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ABSTRACT. To understand the initial stages of membrane destabilization induced by viral proteins, the
factors important for binding of fusion peptides to cell membranes must be identified. In this study, effects
of lipid composition on the mode of peptides’ binding to membranes are explored via molecular dynamics
(MD) simulations of the peptide E5, a water-soluble analogue of influenza hemagglutinin fusion peptide,
in two full-atom hydrated lipid bilayers composed of dimyristoyl- and dipalmitoylphosphatidylcholine
(DMPC and DPPC, respectively). The results show that, although the peptide has a common folding
motif in both systems, it possesses different modes of binding. The peptide inserts obliquely into the
DMPC membrane mainly with its N-terminal helix, while in DPPC, the helix lies on the lipid/water
interface, almost parallel to the membrane surface. The peptide seriously affects structural and dynamical
parameters of surrounding lipids. Thus, it induces local thinning of both bilayers and disordering of acyl
chains of lipids in close proximity to the binding site. The “membrane response” significantly depends
upon lipid composition: distortions of DMPC bilayer are more pronounced than those in DPPC.
Implications of the observed effects to molecular events on initial stages of membrane destabilization
induced by fusion peptides are discussed.

Enveloped viruses enter cells by membrane fusion. Theytance, solving the problem is invaluable in biomedical
accomplish this task by the use of specific envelope applications destined to prevent virus entry into cells.
glycoproteins or fusion proteins. Usually, attachment of a  Ep of Influenza A virus hemagglutinin (HA) is one of the
virion to the target cell is mediated by anchoring of such most promising objects for such studies. A wealth of
proteins on the membrane surface via their conservative experimental works have investigated its membrane-lytic
fragments, so-called *fusion peptides” (FPgpnsisting of  properties. In these studies, the wild-type peptide HA has
about 20 amino acid residues (see réfand 2 for recent  heen shown to induce fusion of phospholipid vesicles in a
reviews). As a result, FPs insert into the host membrane, pH-dependent manne3€7). Also, fusion and leakage
providing close contact between lipid bilayers of the virus activities have been reported for a number of HA analogues
and cell. Understanding the molecular events that occur in (4, g). In particular, the spatial structures of HA and its active
cell membranes upon binding and insertion of FPs representsyater-soluble analogue, peptide E5, have been solved by
an intriguing challenge. Apart from the fundamental impor- NMR spectroscopy in detergent micell&sg). Both peptides
peripherally bind on the membrane surface and insert into
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core (14). On the (_)ther hand, the aforementioned eXper_i' Table 1: Parameters of the Systems under Study and MD
mental and modeling results do not address the questionsimulation Protocols
about the “membrane response” induced by peptide insertion. T

. . e S box time

One possible solutl_on to the problem lies in thg application system (K)P (A3 (nsy
of moleculgr_ dynamlcs (MD) simulations of FPs in full-atom E5/waterodNa's 305 60 0% 60.0% 600 15
hydrated lipid bilayers. DMPCzdwatessos 325(296.5) 61.8< 61.8x 62.7 30
Such calculations have been carried out to investigate the PPPGzdWatekoss 325(314.5) 61.0<61.9x 725 20
formation of FP HA in the dimyristoyl phosphatidylcho- b CizWaterzdBs/Na's 325 018 61.8x 950 30
con yristoyl phosphatidy DPPGdwatek;sdES/Na's 325 61.3x 61.8x 83.1 20

gr:]etf]zMPaciéfriaey;[) q;r?'e S-Z?gv:cggeth:;éhgd%eg“dz ilzgzd aES5, the peptide E5 (sequence, GLFEAIAEFIEGGWEGLIEG);
W r inter PiS ! subscripts indicate the number of lipid or water molecules anti Na

conformation. This agrees well with the NMR dat@).( counterions in the systerhThe simulation temperature (temperature
Moreover, the influence of HA on the bilayer structure was of phase transition liquid crystagel is given in brackets}.Size of
detected. In particular, it was found that the average the simulation box (the last value is the size along the normal to the
hydrophobic thickness of the lipid phase near the N terminus Memprane planej.Time length of unrestrained MD runs.

of HA is reduced as compared to that in the pure bilayer.

The peptide HA and a set of its fusogenic and nonfusogenic systems and not by the chemical nature of their particular
analogues were also investigated by MD simulations in the groups.

palmitoyloleyl phosphatidylcholine (POPC) bilayet 7},

demonstrating that the N-terminal helix of the active =~ MATERIALS AND METHODS

analogues of FP is buried into the membrane with its N
terminus and forms an angte30° with the bilayer surface.

Construction of the Simulation Systems and the Compu-
: . : e tational Protocols.All simulations were performed using
B % establzaton o 5/ lhe GROUACS 52110 package and I GROVOSE7

' force field Q0) specially adopted for lipid2(l). Topologies

Often, binding of proteins, peptides, and other membrane- of the DPPC and DMPC molecules were downloaded from
active agents to lipid bilayers as well as their functional the website http://moose.bio.ucalgary.ca/index.php?page
activity in the membrane-embedded state essentially dependbownloads. Simulations were carried out with a time step
upon the physicochemical characteristics of the membrane.of 2 fs, with imposed 3D periodic boundary conditions, in
Native membranes consist of different types of lipids, vary the NPT ensemble with an isotropic pressure of 1 bar. A
in length and saturation of their acyl chains, properties of twin-range (12/20 A) spherical cutoff function was used to
their headgroups, etc. The aforementioned MD results truncate nonbonded interactions. Previously, it has been
provided for the first time a wealth of interesting microscopic  shown that the cutoff-based MD simulations of explicit
details related to the behavior of the peptide HA in two bilayers may lead to serious computational artifacts only in
different membranes. On the other hand, several importantg case of electrostatically heterogeneous systems such as
aspects of FPmembrane interactions were not addressed charged lipids and counterior®X 23). In contrast, the cutoff
in these studies. Among them, one can outline the follow- functions perform well for zwitterionic lipid bilayers com-
ing: (i) What are the microscopic details of peptide and water posed, e.g., of DPPC or DMPC. That is why, to save a CPU
interactions with lipid headgroups in membranes of different time, MD simulations in this work were carried out with
composition? (i) Are there any correlations between three- the cutoff functions for electrostatic interactions. All com-
dimensional (3D) hydrophobic properties of a peptide and a ponents of the systems (e.g., water and lipids for “pure”
bilayer (3D hydrophobic match effects)? (iii) Is the far-out bilayers) were coupled separately using the Berendsen
leaflet of a bilayer sensitive to peptide insertion? Obviously, thermostat Z4) to a temperature bath with a coupling
answers to these questions may help to gain an additionalconstant of 0.1 ps. The simulation temperatures (Table 1)
insight into molecular mechanisms of FPs’ action on cell were chosen to ensure the liquid crystalline phase of lipid
membranes. bilayers. Other parameters of the calculations are presented

