoBa
Kagheopa buonocuueckoii u meduyunckoul usuxu, XapKosckuil HayuoHaIbHulll YHueepcumem umenu B.H.
Kapasuna, nn. Ceoboou, 4, Xapvkos, 61077

C nomoIpo MeTolla MHAYKTUBHO-pe30HaHCHOro nepeHoca sueprun (VPIID) ¢ antpunBuHmMi-meueHbx (AB) numunoB Ha
TEMOBYIO TpYIy IHUTOXPOMA C HCCIEAOBAHBI MOJIEKYISPHBIE AETANN CBS3bIBaHHA O€lKa C MOJCIBHBIMU JTMITHIHBIMHU
MeMOpaHamy, cocrosiumu U3 pocharugunxonauna (PX) u ero cmeceit ¢ 10 i 20 mon. % xapauonununa (KJI). Ilpu
nonHo#t cuie 20 MM mpodunu UPIID ans meditpansHoro (AB-®X) u anmonnoro (AB-KJI) moHopa ObuIH OIMHAKOBBIMH,
yKa3blBas Ha TO, YTO OCOOCHHOCTH B3aMMOAEHCTBHS IUTOXPOMA ¢ C JHINUAHBIMH MeMOpaHaMH, COACPKAIIMMH Pa3HBIE
JIOHOPBI, UICHTUYHBI. B oTindue oT 3TOro, noBeinieHue HOHHOW cuiibl 10 40 1 60 MM npHBOAMIO K IpEACKa3bIBAEMOMY
YMEHBIIEHHIO 3P (PEKTHBHOCTH NepeHoca 3Heprud B ciaydae ¢ AB-OX u neoxnnannomy ycmwrenuto VPIID B ciaydae ¢ AB-
KJI. AHanu3 mojy4eHHBIX pe3ysbTaToB MeTogoM MoHnTe-Kapno mo3Bonui MHTepnpeTHpoBaTh Habmonaemble dGheKTsl B
pamkax mepexona KJI B BbeITsHyTOI0 KOH(poOpManuio. IlonydeHHbIE JAaHHBIE BaKHBI HE TOJNBKO C TOYKH 3PCHUS
peryiaupoBaHus OMOJOrMYeCKnX (YHKLHMH IMTOXpOMAa ¢, HO U B KOHTEKCTe (JyHIaMEHTANbHOrO HCCICAOBAHUS OOIIMX
MEXaHU3MOB MOy IMPOBaHUS (DYHKIHMOHAIBHOH aKTHBHOCTH MEMOpPaH OeNIOK-THINIHBIMU B3aUMOICHCTBUSMH.
KJIFOYOBI CJIOBA: 1MTOXpOM ¢, KapANOJIMITNH, BBHITSIHYTasi KOHQOpManus, HOHHAs CHIIA.

B3AEMOAISA HUTOXPOMY C 3 KAPAIOJIIIIHOM: BUTATHYTA KOH®OOPMALIS JIIIAY
3HOB Y ®OKYCI
B.M. TpycoBa
Kagheopa bionoziunoi ma meduunoi ¢hizuxu, Xapkiscokuti nayionaniwruii ynisepcumem imeni B.H. Kapasina,
na. Ceoboou, 4, Xapxie, 61077

