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The interactions between a mitochondrial hemoprotein cytochrome ¢ (cyt ¢) and the model lipid membranes composed of
zwitterionic lipid phosphatidylcholine (PC) and anionic lipids phosphatidylglycerol (PG), phosphatidylserine (PS) or cardiolipin
(CL) were studied using the method of molecular dynamics. It was found that cyt ¢ structure remains virtually unchanged in the
protein complexes with PC/PG or PC/PS bilayers. In turn, protein binding to PC/CL bilayer is followed by the rise in cyt ¢ radius of
gyration and root-mean-square fluctuations. The magnitude of these changes was demonstrated to increase with the anionic lipid
content. The revealed effect was interpreted in terms of the partial unfolding of polypeptide chain in the region Alal5-Leu32,
widening of the heme crevice and enhancement of the conformational fluctuations in the region Pro76-Asp93 upon increasing the CL
molar fraction from 5 to 25%. The results obtained seem to be of utmost importance in the context of amyloidogenic propensity of
cyte.
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MOJIEKYJISIPHO-JUHAMIYHE JOCJIIKEHHA KOMILVIEKCIB HUTOXPOMY C 3 JIIIIIJJAMUA
B. Tpycosa, I'. I'op6enxo, Y. Tapabapa, E. Byc, O. PusoBa
Kageopa soepnoi ma meouunoi ¢isuxu, Xapxiecokuii hayionanvruil ynieepcumem imeni B.H. Kapasina
nn. Ceoboou 4, Xapkis, 61022, Vrpaina

MetonoM MOJIEKYISpHOI AWHAMIKMA OCTIMHKEHO B3aEMOJII0 MITOXOHIPIaIBHOTO TEMONPOTEIHY LUTOXPOMY € 3 MOJICIBHHMHU
MeMOpaHaMH, IO CKIANAUCh 13 IBiTTepioHHOTO Jimiay ¢ocdaruamnxominy (OX) ta aHIOHHHX THiAiB (ochaTHIHITTILEPUHY
(@), docharnamncepuny (PC) um kapmiomiminy (KJI). ITokasano, mo cCTpyKTypa LOUTOXPOMY ¢ 3aJUIIAETHCS IMPAKTHIHO
HEe3MIHHOIO y Kominiekcax Oimka 3 OX/OI' uyn OX/OC Gimapamu. Y cBoio depry, 3B’s3yBaHHs Oinka i3 OX/KJI Gimapamu
CYIPOBOKYEThCS 30UIBIICHHSIM pajiycy iHeplil Ta cepeAHbOKBagpaTHIHHUX (IIyKTyamiii muroxpomy c. IIpoleMOHCTpoBaHO, IO
BEJIMYMHA IUX 3MiH 3pPOCTA€ i3 BMICTOM aHIOHHOro Jiminy. BuHaiifeHi epekTn Oynu iHTEpPIpEeTOBaHI y paMKaxX YacTKOBOTO
PO3ropTaHHs MOJINENTHIHOTO JaHIora B obuacti AlalS-Leu32, po3ummpeHHs reMOBOTro KapMaHy Ta IMOCHJICHHS KOH(opMariiHux
¢dnykryaniit Ha AinsHOI Pro76-Asp93 mpu 3pocranHi momspHoi wactku KJI Big 5 mo 25%. OTpumani pe3ynbTaTH BaXKIuBi y
KOHTEKCT1 aMiJIOIIOTeHHO] 3[aTHOCTI TUTOXPOMY C.