With this aim in view, in the present work, we carried in Table 1.
out long-term MD simulations of the fusion-active peptide  Starting configurations of both bilayers were generated in
E5 in two full-atom hydrated lipid bilayers composed of a similar way using a molecular editor. The bilayer models
DMPC and dipalmitoyl phosphatidylcholine (DPPC). Special were then placed into rectangular boxes and solvated by SPC
attention was given to the atomic-level details of the mutual water 5) molecules (Table 1). The resulting systems were
influence of the peptide and the membrane on their behavior.taken as the starting points for MD simulations. Afterward,
The lipids were chosen for the following reasons. (i) They the systems were subjected to energy relaxation vial%*
have similar headgroups and possess minor differences insteps of steepest descent minimization followed by heating
the length of their acyl chains (two Gldroups). (ii) Despite ~ from 5 K to thetemperature of simulations during a 50-ps
that, the corresponding bilayers demonstrate rather differentMD run. Then, the long-term collection MD runs were
physicochemical propertied§). Thus, being similar in a  carried out. The final configurations of DPPC and DMPC
packing density (close values of surface area/lipid), the bilayers obtained in these calculations were further used in
DMPC bilayer is thinner and reveals a larger coefficient of MD simulations of their complexes with the peptide ES5.
lateral diffusion (i.e., it is more “fluid”) as compared to the The starting conformation of the peptide E5 was that
DPPC one. Therefore, the specific features of peptide obtained by NMR spectroscopy in dodecylphosphocholine
membrane interactions (if any) should mainly be caused by (DPC) micelles 9). Its coordinates were provided by Dr. P.
structural and dynamic characteristics of these fipicater V. Dubovskii. Selection of a reliable starting configuration
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of a peptide is one the most serious problems in MD studies 1 : A
with lipid bilayers. However, when the micelle-bound NMR
structure of a peptide is known (like in the case with E5),
its choice as the initial conformation appears to be the most ;5 B
plausible one. In water simulations, the peptide was placed§ 1
in the center of a rectangular box and solvated by SPC g
waters. Because at pH 7 the peptide has a negative chargi. ol W EH |
of —5, five water molecules were replaced by*Nans to 2190 c
render the system electrically neutral. Positions of the last g
ones were chosen to provide the most favorable electrostatice
contacts with the ionizing groups of E5. This was done with 100 H ﬂ
E A

5

RN I |
I |

the help of thegenionutility supplied with the GROMACS
package. The system E5/water was equilibrated using a
procedure identical to that for the “pure” bilayers, followed 0 T e e B L
by a 15-ns MD run. 1 10 15 20

In simulations of E5 with lipid bilayers, the starting Residue . .
systems were constructed as follows. First, the water Ficure 1: Secondary structure of the peptide E5. Relative

s occurrence of the residues of the peptide in different elements of
molecules were removed from the equilibrated box, and the secondary structure: black, helix; light gray, 8 turn: dark gray,

peptide was placed at a distancd0 A from the bilayer bend; white, random coil; and hatch@sheet. The results obtained
interface, with its hydrophobic residues oriented toward the during the last 5 ns of MD simulation of E5 in the presence of
membrane and the hydrophilic ones facing the water phase DMPC (A) and DPPC (B) bilayers, respectively. (C) NMR-derived
Next, the systems were solvated, and five counterions wereM0dels of the peptide ES in DPC micelles. (D) MD simulations of
. E5 in water.

added (see above). The system was then subjected to energy

minimization and subsequent heating during 5 ps. Finally,
2-ns MD simulations were carried out with an external
acceleration of 1.0 A/gsapplied to the peptide atoms along RESULTS AND DISCUSSION

the normal to the membrane plane. At this stage, a number

of NMR-derived geometrical restraints were employed to | jpid Bilayer Significantly Promotes the Secondary Struc-
preserve initial conformation of the peptide. This was done tyre of the FP Analysis of MD data obtained for the peptide
just to avoid significant structural changes in the NMR model g5 in pPPC and DMPC bilayers clearly shows that the
before bringing the peptide close to the bilayer surface. The yresence of the watetipid interface considerably stabilizes
following parameters were analyzed: (i) the depth of peptide _pelical conformation on the N terminus of the peptide.
insertion into the membrane, (i) the energies of peptide  Thg {ime evolution of the secondary structure of membrane-
membrane interactions, (iii) the secondgry_ structure of ,5,nd E5 is shown in parts A and B of Figure 1. It is seen
the peptide, (iv) the root-mean-square deviations (RMSDS) ya¢ in hoth bilayers the residues-20(11) form a stable
of peptide conformations from the NMR structure, and iy quring all of the simulation time. These results agree
V) hydrogen bondmg_. The re_sultlng states [re"e?"”_g astrongye|| with the data derived from the analysis of a set of 20
phep_t|(j¢|memp(jrane |?teract.|on Sr'\'/ldsgnlag deV|at|onk from 3D structures of the peptide obtained by NMR spectroscopy
the initial peptide conformation ( )] were taken in DPC micelles (Figure 1C). The only exception is that the
as the starting structures for subsequent unrestrained MDy glical segment in NMR models is shifted by one residue
uns. . . . . _ toward the C terminus. On the contrary, according to NMR
Analysis of MD Tra]ectqr!esé\naly5|s of MD trajectories and MD data, the C-terminal part of the peptide is rather
was performeq_ using orlgmal .software developed by the more flexible. In the first case, it is mainly presented/y
authors and utilities supplied with the GROMACS package. turns, although in a small number of NMR models the

Energies of_electrostatlc and van der Waals interactions esidues 1317 form ana-helical conformation (Figure 1C).
between various components of the systems were calculate .
n the membrane-bound MD states, the conformation of the

using theg-nbi program, specially written for this. The . .
following macroscopic parameters of the simulated systemsreglon 12-20 _depends upon the bilayer. In the DMPC
membrane, this part of E5 is more structured as compared

were analyzed: the area/lipid molecukg ), the mean order ) . : 0
parameter of acyl chains of lipid&{p), the distance between tc_) NMR datg. re_3|dues_ 7 spend about 0% of _the
simulation time in o-helical conformation, and during

phosphorus atoms of different bilayer leafldbs), the root practically all of the residual time, they adopt conformations

mean-square fluctuations (RMSFs) of coordinates of the bilized by the i ide hvd b
heavy or G atoms of the peptide for each residue near their St"?‘ llized by the intrapeptide hydrogen onﬁaurn or s
bridge). In the DPPC membrane, these residues reveal no

average equilibrium positions, the position of the residues
of the peptide relative to the membrane, the energies of S€condary structure.