3a IomoMorolo iHIyKTHBHO-pe3oHaHcHoro nepenocy eneprii (IPIIE) 3 anTpunBinin-mideHnx (AB) mimigiB Ha TeMOBY TpyILy
IIUTOXpOMY ¢ OyJI0 IOCIIJDKEHO MOJISKYJISApHI JieTayi 3B’s3yBaHHS Oilka 3 MOJCNBHUMH JINMITHUMH MeMOpaHamH, IO
cxinananucs 3 Gocharummnxoniny (PX) ta itoro cymimieii i3 10 abo 20 mon. % xapaionininy (KJI). IMpu ionniit cumi 20 MM
npooini IPTTE mns ueiirpansHoro (AB-®X) ta anionnoro (AB-KJI) noHOpy He BiApi3HSUIUCS OMH BiJf OMHOTO, BKa3yIOUH Ha
Te, 0 OCOOJMBOCTI B3aEMOIiI LUTOXPOMY ¢ 3 JiMIJHAMH MeMOpaHamu i3 pi3HMMH JOHOpamHu igeHTuuHi. Ha mportuBary
LbOMY, MiABHUIICHHS 10HHOI cnd 10 40 abo 60 MM mpu3BOAMIIO 10 MepeadadyBaHOrO 3MEHIIECHHS ¢()EeKTHBHOCTI MIEPEHOCY
e”eprii y Bunanky 3 AB-®X ta HeouikyBaHoro nmocunenss IPIIE y umaaky 3 AB-KJI. AHami3 oTpuMaHuX pe3yibTaTiB
MetonoM Momnre-Kapio [03BoNMB iHTEpIpeTYBaTH CIIOCTEpexyBaHi edektn y pamkax mnepexomy KJI y BHTATHYTY
kxoH(popmamnito. OTpuMaHi 1aHi BaXXIMBI HE TUIBKH 3 TOUKH 30py PETYIIOBAHHS 0i0JOTIYHUX (YHKLIH IIUTOXpOMY c, ale H y
KOHTEKCTI ()yHJaMEHTaJbHOI'O JOCII/DKEHHS 3arajlbHUX MEXaHi3MIB MOJYJIIOBaHHS (YHKIIOHAIBHOI aKTUBHOCTI MeMOpaH
OLIIOK-JIIITI JHUMHU B3a€EMOIISIMU.
KJIIOYOBI CJIOBA: 1iutoxpoM ¢, KapAioiimiH, BUTATHyTa KOH(opMaLlis, i0HHa cHia.
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The molecular details of interactions between two major mitochondrial membrane
components, water-soluble protein cytochrome ¢ (cyt ¢) and anionic lipid cardiolipin (CL),
remains for a long time in the main focus of a good deal of studies [1-3]. Inextinguishable
interest to this problem is determined by significant physiological relevance of cyt ¢ — CL
complexation. Specifically, the biological consequences of this process were shown to
embrace the following aspects: i) cyt ¢ — mediated electron transport, ii) programmed cell
death (apoptosis) triggered by protein release from mitochondria into cytosol, iii) lipid-
induced formation of cyt ¢ amyloid fibers [4-6]. A number of works indicates that cyt ¢ — CL
binding includes several important stages: 1) protein adsorption onto lipid bilayer surface, ii)
conformational changes of cyt ¢ coupled with structural perturbations of a lipid bilayer, iii)
protein insertion into membrane hydrophobic core [7-9]. Along with this, some aspects
specific only for cyt ¢ — CL association have been reported. Accordingly, the existence of two
CL binding sites on cyt ¢, namely, A- and C-site, has been proposed. The former one
facilitates electrostatic contacts between positively charged protein patches and CL anionic
headgroups. The latter one is involved in hydrophobic interactions between cyt ¢ and lipid
fatty acyl chains. An alternative “extended lipid anchorage” model of hydrophobic
interactions has been proposed according to which lipid acyl chains point to the opposite
directions from the headgroup producing straight angle of 180° [10]. In such an orientation
one acyl chain remains within the bilayer interior, while the other extends outwards and
accommodates in the protein hydrophobic channel located near heme crevice. Although being
clearly identified, this abnormal protein-lipid conformation needs precise sophisticated
methods of detection. Among the diversity of experimental techniques used for examination
of protein-lipid interactions, the utility and versatility of resonance energy transfer (RET) for
resolving spatial details of proteolipid complexes are indubitable. In the present study we
applied RET from antrylvinyl-labeled PC (AV-PC) or CL (AV-CL) to the heme moiety of cyt
¢ to detect and characterize the extended lipid conformation adopted by CL upon cyt ¢
binding to the model lipid membranes composed of phosphatidylcholine (PC) and CL with
molar fractions of anionic lipid 10 and 20 mol%.