KJIFOYOBI CJIOBA: nutoxpoM c¢, OLTOK-JiTiIHI B3a€MOJIi1, aMiJIOi], MOJNEKYJIsIpHA THHAMIKa

MOJIEKYJISIPHO-JUHAMHUYECKOE UCCJIEJOBAHUE KOMIIJIEKCOB IUTOXPOMA C C JIMIIUJAMH
B. Tpycoga, I'. T'op6enko, Y. Tapabapa, E. Byc, O. PoikoBa
Kagheopa soeproii u meouyunckou guzuxu, Xapvrkosckuil Hayuonanvhviil ynueepcumem umenu B.H. Kapaszuna
nn. Ceoboowr 4, Xapwvros, 61022, Yxpauna

MeTtogoM MONEKYISPHOH AWHAMHKM MCCIEIOBAHO B3aMMOJACHCTBHE MHUTOXOHIPHATBHOTO TEMOMPOTEMHA LHUTOXpOMa C C
MOJICIBHBIMA MEMOpaHaMH, COCTOSAIIMMH U3 IBUTTEpHOHHOTro smnuaa ¢ocharnaunxonnHa (PX) u aHUOHHBIX JHUNHIOB
docharnmunrimnnepuna (PI), docharnmuncepuna (PC) mmm kapauonmunuua (KJI). TlokazaHo, 9To CTpyKTypa LOUTOXpOMa ¢
ocTaeTcs MPaKTHIeCKH HeM3MeHHOH B komintekcax Oenka ¢ ®X/OI" umm OX/DC 6ucnosmu. B cBoto odepens, cBI3bIBaHHE OeNKa C
@®X/KJI GrcinosiMu conpoBOKIAETCS YBEINUSHUEM palyca HHEPIIMU U BETHMINHBI CPEHEKBAAPATHYHBIX (MIIyKTyaIuii TUTOXpoMa C.
[IponeMoHCTpUPOBaHO, YTO BEJIMYMHA ATUX W3MEHEHUH BO3pacTaeT ¢ COAEp)KaHHEM aHWOHHOTrO JHmuja. BeisBieHHBIE (derTs
ObLIM MHTEPIPETHPOBAHBI B paMKaxX YacTHYHOTO Pa3BOpAavyMBaHUs MONUIENTUAHON nenu B obmacti AlalS-Leu32, pacmmpenue
reMOBOr0 KapMaHa M yCHJIeHHe KOH)OPMAIMOHHBIX (QIIyKTyauuid Ha yuactke Pro76-Asp93 npu Bo3pacranuu moispHoit noiau KJI ot
5 10 25%. IlomyueHHBIE aHHBIE BaXKHBI B KOHTEKCTE aMUJIOUIOTEHHOM CIIOCOOHOCTH IIUTOXPOMA C.