interactions of peptide residues with the membrane, the In addition to the evolution of the secondary structure of
density distributions of phosphorus atoms and water along E5 in time, one important issue is how flexible different
the normal to the membrane plane, and the acyl chain orderpeptide parts are on the watenembrane surface. Analysis
parameter profiles. All of these parameters were averagedof C, RMSF values shows that in the presence of bilayers,
over the equilibrium parts of corresponding MD trajectories the peptide has quite a rigid structure with RMSF€.5 A

(last 5 ns). Hydrophobic properties of the peptide were (Figure 2B). The exceptions are provided by the C-terminal
calculated and visualized using the molecular hydrophobicity residue G20 in both membranes and by the residue G16 in
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potential (MHP) approach as described elsewh26. (
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A START This is pictorially illustrated by RMSD values between the
1 MD 2 starting structure and MD conformers obtained in water and
M\—’ in two bilayers. In aqueous solution, the RMSDs calculated
over the heavy atoms of the peptide rie&cA at the end of
MD . . . VA
IMD . the simulations, while on the watelipid interface, they are
less tha 4 A (data not shown). The high degree of
conformational heterogeneity of the amphiphilic peptide in
it b e 4 water is also confirmed by analysis of the corresponding
M heavy-atom RMSF values. As seen in Figure 2B, they are
DMPC DPPC considerably higher than those obtained for the membrane-
B bound states. The instability of thehelical conformation
in water has two primary causes. First, because of the
prominent amphiphilic character of the helix, a number of
apolar side chains are exposed to a highly polar water
environment. This significantly increases the free energy of
. the system and, therefore, destabilizes it. In the result, the
peptide tends to change the conformation by distorting the
rodlike helix and shielding the hydrophobic side chains from
water. Second, water molecules compete with the backbone
el - amides and carbonyls for hydrogen bonds, thus leading to a
Residue break of the corresponding intramolecular hydrogen bonds,
FiGurRe 2: (A) Membrane-promoted stabilization af-helical which maintain thex-helical structure of E5.
cpnformation. MD simulations of the FP E5 in full-atom lipid To summarize, we can conclude that, unlike the aqueous
O s b Stalon e 3 S e oo Sclon, he watermembyane nerace signifcanty pro
25-ns MD simulation in DMPC bilayer. (4) Snapshot at the end of m_otes structuring O_f the _a_nchorgd ‘i‘mph'_ph"'_c peptlde_. '_A‘S
a 15-ns MD simulation in DPPC bilayer. Thehelical region is discussed later, this facilitates its insertion into the lipid
given in a ribbon presentation. Lipid and water molecules are bilayer. Such effects are well-known from experimer2g (
removed for clarity. The horizontal lines indicate the membrane |n addition, in the membrane-bound form, the peptide is
interface, determined as a mean position of phosphorus atoms thighly conformationally constrained as compared to its water-

lipids in the closest bilayer leaflet. (B) RMSF of the peptide heavy - e
(- - -) and backbone-) atoms for each residue, calculated during S°/uble state. The lipid composition of the membrane does

the last 5 ns of MD runs. The systems: E5/DPPC (gray), E5S/DMPC affect the structural and dynamic characteristics of the FP;
(black), E5/water (heavy-atom RMSFs are shown with. overall, it is more structured in the more “fluid” (DMPC)

membrane. Also, being adsorbed on the DMPC bilayer, the

DPPC. Therefore, the peptide backbone in both bilayers is peptide reveals high flexibility of side chains of several
strongly conformationally restrained independently of its negatively charged residues. In the next section, the following
secondary structure (parts A and B of Figure dhelical, issues are addressed. What are the main factors determining
B-turn, and coil regions of the peptide demonstrate equally peptide-membrane interactions? How does the binding
low values of RMSF. This indicates that stabilization of a proceed on the atomic level? Does the mode of membrane
peptide on the membrane surface may be reached not onlyinsertion depend upon the properties of lipid bilayers?
because of the formation of intramolecular hydrogen bonds Modes of Peptide Insertion into Lipid Bilayer$AD
(as ina helix and turn), but it can also be induced by simulations show that the peptide forms stable complexes
strong contacts of a completely or partly disordered peptide with both lipid bilayers. It penetrates into the membranes
with the watet-lipid interface. At the same time, unlike the  via the N-terminalo. helix, while the C-terminal fragment
DPPC membrane, the charged residues E8, E11, and E15 istays adsorbed on the bilayer surface (Figure 2A). Detailed
DMPC reveal high RMSFs for heavy atoms. Therefore, the characteristics of the binding are presented in Figure 3. First,
lability of these glutamic acids in DMPC is related to the let us consider the behavior of E5 in the DMPC membrane.
behavior of their side chains. (Obviously, the lability of G16 As seen in Figure 3A, the peptide inserts into this bilayer
in DPPC and G20 in both systems may be caused only bywith one side of itsx helix (residues +3, 5-6, and 9-10)
movements of their backbone atoms.) Possible reasons forand with hydrophobic residues W14, L17, and 118. Among
such an unexpectedly high difference in mobility of side the G, atoms, the maximal penetration depth3—4 A) is
chains of residues E8, E11, and E15 in DMPC will be observed for residue L2 (Figure 3A). (The depth of insertion
discussed later. of a given residue corresponds to the average distance

To assess the influence of the membrane on the structurebetween its ¢ atom and the center of the watdipid
and dynamics of the FP, these MD simulations were also interface defined as a meancoordinate of phosphorus
carried out in aqueous solution. The results show that atoms.) During MD, the angle of insertion of the helix
behavior of the peptide in water and in the presence of changes from~0° (starting conformation) te-40° (10—14
membrane differs dramatically. Thus, after 8-ns MD in water, ns of MD) and then to~20° (after 17 ns of MD) (Figure
the peptide completely loses its init@thelical structure and  3B). (Hereinafter, the term “angle of insertion” indicates the
adopts a tightly packed conformation (the values of accessibleangle between the helix axis and the membrane plane.)
surface area are 12002An water and 13061350 A on Therefore, the insertion is not a straightforward process; the
the interface), where only a few residues are involved in the peptide is “looking for” the optimal mode of membrane
formation of the secondary structure elements (Figure 1D). binding before being stabilized on the interface. This is
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Ficure 3: Interaction of the peptide E5 with DMPC (black) and DPPC (gray) bilayers. (A) Depth of insertion of the residues of the peptide
into the membranes. The distance betwegratoms of E5 and the center of the watéipid interface (calculated as a mearoordinate

of phosphorus atoms). MD data are averaged over the last 5 ns of simulations. (B) Time evolution of the angle between the helix axis
(calculated between residues 2 and 11) and the bilayer plane. (C) Distance between the center ofirhatiz 8f11 and the center of

the upper bilayer leaflet. (D) Energies of peptidaembrane van der Waals interactions for each residue. MD data are averaged over the
last 5 ns of simulations. (E and F) Number of hydrogen bonds between the peptide and different constituents of hydrated ES/DMPC (E) and
E5/DPPC (F) bilayers. Data for E5, lipids, and water are shown with black, light-, and dark-gray lines, respectively.