MATERIALS AND METHODS

Bovine heart cardiolipin, horse heart cyt ¢ (oxidized form), NaCl, HEPES and EDTA
were purchased from Sigma (St. Louis, MO, USA). I-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine was from Avanti Polar Lipids (Alabaster, AL). Fluorescent lipids, 1-acyl-2-
(12-(9-anthryl)-11-trans-dodecenoyl)-sn-glycero-3-phosphocholine (AV-PC), and 1-acyl-2-
(12-(9-anthryl)-11-trans-dodecenoyl)-sn-glycero-3-phospho-1-rac-cardiolipin (AV-CL) were
synthesized as described in detail elsewhere [11]. Large unilamellar lipid vesicles were
prepared by the extrusion method. AV-PC or AV-CL (0.26 and 0.13 mol% of total lipid,
respectively) were added to the mixture of PC and CL prior to the solvent evaporation. To
incorporate cytochrome c¢ into the lipid bilayers, prepared liposome suspensions were
incubated with protein of required concentration for 15 minutes at room temperature. Steady-
state fluorescence spectra were recorded with LS-50B spectrofluorometer equipped with a
magnetically stirred, thermostated cuvette holder (Perkin-Elmer Ltd., Beaconstield, UK). AV-
PC and AV-CL emission spectra were recorded with 367 nm excitation wavelength.
Excitation and emission slit widths were set at 5 nm. Hereafter, liposomes containing 10 or 20
mol% CL are referred to as CL10 or CL20, with the subscript denoting the type of energy
donor (AV-PC or AV-CL). The datasets obtained at different ionic strength are referred to as
CL10/120 or CL20/140, where the figure after slash stands for the salt concentration in mM.
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RESULTS AND DISCUSSION

In an attempt to identify the extended lipid conformation we based our experimental
strategy on the analysis of the differences in RET profiles from AV-PC and AV-CL. The
main idea of our approach was to detect lipid anchorage against the background of other
processes occurred in protein-lipid systems employed here. Speaking in more detail, if there is
no difference between CLav.pc and CLavy.cr systems, it may be supposed that the peculiarities
of cyt c¢ association with lipid membranes containing different donors are identical.
Otherwise, the conclusion about specific interactions between the protein and liposomes with
different donors can be made.

In order to obtain the comprehensive picture of the process under study, the relative
quantum yield (Q,) of donor (AV-PC or AV-CL) was measured as a function of acceptor (cyt
¢) concentration upon varying the ionic strength (20, 40 and 60 mM) and CL content (10 or
20 mol%). Fig. 1 represents the quenching profiles of AV fluorescence in the presence of cyt
¢ acquired at different ionic strength. As seen from the figure, at ionic strength 20 mM
(/ =20 mM) the efficiencies of energy transfer from neutral (AV-PC) and anionic (AV-CL)
donor are virtually indistinguishable, suggesting that the processes occurring in both CLAv.pc
and CLay.cL systems are similar. In contrast, increasing ionic strength gives rise to the
modification in curve behaviour.
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Fig. 1. Comparison of AV-PC and AV-CL quenching profiles obtained in CL10 (A) and CL20 (B) liposomes at
different ionic strength. Lipid concentration was 20 uM. Solid lines are presented to guide the reader’s eye.

Conceptually, rise in monovalent ion concentration would attenuate electrostatic protein-
lipid interactions thereby resulting in overall decrease of energy transfer efficiency. This was
the case for AV-PC containing liposomes, but not for those with AV-CL where RET
exhibited an unexpected enhancement with increasing ionic strength. As a consequence,
difference between the relative quantum yields of AV-PC and AV-CL (AQ,) did increase

with ionic strength, this effect being most pronounced in CL10 membranes (Fig. 1). The first
evident factor that could explain this finding is local lipid lateral redistribution upon cyt ¢
adsorption onto the surface of oppositely charged membranes — CL molecules moving
towards the membrane bound protein to minimize the electrostatic free energy of
complexation. Factors that would facilitate the preferential interactions of protein with anionic
lipids can be identified as: a) presence of clusters of positively charged amino acid residues
on the protein surface allowing one protein molecule to interact simultaneously with several
anionic lipids; b) conformational flexibility of a polypeptide chain to promote the formation
of protein conformer in which the distance between positive charges and anionic lipid
headgroups is minimal; c) physiological stimuli providing the screening of electrostatic
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repulsion between charged lipids — increasing salt concentration and decreasing pH. To
account for lipid demixing effect quantitatively, we developed Monte Carlo simulation
procedure, the validity of which has been demonstrated in our previous study [12]. Briefly,
AV-CL donors were considered as being randomly distributed within disk-shaped domains of
radius r, centered at each acceptor’s location. Our ultimate goal was to determine