KJIFOYEBBIE CJIOBA: nutoxpoM ¢, 6e10K-TUIHIHbIE B3aUMOACHCTBUS, aMUIION, MOJIEKYJISIpHAs TUHAMHUKA

One-dimensional crystallization of the proteins and peptides into highly ordered fibrillar structures, termed
amyloids, is a key factor in etiology of a number of disorders, including Alzheimer's, Parkinson's, Huntingtons diseases,
type II diabetes, rheumatoid arthritis, spongiform encephalophaties, etc [1]. Amyloid fibrils are distinguished by a core
cross-p-sheet structure in which B-strands run perpendicularly to the long axis of the fibril, while B-sheets propagate in
its direction [2]. Amyloid assembly is a hierarchical process that is currently regarded as alternative folding [3], since
both the intrachain and interchain contacts are governed by the common forces, viz. hydrophobic effect, hydrogen-
bonding, charge attraction and van der Waals interactions [4]. Protein oligomerization followed by amyloid formation is
commonly initiated by the transition of polypeptide chain into unstable aggregation-competent conformation [5]. Since
the compactness of native state is compromised by the loss of configurational entropy during polypeptide folding and
repulsive electrostatic interactions, the native protein structure is only marginally stable and any variation in
physicochemical properties of polypeptide environment may prove critical for protein transition from monomeric to
aggregated state [6]. In vitro, fibrillization-favoring conditions are created by lowering pH, elevating temperature,
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adding organic solvents or denaturants, etc., while in vivo, aggregation-competent conformation may arise from
mutations, oxidative or heat stress, or destabilization of the protein structure upon its adsorption at interfaces. It is the
presence of large amount of interface, formed by cellular membranes, that determines the principal difference between
in vitro and in vivo amyloid growth. Lipid bilayer, a basic structural element of biological membranes, may act as an
effective catalyst of fibrillogenesis, providing an environment where protein molecules accumulate and adopt
conformation and orientation promoting their assembly into protofibrillar and fibrillar structures. The problem of
membrane-mediated fibrillogenesis has been approached in a number of works, demonstrating the complexity and
multiplicity of factors which may control fibrillogenesis in membrane systems [7-9]. It has been hypothesized that
anionic phospholipids represent the main membrane component responsible for the enhancement of fibril formation, as
shown, particularly, for a-synuclein [10], AP peptide [7], amylin [11], tau [12], lysozyme, transthyretin, cytochrome c,
insulin, myoglobin [13]. An increasing number of studies provides support to the idea that lipid bilayer can lower the
activation energy barrier for protein unfolding [14]. Partial unfolding in a membrane environment has been reported, for
instance, for phospholipase A2, bacterial toxins, acetylcholinesterase, pheromone-binding protein, recombinant human
prion protein, etc [15]. The role of lipids as a structure-forming environment is not restricted to electrostatic phenomena
(lowered interfacial pH or neutralization of the protein surface charge by anionic headgroups), other bilayer
characteristics may have an impact on the protein structure as well. It is becoming increasingly apparent that
development of effective anti-amyloid strategies is impossible without elucidating the mechanisms by which lipids
promote transition of the protein molecule into aggregation-competent conformation. One of the powerful modern tools
to address this problem is the method of molecular dynamics (MD). This method is highly suitable for uncovering the
atomistic level details of polypeptide conformational changes in solution and in a membrane environment [16,17],
protein folding and misfolding [18,19], the assembly of prefibrillar and fibrillar aggregates [20], etc.

The aim of the present study involves the use of MD simulation to gain insight into the role of acidic
phospholipids in the occurrence of potentially amyloidogenic conformations of cytochrome ¢ (cyt ¢), a basic protein
playing an essential role in the electron transfer in the respiratory chain of the inner mitochondrial membrane and
programmed cell death, apoptosis [21,22]. It has been demonstrated that cyt ¢ is capable of forming amyloid fibrils in
vitro, although the physiological significance of this property is not clear [23-25]. Nevertheless, a-synuclein and cyt ¢
have been found to be colocalized in Lewy bodies of patients with Parkinson’s disease [26]. It has been hypothesized
that there exists yet unknown link between apoptosis and neurodegeneration [23,26]. Therefore, examining the
conformational dynamics of cyt ¢ in various environments is of great importance for understanding the determinants
and physiological role of amyloidogenic propensity of this protein.

MATERIALS AND METHODS

Molecular dynamics simulations were performed with GROMACS software (version 5.1) using the CHARMM36
force field [B33]. The calculations were done at a temperature of 310 K and a pressure of 1 bar. The crystal structure of
horse heart cytochrome ¢ (PDB ID: 1HRC) was used as a starting structure for simulations. The orientation of the
protein with respect to the lipid/water interface was predicted using the PPM server [B34]. The input files for MD
calculations were prepared using the web-based graphical interface CHARMM-GUI [B35]. The lipid bilayers were built
from phosphatidylcholine (PC) and varying proportions of one of the anionic phospholipids, cardiolipin (CL, 5, 11 and
25 mol%), phosphatidylglycerol (PG, 10, 20 and 40 mol %) or phosphatidylserine (PS, 10, 20 and 40 mol %). The
protein was solvated in the rectangular box with a minimum distance of 10 A to the edges of the box. The TIP3P water
model was used. To obtain a neutral total charge of the system a necessary number of counterions was added. For
correct treatment of long-range electrostatic interactions, Particle Mesh Ewald algorithm was employed [B36]. The
minimization and equilibration of the system were performed during 100 ps and 1 ns, respectively. The time step for
MD simulations was 2 fs. The trajectories and coordinates were saved every 2 ps for further analysis. The whole time
interval for MD calculations was 100 ns. The analysis tools included in GROMACS were used to calculate the root-
mean-square deviations (RMSD), root-mean-square fluctuations (RMSF) and radius of gyratio (Rg). The evolution of
the secondary structure was followed using the VMD program. The contact maps were generated with the CMView
software [B37]. The analysis of cyt ¢ three-dimensional structure after the simulation was performed using PyMOL.