accompanied by immersion of the helix into the interfacial of ~30°. Not surprisingly, these peptides insert deeply into
region of the closest leaflet of the bilayer: the geometrical the POPC membrane; the maximal penetration depth for C
center of the helix reaches approximately the middle of the atoms is~9 A.

headgroups region after 17 ns of MD (Figure 3C). (Here-  Apart from the analysis of geometrical parameters of
inafter this leaflet is called “upper”, while the other one is insertion, the strength of peptidenembrane contacts in both
referred to as “lower”.) At the end of the simulation, the bilayers was also assessed through calculations of the
surface area of the peptietenembrane contact is about 1100 energies of nonbonded interactions of its residues with the
A2 A comparison of the MD results obtained for the peptide environment. In the presence of the membranes, an essential
E5 in DMPC and DPPC membranes shows that the geometrygain in van der Waals energigw) was observed (data not

of binding is sensitive to the bilayer properties. Thus, despite shown). On the contrary, the total energies of electrostatic
a similar tendency to insert into the DPPC membrane with interactions of the residues of the peptide with the environ-
the N-terminal helix, the peptide does not protrude into the ment Eeed remained practically invariable, although in
lipid—water interface as deeply as in a case of DMPC (parts DMPC, they were somewhat lower for the residues E11 and
A and C of Figure 3). It remains considerably solvated by E15 (Figure 4). The strongest electrostatic interactions with
water and lies approximately parallel to the membrane planethe medium were detected for the charged residues (E4, ES,
(Figure 3B). The contact area between the peptide and theE11, E15, and E19), as well as for both termini. Also, in
DPPC bilayer is considerably smaller900 A2, The mode water, all of the negatively charged groups revealed close
of peptide binding to the hydrated DMPC bilayer agrees well values ofEqe, While in the membrane, contributions of the

with the experimentalq, 7, 28) and computationalld, 16, N-terminal residues were relatively smaller. Such effects are
17) data available for this and homologous FPs. Thus, the especially pronounced for the system E5/DMPC. This is
tilt angles measured in experiments are betweéra 38. explained by insertion of the N-terminal helix of E5 into

It is also interesting to compare our results with those the hydrophobic membrane core, accompanied by movement
obtained for homologous FPs via MD simulations in full- of the peptide-charged groups away from the polar phase of
atom hydrated lipid bilayers. Recently, Vaccaro et a¥) ( the system.

reported such data for H3 influenza hemagglutinin FP and  The bilayer composition seriously affects the values of
several its analogues in a relatively “loose” POPC bilayer. Egcfor individual residues. The first difference appears in
FPs studied in that work equilibrated their tilt angles to values the interaction of the N-terminal amino group with the
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FiGure 4: Energies of electrostatic interactions of the peptide E5

with the environment. MD data averaged over the last 5 ns of .

simulations. (A) DMPC/E5. (B) DPPC/E5. (C) E5/water. The

contributions of water and lipid molecules are indicated with black E,'!\k"";'
3

and white bars, respectively. 24 3 ’){ﬁ
environment: being almost negligible in DMPC (the values “"!.,
of Eeec describing contacts with lipids and water have \

opposite signs), in DPPC, the NHgroup is accommodated
in a favorable lipid environment (negative values®f.).

For E5 in the DPPC bilayer, the contributions of lipids and
water molecules int&eec are quite similar. In contrast, in a
case of the E5/DMPC system, the role of electrostatic

interactions between the peptide and the polar headgroupﬁ:IGURE 5: Mode of binding of the peptide E5 to DMPC (A) and

O_f lipids (me}inly cholines) becomes more important, espe- DPPC (B) bilayers. Results of MD simulations. The peptide is given
cially for residues E11, E15, and E19 and for the C-terminal in a ribbon presentation, and side chains of glutamic acids are drawn

G20. This is caused by two reasons: (i) deeper insertion of with sticks. The waterlipid interface (calculated as a mean
E5 into the DMPC bilayer as compared with the DPPC one coordinate of phosphorus atoms) is schematically shown with a
(Figure 3A), and (ii) protruding of some lipid molecules 9ray-hatched plane. Water molecules are removed for clarity.
o S . Neighboring lipid molecules are indicated, and their choline groups
around _th.e binding site into the water phase. (Flgurg 5A). are given in ball-and-stick presentation.
These lipids have favorable contacts with side chains of
glutamic acids of the peptide. On the contrary, upon the dependent redistribution of hydrogen bonds between the
peptide insertion, the DPPC bilayer retains its integrity well. peptide and other components of the systems is quite similar.
In this case, side chains of Glu residues lie above the The number of intrapeptide and peptid@ater hydrogen
membrane surface and are rather less accessible to lipiddbonds decreases from 12 to 13 and 55 te-1P and 36-
(Figure 5B). We assume that the high flexibility (RMSF 40, respectively, and-810 additional peptidemembrane
values, Figure 2B) of side chains of E8, E11, and E15 in hydrogen bonds appear (parts E and F of Figure 3).
DMPC is explained by their strong contacts with individual Decreasing the number of hydrogen bonds with water is
lipid molecules “plucked” from the bilayer into the water caused mainly by screening of COQyroups from the
phase, while in the DPPC membrane, the lipids are much solvent, via choline groups of lipids. Also, deep penetration
more structured, keeping their positions inside the bilayer. of some peptide residues into the membrane interface
Average values of peptiddipid E,qw are shown in Figure  complicates involvement of their carbonyls in hydrogen
3D. Here, theE,qw profiles obtained for E5 in DMPC and bonds with other peptide groups and water. This was
DPPC membranes resemble each other, although the totabbserved for residues E8, W14, L17, 118, and E19 in the
value of E,qw in the first case is significantly smaller. Also, DMPC bilayer and for G13, L17, and E19 in the DPPC
some differences exist on the N terminus. Thus, the mostbilayer. All backbone amide groups of the peptide participate
favorable van der Waals contacts with the DMPC molecules in hydrogen bonding, although depending upon the studied
are observed along almost the whole peptide length, for system, the nature of these bonds differs. Thus, in water
residues L2, F3, E4, A5, 16, E8, F9, 110, W14, L17, 118, simulations, such bonds were mainly formed with solvent
and E19. In the DPPC membrane, such interactions are rathemolecules, whereas in the presence of membranes, they were
weaker; only residues L2, F9, W14, L17, 118, and E19 reveal formed either with CO groups of the peptide (in tiedelical
low values ofE,qw. region) or with phosphate groups of lipids. In the E5/DMPC
How significant is the role of hydrogen bonding in peptide complex, stable peptiddipid hydrogen bonds were observed
insertion? To answer this question, we performed an analysisfor residues G+E3, G12, and 118 E19, while in the DPPC
of different types of hydrogen bonds during MD simulations bilayer, such bonds were found only on the termini of the
of E5 in both bilayers. It was concluded that the time- peptide, for residues G1, L2, and L1E19, respectively.
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A