characteristic domain size, i.e. dimensions of the protein-affected region where CL
concentration is k£ times higher than that for a random lipid distribution. However, this basic
model turned out to be inapplicable for satisfactory fitting of the experimental curves at
I =40 mM and / =60 mM - the relative error of calculation was found to be §>15 % with
theoretical value being every time much higher than the experimental one. For the sake of
comparison, reconciliation of the CL10/I120 data with theoretical computation in terms of
protein-lipid association model which does not account for lipid demixing effect, corresponds
to 0 <2 %. A question arises what are the reasons for the observed discrepancy between
simulation and experimental data acquired at /=40 and /=60 mM? To answer this
question, we put forward and tested several hypotheses concerning the possible factors which
may substantially enhance the energy transfer at increasing salt concentration. Among them
are imperfection of theoretical models, aggregation of membrane-bound cyt ¢, protein-
induced lipid peroxidation, transition of CL into extended lipid conformation. Intriguingly,
only the last conjecture was found to be correct, i.e. only adoption by CL the extended lipid
anchorage is the main process controlling the revealed RET enhancement in CLav.cL
membranes at elevated ionic strength. This phospholipid frustration is specific for CL and is
dictated by amphiphile tendency to minimize the bending stress created by high negative
curvature. It was supposed that strong electrostatic interactions between a network of
positively charged amino acid residues (Lys7, Lys7s and Lysgs) and deprotonated (DP)
cardiolipin in the case of A-site, and H-bonds between Asns, and partially protonated (HP)
lipid in the case of C-site, hold the acyl chain in the protein groove [10,13,14]. If one assumes
that CL adopts such a conformation and acyl tail bearing the AV chromophore protrudes out
of a membrane entering the hydrophobic cavity of cyt ¢, the enhancement of energy transfer
might be expected due to the reduction of donor-acceptor separation distance.
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Fig. 3. Schematic presentation of tentative
topography of extended lipid conformation.
Highlighted are amino acid residues constituting cyt
¢ hydrophobic channel. P stands for CL phosphate.
Black oval represents AV moiety. See text for
explanation.

Fig. 2. Membrane domain characteristics recovered from
the combined “lipid demixing + extended lipid
anchorage” Monte-Carlo model for CL10 (m) and CL20
(®) systems at ionic strength 40 (upper panel) and 60
mM (lower panel).
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Indeed, allowing for this phenomenon in MC simulation by varying the zeta coordinate of
donor and introducing the additional parameter D, standing for the distance between bilayer

center and the plane of donors adopting the extended conformation provided satisfactory fit of
experimental results for CL10 and CL20 liposomes. Approximation of the experimental data
by the combined “domain + extended lipid conformation” MC model yielded the radius of
CL-enriched areas to fall in the ranges 3.2 — 9.2 (CL10avy.c/140), 2.5 — 6.2 (CL204v.c1/140),
4.1 — 11.3 (CL10ay-c/160) and 3.5 — 7 nm (CL204v.c/160), depending on k (Fig. 2). These
estimates suggest that domain radius (taken at certain k) increases with ionic strength and
decreases with CL content. Yet, for CL2.5av.cc and CL5av.cL systems the above data
treatment strategy proved unsuccessful suggesting the involvement of other factors. Denoting
the depth of protein penetration in the bilayer, the distance between membrane surface and
plane of donor in the extended conformation, and membrane half-width by D,, Dy, and D,

(Fig. 3), respectively, the depth at which CL acyl chain impales cyt ¢ (D, ) can be roughly
estimated as D, =D, + Dy, =D, + D, + D, . The bounds for the depth of protein insertion

into lipid bilayer can be found by considering two cyt ¢ orientations with the heme lying
above or below the molecule center. Then, the lower and upper limits for D, are given by

D™ =D, —d,, +R, Fr, where d, and d, are acceptor distances from membrane center,

R, = 2.1nm is protein effective radius in the lipid-bound state, 7, = 0.7 nm is displacement of

heme group off the protein center. Notably, this expression may acquire more defined form if
one addresses the recent work of Kalanxhi and Wallace [10] in which a mechanistic model for
the extended lipid anchorage of cyt ¢ to CL-containing membranes was proposed. This model
supposes that ionic contacts between phosphate group and Lys7;, Lys7; anchor CL in cyt ¢
hydrophobic channel created by two non-polar polypeptide patches (residues Tyrg; — Pros
and Pheg, — Ilegs). Such cyt ¢ alignment, represented schematically in Fig. 3, implies that
heme moiety is located above the center of protein molecule and thus the upper limit of D,

should be considered. Furthermore, the above orientation suggests that Asns, is more than 1
nm distant from the phosphate group of the lipid. Given that the length of H-bond is typically
~0.2 nm, hydrogen bonding between the protein and HP lipid species (characteristic of C-site)
is unlikely, suggesting that in extended lipid conformation CL binds to cyt ¢ mainly via the A-
site. Accordingly, the depth of cyt ¢ membrane penetration can be calculated from
equationD, =D, —d,+R,—r,, with D =23 nm. Evaluated in such a way the sets of

parameters characterizing cyt ¢ disposition relative to lipid-water interface are summarized in
Table 1. These quantitative estimates suggest that ionic strength — induced RET enhancement
may arise from favoring of extended lipid conformation.