RESULTS AND DISCUSSION

Cytochrome ¢ is a globular protein composed of 104 amino acid residues, with a high o-helical content and
minimal B-sheet structure (Fig. 1). Under physiological conditions there exists an equilibrium between a soluble native
and membrane-bound states of cyt ¢ [32]. Biological functions of cyt ¢ are mediated by its interaction with cardiolipin,
an anionic mitochondrial phospholipid with unique physicochemical properties [33]. The cyt ¢ molecule has been
assumed to contain two types of binding sites for anionic phospholipids, accounting for electrostatic interactions
between the residues Lys72, Lys73 and deprotonated phosphate group (A-site) and hydrogen bonding between Asn52
and protonated phosphate (C-site) [34].

Moreover, it has been supposed that upon cyt ¢ — CL association through C-site one of four CL acyl chains
extends outwards from the lipid bilayer into the protein hydrophobic channel close to Asn52, thereby ensuring the
hydrophobic protein-lipid interactions [34]. The idea of extended lipid anchorage initially put forward by Rytomaa &
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Kinnunen [35], was further developed by Kalanxni & Wallace who proposed that CL acyl chain accommodates in the
nonpolar pocket situated in the vicinity of Met80 loop [36], while Sinibaldi et al. suggested the insertion of two fatty
acid chains of CL into two different hydrophobic channels of cyt ¢ surrounding Met80 and Asn52 [37]. Along with the
diversity of the binding modes, another characteristic feature of cyt ¢ — CL interaction is the heterogeneity of the protein
conformational states [38-40]. CL was reported to produce the loosening of cyt ¢ tertiary structure, destabilization of the
secondary structure, loss of Metg, — iron ligation and opening of the heme crevice, eventually leading to the increase of
the protein peroxidase activity [41-43].

Recent studies provided evidence for the existence of multiple
conformations of CL-bound cyt ¢ differing in the degree of protein
unfolding and undergoing the conformational exchange between the
extended and compact subpopulations [38,44]. Remarkably, the
alterations in the protein structure are strongly coupled with the
molecular reorganization of CL-containing lipid bilayers [45-47].
Similar to other basic proteins, cyt c is capable of gathering the anionic
phospholipids into microdomains, but cyt ¢ — CL systems display
particular behavior due to decreased energetic barrier for the formation
of the inverted hexagonal (Hy;) phase [46] and toroidal lipid pores [47].
All the above phenomena are conjectured to be of importance for both
electron transfer and apoptotic functions of cyt ¢ and may contribute to
its amyloidogenic propensity. Notwithstanding considerable advances
in molecular-level understanding of cyt ¢ — CL interactions, the precise
mechanisms of this process still remain to be fully elucidated. One of

Fig. 1. Crystal structure of the horse heart ;he unresolveq qu.estions is hgw specific fegtures of CL distinguishing it
cytochrome ¢ (PDB code 1HRC). Shown in red rom othe.r anionic p.ho.sphohplds operate in determining the structur'(.ll
and functional peculiarities of cyt ¢ — CL complexes. To address this
question, we performed the molecular dynamics simulation of cyt ¢
complexes with PC/CL, PC/PS and PC/PG bilayers. Fig. 2 illustrates the disposition of cyt ¢ molecule relative to the
negatively charged lipid/water interface predicted by the PPM server. Remarkably, the protein orients in such a way that
the residues Lys72 and Lys73 face the membrane surface and this orientation is generally retained during the MD
simulation.
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Figs. 3 and 4 represent the time course evolution of the two structural parameters of cyt ¢ in the presence of lipid
membranes — the radius of gyration ( R o ) and root-mean-square fluctuations (RMSF) of C,-atoms.