Ficure 6: Spatial hydrophobic properties of the peptide surface. The peptide bound to DMPC (A, C, and E) and DPPC (B, D, and F)
bilayers. The peptide surface is colored according to the values of molecular hydrophobicity potential (MHP) created in the surface points
either by the atoms of E5 (A and B) or by surrounding lipids (C and D). Ribbon representations of the corresponding peptide structures are
also shown (E and F). Hydrophobic (high MHP) and hydrophilic (low MHP) surface regions are shown in blue and red, respectively.
Residues revealing strong interactions with lipids are marked.

Peptide-Membrane Binding: Complementarity of the 3D made. In the E5 bound to DPPC, the distribution of
Hydrophobic Propertiesit is well-established that binding ~ MHPepice has two well-defined hydrophobic surface pat-
of peptides on the wateimembrane surface, as well as their terns: on the N-terminal helix and on the C-terminal tail.
insertion into the nonpolar core of lipid bilayers, is often The first one represents a nonpolar stretch protruding the
mediated by hydrophobic interaction89. Such systems  \ynole helix length and oriented parallel to its axis (parts A
reveal the prominent dominance of hydrophobic/hydrophobic 5,4 g of Figure 6). It is formed by residues L2, F3, A5, 16
and hydrophilic/hydrophilic contacts, while the hydrophobic/ A7, F9, and 110. The second pattern is created by residues

hydrophilic ones are too energetically costly to be frequently . .
observed. For instance, the so-called “hydrophobic match/!‘ﬂ’ 18, and (partially) E19. Residue W14 forms an

mismatch” effect, which reflects the correspondence betweenmdividual hydrophobic zone on the surface of the peptid'e.
the length of hydrophobic membrane-spanning regions of anthe DMPC-bognd conformation, gll of these hydrophobic
peptide and the thickness of a nonpolar membrane layer, is20N€s form one integral pattern. It is seen (parts A, C, and
considered to be one of the most important factors driving E 0f Figure 6) that better complementarity of MidReeand
peptide_membrane association (See Béffor a review)' To MHPbiIayer distributions is observed for the E5/DMPC com-
estimate the role of similar effects in binding of the FP E5 plex relative to the E5/DPPC one (parts B, D, and F of Figure
to model membranes, we carried out a detailed analysis of6). In the E5/DMPC complex, all hydrophobic regions of
spatial hydrophobic properties of the peptide and the lipid the peptide contact the apolar interior of the membrane
bilayer in the vicinity of their closest contacts. The main (residues L2, F3, A5, 16, F9, W14, 118, and E19; Figure
objective here was to check whether the hydrophobic and 6C), while in the second one, this is true only for residues
hydrophilic patterns on the surfaces of the peptide and thew14, 118, and (partially) for E19. Better complementarity
bilayer complement each other or not. The term “comple- i, the E5/DMPC complex is also observed for polar
ment” means that in the equilibrium membrane-bound states ggjqyes: in this case, hydrophilic DMPC headgroups contact
the hydrophobic and hydrophilic groups of E5 tend to fall the residues E4, E8, E11, G12, G13, E15, G16, and the

into hydrophobic and hydrophilic lipid environments, re- . .
X A ) .. C-terminal carboxyl group, while polar headgroups of DPPC
spectively. Spatial distributions of hydrophobic/hydrophilic Hnteract only with E4, E8, G13, E15, G16, and terminal

properties were calculated using the MHP approach (see re .

26 for details). The peptide surface was mapped according COO" and _NH3+ groups. In the DMPC bilayer, unfavora_ble
to the MHP created by its own atoms (MR and by hydrophoblc/hyd_rophlllc contacts are observed for residues
neighboring atoms of lipids (MHR.e). This was done for G1, 110, and partl_ally for G20. In the DPPC membrane, such
the representative low-energy conformers bound to DMPC contacts are realized for L2, F3, A5, 16, A7, F9, 110, L17,
and DPPC bilayers (Figure 6). Positive and negative valuesand partially for W14, 118, and G20. The hydrophobic
of MHP correspond to hydrophobic and hydrophilic surface residues that fall into the nonpolar lipid environment upon
regions, respectively. The following conclusions can be binding demonstrate the low energies of van der Waals



Fusion Peptide in Different Membranes Biochemistry, Vol. 44, No. 44, 20094633

Table 2: Structural Characteristics of Pure Lipid Bilayers and Their Complexes with the Peptide E5

DMPC DMPC/E5 DPPC DPPC/ES
parameter exp MD MD exp MD MD
A AY 65.4 59.7+ 0.1 58.9+ 0.1 63.3 59.0£ 0.1 58.7+ 0.2
[Eepl 0.184 0.184+ 0.019 0.189+ 0.019 0.198 0.18% 0.018 0.19H- 0.019
DrIA) 33.8 35.24+ 0.14 35.58+ 0.19 38.2 38.9a: 0.17 38.96+ 0.19

@ The calculated parameters are given as mean vatuetgandard deviations. Averaging was done for the last 5 ns of MD ~#50Q MD
conformers).A_, area/lipid.Sp, order parameters for acyl chains (experimental values are given for carbon at@rsf the acyl chain)Dep,
bilayer thickness, calculated as a distance between the peaks in the density distributions of phosphorus atoms. The experimen@yataes of
estimated as B¢ + Du1), whereDc is the thickness of the hydrocarbon layer dbgh is the partial thickness of the headgroup regig)(

b Experimental results were obtainedTat= 323 K. Data were taken from réf7.