Table 1. Parameters characterizing cyt c location at lipid-water interface

Parameter 1=40 mM I=60mM
CL10 CL20 CL10 CL20
DP , nm 0,302 0.1+0-007 0. 7:0.04 0.4003
DCE , nm 5 7404 3 007 2 4*04 5 901
DE , m O'7i0.06 O'8i0.09 O'gi(),og l.OiO'lz

Clustering of CL molecules creates gradients of curvature and line tension along the
membrane surface. Tending to compensate this energy cost, CL-enriched regions undergo
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structural transformations. The route by which the system further reduces the interaction
energy seems to involve CL transition into extended conformation. It’s noteworthy in this
regard that conditions facilitating the extended anchorage implicate increasing bilayer
curvature and charge, and decreasing the headgroup size. These factors are believed to allow
stronger electrostatic cyt ¢ — lipid interactions resulting in more pronounced conformational
changes of both protein (greater extent of unfolding and wider opening of a crevice) and lipid
that facilitate the insertion of acyl chain in cyt ¢ interior. The augmented ability of CL to
adopt the extended conformation with lifting the concentration of monovalent ions originates,
apparently, from the alterations in polarity near the membrane surface. From a
thermodynamic point of view, to insert into the protein, lipid molecule should overcome the
barrier associated with passage of acyl chain through the highly polar bilayer surface. Rising
salt concentration brings about a drop in the dielectric constant at the lipid-water interface
and, as a consequence, reduction in interfacial polarity which makes the accommodation of
CL chain in cyt ¢ groove more energetically favorable.

CONCLUSIONS

Overall, the results obtained strongly suggest that cyt ¢ binding to the lipid membranes
induces the transition of CL molecules into extended lipid conformation. The factors
controlling such transition were found to be milieu conditions (i.e. ionic strength) and molar
content of anionic lipid. The revealed peculiarities of cyt ¢ — CL interactions are of great
interest not only from the viewpoint of regulating cyt ¢ electron transfer and apoptotic
propensities but also for elucidating the general mechanisms by which membrane functional
activities can be modulated by protein-lipid interactions.

ACKNOWLEDGEMENTS
The author is sincerely grateful to Prof. Kinnunen P.K.J. for providing the laboratory
facilities for RET measurements, and Prof. Gorbenko G.P. for helpful discussions,
constructive comments and critical review of the manuscript. The work was supported by the
grant Ne 4534 from the Science and Technology Center in Ukraine, Fundamental Research
State Fund (project number F28.4/007) and fellowship from Human Frontier Science
Program.

REFERENCES
1. Y. Shidoji et al. // Biochem. Biophys. Res. Commun. 1999. V. 264. P. 343-347.
2. V.M. Trusova et al. // J. Fluoresc. 2009. V. 19. P. 1017-1023.
3. F. Sinibaldi et al. // Biochemistry. 2008. V. 47. P. 6928-6935.
4. Z.Schug et al. // Biochim. Biophys. Acta. 2009. V. 1788. P. 2022-2031.
5. D. Ostrander et al. // J. Biol. Chem. 2001. V. 276. P. 38061-38067.
6. T. Pinheiro et al. // J. Mol. Biol. 2003. V. 303. P. 617-626.
7. S. Bernard et al. / Biophys. J. 2004. V. 86. P. 3863-3872.
8. E. Choi et al. // Biophys. J. 2004. V. 87. P. 3234-3241.
9. G. Gorbenko et al. // Biophys. J. 2006. V. 90. P. 4093-4103.
10. E. Kalanxhi et al. // Biochem. J. 2007. V.407. P. 179-187.
11. L. Bergelson et al. / Chem. Phys. Lipids. 1985. V. 37. P. 165-195.
12. G. Gorbenko et al. // Biochim. Biophys. Acta. 2009. V. 1788. P. 1358-1365.
13. M. Rytomaa et al. // J. Biol. Chem. 1994. V. 269. P. 1770-1774.
14. M. Rytomaa et al. // J. Biol. Chem. 1995. V. 270. P. 3197-3202.