Notably, another parameter commonly used in the analysis of MD data, the backbone root-mean-square deviation
(RMSD), did not show any significant difference between PC/CL, PC/PS and PC/PG systems suggesting that cyt ¢
structure does not undergo considerable changes in a membrane environment within the examined time interval. At the
same time, the radius of gyration was higher in CL-containing membranes, with the magnitude of this effect being

increased with the molar content of CL (Fig. 3). Specifically, for the weakly charged lipid bilayers R g was by ~7%
higher in the presence of PC/CL membranes compared to PC/PG and PC/PS systems (Fig. 3A). The increase of the
membrane charge resulted in ~11% (Fig. 3B) and ~14% (Fig. 3C) differences between CL- and PG/PS-containing

bilayers. Similar tendencies were revealed while analyzing the root-mean-square fluctuations.
Concentrating on Fig. 4, it is clearly seen that: i) the residues Alal5-Leu32 experience much more pronounced
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fluctuations compared to the other residues; ii) for CL-containing systems this effect is more conspicuous than for
PC/PG or PC/PS bilayers; iii) the difference in RMSF values for the above protein region gradually increases with
elevating the CL molar fraction, iv) the rise in CL content results in the enhancement of fluctuations in the region
Pro76-Asp93. These findings led us to some preliminary conclusions: i) cyt ¢ undergoes local conformational
transitions in the region of Alal5-Leu32 and, to a lesser extent, in the region Pro76-Asp93; ii) these transitions are more

specific for PC/CL lipid bilayers, as judged from the behavior of RMSF and R -
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In order to clarify what mechanism may be responsible for the aforesaid structural reorganization of
polypeptide chain, we analyzed the time course of the changes in cyt ¢ secondary structure. The representative plots are
given in Fig. 5.
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It appeared that secondary structure of cyt ¢ bound to PC/CL membranes differs from that observed in the
presence of PC/PG or PC/PS lipid bilayers. Remarkably, the main difference involves the region Glnl6-Asn31, the
same fragment that was revealed by RMSF measurements. More specifically, in all cyt ¢ — PC/PG(PS) systems the
protein fragment GIn16-Asn31 adopts mostly turn conformation, while in cyt ¢ — PC/CL complexes the unstructured
(coiled) conformation of this region is predominant. Likewise, the content of coiled structures in the region GInl6-
Asn31 increases with the molar fraction of CL, while in the presence of PC/PG(PS) membranes cyt ¢ secondary
structure was virtually independent of the proportion of anionic lipid. Furthermore, the comparison of timeline plots for
cyt ¢ free in solution (Fig. S5A) and those in the complexes with either PG- or PS-containing lipid bilayers (Figs. 5B and
C) showed that the protein secondary structure undergoes slight alterations in these types of model membranes.
Notably, the peculiar features of CL-cyt ¢ interactions have been revealed in the earlier studies [41,48,49]. More
specifically, the affinity of cyt ¢ for anionic phospholipids assessed by the surface plasmon resonance was found to
decrease in the row: CL > PS > PC [49,50]. The solid-state *'P NMR studies of cyt ¢ interactions with CL, PS and PG
bilayers showed that regardless the main driving force of all these interactions is electrostatic in nature, the structural
alterations of the bound protein are lipid dependent [41,]. PS and CL were found to produce significant destabilization
of cyt ¢ structure, while in complexes with PG the protein retains a native-like conformation [41]. The resemblance
between CL and PS in their effect on the structural state of cyt ¢ was established in the early Raman [51,52] and *'P

NMR [50] studies. The two different conformational states of cyt ¢ adsorbed on the negatively charged surfaces have
been identified — the native-like state I and state II, with the opened heme crevice. The equilibrium between these two