interactions with the membrane, while the hydrophilic  Destabilization of Lipid Bilayers Induced by the FPo
residues involved in favorable contacts participate in strong understand whether the membranes are sensitive to peptide
electrostatic interactions with the membrane. The aforemen-insertion, structural and dynamical characteristics of both
tioned observations confirm the importance of the “hydro- “pure” lipid bilayers, as well as their complexes with E5
phobic match” effects in binding of the FP. We would like were compared on the basis of the analysis of resulting MD
to outline that the results obtained using two independent trajectories (Table 2). We should emphasize that after the
methods lead to similar conclusions. Moreover, the MHP- “switching-off” of the external force used to bring the peptide
mapping complements MD data. This method can be usedclose to the membrane surface (see the Materials and
for fast delineation of putative membrane-binding sites in Methods), characteristics of both bilayers were exactly the
FPs. same as in their “peptide-free” states. This validates the
applied computational protocol used at the initial 2-ns stage
of MD; the detected effects of “membrane response” are
e O]caused by spontaneous (unrestrained) insertion of E5 into

peptide insertion. For example, many of FPs, including HA the interface and not by the external force. It is seen that,

and its analogues, penetrate into membranes preferentiall))’.\”th'n the accuracy of the Emalyﬂf, the_ presence of ES has
with their N termini @1, 32). One reason for this is that little effect on the average “global” equilibrium parameters

their N-terminal parts are more hydrophobic. As follows from calculatt(ra]d for thebwholetrr?ekmbranes: the sgrf;}ce argajllpld
the results of current MHP analysis and our previous studies(m‘ﬂ’ e membrane thicknessDpel), an e order

(14), in the membrane-bound states, these peptides exposgarameters of acyl chainsiol). On the other hand, there

most polar and nonpolar side chains to the water phase and'¢ prominent d?ff_erences in distributions of some atomic
to the membrane, respectively. Such a “hydrophobic match” gg?umpasl %fhltge i.lf:pt'ﬁéwggp,\s,.fée?smamg t;geinrzfengggag?
effect considerably favors N-terminal insertion. Another hos Horus d’ensit as compared witrﬁ) thé “oure” bilaver is
support comes from the fact that burial of the N or C terminus phosp Y b b Y

. . . observed in the outer part of the lipid/water interface (Figure
would require dehydration of respectively NH or CO groups, 7A). In this case, fluidity of the bilayer permits deep

\|,-|V2:/\C/2vdecr) r:jcghp?jrrg%'ggtgf'g ::r:rrs(r)r:]ollecruolﬁr ?g%g?;g:;nifi'_ immersion of the peptide into the interface. This is ac-
cally cos’tly 6%/ 34), thus promotinyg ?\I-teFr)minal insertio% companied by extrusion of a number of DMPC headgroups
P " toward the water phase (Figure 5A). In contrast, in the E5/
At the same time, there is a wealth of experimen8®) (  DPPC system, such a density growth is observed in the inner
and simulation 16) data suggesting that in the membrane- part of the interface; i.e., the peptide adsorbs from water on
bound form the N terminus of HA is protonated at both the bilayer surface and “pushes” several lipid headgroups
neutral and low pH. Therefore, at a first glance, burial of a toward the acyl chain region of the membrane. We should
charge+1 into apolar medium seems nonobvious from the notice that, according to this criterion in both cases, there is
energetic point of view. For instance, the Id#y value practically no effect on the lower leaflets of the bilayers.
associated with partitioning of N¥ group from water to Dependent upon the bilayer content, important differences
octanol, a suitable mimic for the interfacial region, is are also observed in distributions of water along the bilayer
~ —1.75. AtT = 300 K, the corresponding free-energy cost normal (pu(2)). On the upper interface, the peptide induces
is about 2.4 kcal/mol. This calls for detailed inspection of different changes of the function,(z) obtained for “pure”
interactions between the N-terminal residues of these peptidesvilayers. As seen in Figure 7C,at 0, the differential curve
and the membrane lipids. Our MD results obtained for the Ap,(2) = pw(2)esprrc— pw(2)oprc has two negative (at 16
peptide E5 in DMPC and DPPC bilayers clearly demonstrate and 22 A) and one positive (at 11 A) peaks. The appearance
that this is the residue G1, which possesses the strongesbf the negative peak at 22 A is caused by exclusion of water
ability to form hydrogen bonds with lipids: during most of molecules from the interfacial region by the bound peptide.
the simulation time, it simultaneously creates three such This is confirmed by the fact that the density distribution of
bonds. Each of them reduces the free energy at least by 2he peptide has a maximum at 21 A (Figure 7B). The positive
kcal/mol. Therefore, the resulting gain in the free energ§ ( and negative peaks @p,(2) at 11 and 16 A are explained
kcal/mol) compensates the energetic cost related to insertionby the peptide-induced displacement of a number of lipid
of its charged NH" group into the hydrophobic membrane headgroups with tightly bound water toward the nonpolar
core. Such an assumption agrees well with those proposeccore of the bilayer. The characteristic length of such a
earlier for some other peptide$7 33). displacement can be evaluated on the basis of the analysis

Detailed hydrophobic/hydrophilic properties of the peptide
surface, along with the peptiedipid hydrogen-bonding
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unchanged upon the peptide binding (Figure 7B), lipid
headgroups are not “squeezed” into the acyl-chain region of
DMPC,; this bilayer is fluid enough to permit their “flow
around” the inserted peptide. As a result, water molecules
tightly coordinated with the phosphatidylcholine moieties do
not change their distribution along tkeaxis. This explains
the absence of additional peaks for the functiap,(2).
Interestingly, small (although nonnegligible) effects induced
by the peptide are also observed on the lower leaflets of both
bilayers: corresponding differential curvAg,,(2) reveal two
positive (at—22 and—14 A) and one negative (at18 A)
peaks. We attribute these differences to local broadening of
lower water-lipid interfaces.

Apart from the influence on the lipid headgroup regions,
insertion of the peptide E5 affects the hydrophobic membrane
core of both bilayers. This is illustrated by changes of order
parametersSp) of acyl chains of lipids. The values &p
obtained for the last 5 ns of MD and averaged over all lipid
molecules in “pure” bilayers as well as in their complexes
with E5 are presented in parts D and E of Figure 7. It is
seen that the ordering of acyl chains in the entire bilayers
practically does not change. One possible reason for this is
that the influence of the peptide has a local character. To
check this, the equilibrium values &p were calculated
for 10 lipid molecules, revealing the strongest interactions
with the peptide. All of them are located in immediate
proximity to the inserted fragment of E5. Indeed, as follows
from parts D and E of Figure 7, binding of the peptide
considerably destabilizes hydrocarbon tails of these lipids;
this is reflected in the decrease of th&ip values in both
bilayers. Such a membrane perturbation effect is rather more
pronounced in the more “fluid” DMPC bilayer. This coin-
cides well with the conclusions made above based on analysis
of other structural parameters of the two simulated systems.

FiGURe 7: Peptide-induced “membrane response” (averaged over ; . .
the last 5 ns of MD simulations). (A and B) Density distributions COMParing thesesco profiles with those calculated on

of phosphorus atoms along the membrane normal for the whole different time intervals during MD shows that the local
bilayers (A) and their upper leaflets (B). MD data in DMPC (black) disordering of lipids in the “shadow” of the peptide is caused

and DPPC (gray) bilayers. (- - -) “Pure” bilayers-) Bilayers with by the insertion of E5 (data not presented). This tendency is
bound peptide.-{-) Peptide. (C) Changes in water distributions observed in both lipid bilayers.

along the membrane normal,[(2)] caused by the peptide insertion. - .. . . . .
Differential curves Apw(2) = pw(2pepideiiayer— Pw(Dbiayed for E5/ Additional insight into the microscopic picture of the
DMPC and E5/DPPC systems are shown with black and gray lines, “membrane response” may be gained via detailed analysis

respectively. (D and E) Average order paramet&s)(for acyl of in-plane distributions of various bilayer characteristics.
chains of DMPC (D) and DPPC (E) bilayers. Data for all lipids | andscapes of the surfaces of the membranes are shown in
\(ﬁt)hatrrl](lfor 10 lipid molecules revealing the strongest interactions parts A and B of Figure 8. It is seen that in each bilayer
peptide M). S o . .

binding of the peptide is accompanied by formation of a
of density profiles for phosphorus atoms in the pure DPPC “groove” on the upper leaflet surface. These grooves are
bilayer and in its complex with E5. As seen in Figure 7B, located in the region of the peptide contact. They are deeper
the last one reveals a shoulder separated-ByA from the for the DMPC bilayer. In this case, lipid headgroups even
main maximum. This corresponds well to the distance form a peculiar “roof” above certain regions of the inserted
between positive and negative peaks on the ctpg(2): peptide molecule, thus partly shielding it from aqueous
16 A — 11 A = 5 A, Therefore, the aforementioned solution (Figure 5A). This may explain fast decreasing of
assumption about the origin of these peaks seems to behe number of peptidewater hydrogen bonds observed at
reasonable. the last stage of the corresponding MD run. In-plane

A somewhat different picture in water behavior is observed distributions of the acyl-chain order parameteBspf are

in the DMPC membrane. In the upper leaflet region, the shown in Figure 9. Areas of lo®p are indicated with gray
function Apw(2) reveals only one negative peak at 18 A. Its hatching. It is seen that the peptide causes disordering of
integral intensity is close to that of the main negative peak lipids in the vicinity of the contact region. Such effects are
(at 22 A) in DPPC. As before, we attribute this peak to water more pronounced in DMPC, rather then in the DPPC bilayer
molecules excluded from the interface by the adsorbed (parts A and B of Figure 9). At the same time, within the
peptide [the density of the peptide in the ES/DMPC system errors associated with the technique, we cannot say whether
has a maximum at 17 A (Figure 7B)]. Because the left-hand the peptide influences on the ordering of lipids from lower
part of the density profile for phosphorus atoms remains leaflets of both membranes (parts C and D of Figure 9).



Fusion Peptide in Different Membranes Biochemistry, Vol. 44, No. 44, 20094635

B

O\

DMPC

LY r : L% | Ficure 9: Local disordering of the DMPC (A and C) and DPPC

Ficure 8: (A and B) Landscapes of the membrane surfaces for (B and D) bilayers induced by the peptide binding. In-plane
the last frames of MD simulations: (A) DMPC/ES5 and (B) DPPC/ distribution of order parametef&p for the acyl chains of lipids.
E5. The peptide is shown in ribbon presentation. Its projection on Ordered &p ~ 0.3) and disorderedip ~ 0.0) membrane regions
the bilayer surface is indicated with vertical dashed lines. (C and @re indicated with light- and dark-gray hatching, respectively. (A
D) Local thinning AZ) of DMPC (C) and DPPC (D) bilayers and B) and (C and D) correspond to upper and lower leaflets of
induced by peptide binding. Two-dimensional contour maps lipid bilayers. Projections of the peptide atoms on the bilayer plane
obtained via subtraction of the landscapes for upper and lower &€ shown by black crosses.

leaflets of bilayers. The values &Z indicate deviation from the

thickness of pure bilayers. They are colored according to the scalepeptide with increasing length of their hydrocarbon chains.

shown near the corresponding map. Qualitatively, this agrees well with our computational results.
] ] Moreover, as discussed above, the simulations can be used

Three-dimensional maps of the surface landscapes (part§g propose possible molecular mechanisms of such effects.
A and B of Figure 8) can be used to estimate the scale of i || pe recalled that the experimental structural information
the local thinning effects induced by the peptide in both 404t FPs was mainly obtained in membrane mimics (DPC
bilayers. The differential 2D map (parts C and D of Figure mjcelles). Therefore, it seems reasonable to assume that,
8) pictorially illustrates deviations of the membrane thickness |jnjike the DPPC, the macroscopic dynamic properties of the
from that obtained for the “pure” bilayer. Analysis of these pwmpc bilayer resemble the micellar environment better.
data shows that in the “shadow” of the peptide the thickness gimilar conclusion has been reached by Wong et38) (
of DMPC and DPPC bilayers is locally decreased up t0 6 pased on MD simulations of a fragment of the adrenocor-
and 4 A, respectively. Similar phenomena were also reportedticotropin hormone both in the DPC micelle and in the
by Vaccaro et al.17) based on the results of MD simulations  p\pc bilayer.
of H3 influenza hemagglutinin FP in the POPC bilayer,  siryctural Plasticity of the FP Is Mediated by Lipid
although in that case, Fhe_ effect was more prgnoulnced: theComposition of the Membrane&part from the intuitively
authors observed a thinning of8 A for the entire bilayer.  gypected correlations between the physicochemical properties
When the unsaturated character of the POPC molecules wagy jipid bilayers and the strength of their interactions with a
taker_1 into account, the results of both studies seem to begiven peptide (“the more fluid bilayer, the deeper insertion”),
consistent. However, we should note that Vaccaro efld). (  molecular modeling permits investigation of another impor-
did not check whether the membrane thinning has a local or (gt aspect of the peptidenembrane association. Namely,
global character. this is the problem of membrane-promoted accommodation