Fig. 5. Time evolution of cyt ¢ secondary structure upon
protein association with PG40 (A), PS40 (B) and CL25 (C)
lipid bilayers. Color structure codes used are: T — B-turn, E —
extended conformation, B — isolated bridge, H — a-helix, G —
310-helix, I — w-helix, C — coil.
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states was supposed to be governed by the electrostatic interactions between lysine residues located around the heme
crevice and the lipid phosphate groups. It was found that CL and PS promote the conformational equilibrium over the
same temperature interval, while PG turned out to be less efficient in this respect, suggesting that cyt ¢ conformation in
complexes with PG is close to native [50]. A thorough recent work of Pandiscia & Schweitzer-Stenner provides
evidence for an equilibrium between partially unfolded and native-like conformers of cyt ¢ adsorbed on CL-containing
bilayers, one of which forms electrostatic contacts with CL headgroups while the other one associates with lipids either
via hydrogen bonding or hydrophobic interactions [40].

Overall, the MD data strongly suggest that lipid-induced conformational changes are specific for CL and involve
the destabilization of the cyt ¢ structure and partial unfolding of polypeptide chain in the region Gln16-Asn31, adjacent
to the heme pocket. As indicated above, a great deal of experimental works provide evidence for partial unfolding of cyt
¢ and opening of the heme crevice on the surface of CL-containing membranes [53-55]. One of the main mechanism
underlying this phenomenon is assumed to involve the breakage of His26-Pro44 hydrogen bond [53,56]. It was shown
that this bond plays a critical role in the stabilization of cyt ¢ molecule [57], and its disruption triggers the destruction of
Met80-heme ligation and opening of the heme crevice, the process resulting eventually in the loosening of the overall
protein structure.

A B

- iy ]

(TLL -

PG40

PS40

Fig. 6. Residue-residue contact map of cyt ¢ bound to PG40
(A), PS40 (B) or CL25 (C) after 100 ns simulation. Blue oval
and circle represent the regions of polypeptide chain embracing
the amino acid residues Glul2-Phe36 and Thr78-Glu92,
respectively. Small red square in the region Glul2-Phe36
denotes His26-Pro44 bond (A, B, see text for details).

CL25

Apparently, the described scenario manifests itself in the profiles of secondary structure evolution of cyt ¢
recovered from the MD simulation of PC/CL lipid bilayers. Indeed, the comparison of cyt ¢ inter-residue contact maps
showed that His26-Pro44 bond is present in PC/PG or PC/PS (Figs. 6A and B) membranes, but disrupts when cyt ¢
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binds to PC/CL bilayers (Fig. 6C). Furthermore, the contact maps are virtually identical for PC/PG and PC/PS systems,
while cyt ¢ complexation with PC/CL bilayers is accompanied by the reduction of the number of contacts,
predominantly in the regions Glul2-Phe36 and Thr78-Glu92. The breaking of the contacts points to the perturbation of
three-dimensional compactness of cyt ¢ and adoption of more labile conformation in the aforementioned fragments of
polypeptide chain. Notably, these findings are in excellent harmony with the results of RMSF calculations depicted in
Fig. 4. Additional proofs in favor of the above conclusion come from the analysis of cyt ¢ spatial structure after the
simulation which showed that the width of the heme pocket increases from 0.91 nm in PG40 bilayers up to 1.07 nm in
CL2S5 systems.

CONCLUSIONS
Cumulatively, the molecular dynamics simulation of the examined protein-lipid systems provided evidence for
the local destabilization of cyt ¢ structure, specific for CL-containing membranes. The analysis of 100 ns trajectories
showed that:

e cyt ¢ structure does not undergo noticeable perturbations upon its association with either PC/PG or PC/PS
lipid bilayers;

e the complexation of cyt ¢ with CL-containing membranes is followed by the protein transition into a more
labile conformation arising from the widening of the heme crevice and partial unfolding of polypeptide
chain mainly in the region Alal5-Leu32;

e increase of CL proportion from 5 to 25 mol% results in the enhancement of fluctuations in the region
Pro76-Asp93.

The revealed specific features of cyt ¢ — CL interactions may not only be a means of modulating the biological

functions of this protein, but may also underlie its transition to the conformations favoring the oligomerization and
fibrillization in a membrane-bound state.
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