It is significant that surfaces of both “pure” bilayers have of a peptide on the watetlipid interface. MD simulations
overall roughness and ordering of acyl chains of lipids started from the same conformation and orientation of the
comparable to those in their complexes with the peptide (datapeptide with respect to the membrane surface clearly show
not presented). Influence of the peptide consists of redistribu-that, depending upon the bilayer properties, the peptide
tion of the existing heterogeneities over the membrane adopts the optimal spatial structure and the geometry of
surface; being spontaneously distributed in “pure” bilayers, insertion. Thus, the peptide E5 reveals strong helix-forming
in the presence of the peptide, they are mostly localized in properties in its N-terminal part (residues-21). Being
the vicinity of the binding region. folded as ana helix, this fragment has a prominent

Why do the simulation results for the ES/DMPC system amphiphilic character (parts A and B of Figure 6). Residues
fit better to the experimental observations than those for the G12 and G13 provide an essential degree of conformational
E5/DPPC one? Previous differential scanning calorimetry flexibility in the middle part of the peptide. Another
studies 88) have demonstrated that phospholipid bilayers important characteristic of all fusogenic analogues of HA is
show increased intrinsic resistance to perturbation by the the presence of tryptophan in position 14. Such features of
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the sequence help to understand different modes of accom-bilayer, it occurs only in the vicinity of the helix-211. (iii)
modation of E5 on the two different membranes. In a case Upon the peptide insertion, the DPPC bilayer retains its
of the “fluid” bilayer (DMPC), the most efficient binding is  integrity well, although several lipids are “pushed” toward
achieved via tilted immersion of the hydrophobic side of the the acyl-chain region. In contrast, in the DMPC membrane,
a helix into the nonpolar membrane core. Because of this, some lipid molecules around the binding site protrude into
the residue W14 falls within the region of the polar the water phase and strongly interact with glutamic acids of
headgroups and simultaneously interacts with the hydrocar-the peptide. (iv) Shortening of the hydrocarbon tail of lipids
bon tails of lipids. In turn, the lability of the C terminus by two CH groups (DMPC versus DPPC) may seriously
makes possible its favorable contacts with the interface. affect the geometry of peptide binding. For example, the
Because of strong interactions of E5 with neighboring DMPC insertion angle for the N-terminal helix in DMPC bilayer is
molecules, the hydrocarbon tails of these lipids are pulled ~20°, while in the DPPC membrane, it is arranged almost
out from the binding site. This causes disodering and thinning parallel to the membrane surface. The first result reproduces
of the bilayer in the vicinity of the peptide binding. the mode of membrane binding known from experimental
A more “rigid” DPPC bilayer hampers deep insertion of studies of fusogenic peptides well){ and the second one
the a-helical fragment of E5. As a consequence, the helix is peculiar to their nonactive analogud<(17). Therefore,
arranges on the bilayer surface parallel to the membranecomputer simulations can help in delineation of direct
plane. The helixmembrane contacts are not as favorable relationships between the structural/dynamic properties of
as in the previous case, although the residue W14 and thethe membranes and the mode of peptide binding.
hydrophobic C-terminal part also reveal strong interactions In the present work, we did not address the following
with the membrane. Despite the very limited statistics (only important question: “What is the molecular mechanism of
two peptide/bilayer systems were studied here), we supposepH-dependent action of FPs?” The role of the media pH on
that the effect of a peptide adaptation to a particular the fusion activity of the peptide E5 was detected in
membrane may be common, at least for FPs homologous toexperiments4). It was proposed that the related mechanism
HA. Such a kind of conformational plasticity is believed to involves protonation/deprotonation of the residue E11, thus
be important for efficient action of FPs on cell membranes changing hydrophobicity of the helical kink regio®) (This
(see also ref®, 7, and17). This is because the last ones can facilitate insertion of the entirehelix into the membrane
often possess a high degree of structural heterogeneity,and increase destabilization of lipid bilayer. However, such
because of their domain organization, presence of boundan assumption requires future validation, e.g., via MD
proteins, peptides, and other molecules (including low- simulations of lipid bilayers with the peptide E5 in different
molecular-weight compounds). protonation states. This work is in progress now in our group.
We should stress that the membrane fusion phenomena
CONCLUSIONS induced by viral proteins are much more complex than the
The results of MD simulations of the FP E5 in hydrated models elaborated with the aid of simplified systems, like
DMPC and DPPC bilayers show that in both cases the FPs. Moreover, even in the last case, we are still far from
behavior of the peptide has a number of common features.understanding the detailed molecular mechanisms of the
Thus, the presence of the membranes significantly stabilizesaction of FPs on biomembranes. This is because too many
a-helical conformation of the peptide, especially in its factors determining peptidenembrane interactions have to
N-terminal part (residues -211), while the C-terminal be properly taken into account. Among them, there are the
fragment is less ordered. The peptide forms stable complexesamino acid sequence of FPs and presence of specific
with lipid bilayers inserting into the hydrophobic membrane sequence motifs, conformational flexibility of these peptides,
core with its hydrophobic residues and exposing the polar details of their hydrophobic/hydrophilic organization (e.qg.,
ones to water. The peptide is heavily involved in favorable occurrence of the “tilted oblique-oriented patterns”, comple-
electrostatic and van der Waals contacts with the membranesnentarity of the 3D hydrophobic properties), media effects
and also forms an extended network of hydrogen bonds with (e.g., pH, lipid composition of membranes, etc.), possible
the headgroups of lipids. The interactions of hydrophobic oligomerization processes, and so forth. Hopefully, the
residues with the membrane interior (acyl chains of lipids) solution to the problem lies in systematic delineation of the
are observed in both systems. Binding and insertion of the relative contributions of such particular factors using inde-
FP result in destabilization of lipid bilayers, although these pendent experimental and theoretical techniques. These
effects have a local character;-205 only neighboring lipids ~ studies are currently being performed in many laboratories.
significantly change their packing properties and dynamic For example, the role of pH and point mutations on the
behavior. On the other hand, several important parametersfusogenic activity of FPs may be proposed on the basis of a
of peptide-membrane interaction seriously depend upon the series of concordant results obtained by different research
lipid composition of bilayers. (i) The peptide binds stronger teams (see references in the Introduction). In the present
and penetrates deeper into the “fluid” DMPC membrane than work, an attempt was made to supplement the existing
into the relatively “rigid” DPPC one. The “membrane microscopic picture of FPmembrane interactions with the
response” is more prominent in a case of the DMPC bilayer. new data on the importance of lipid bilayers composition
This is reflected in larger local changes of the membrane and their physicochemical properties. In particular, it was
thickness, width of the upper interfacial region, and disorder- demonstrated that FPs may induce significant local perturba-
ing of acyl chains. (ii) Lipid composition also affects the tions of certain lipid bilayers, right up to extrusion of a
deformation ability of the membrane surface. Thus, the number of lipid molecules into the water phase, like in a
groove on the upper monolayer of DMPC protrudes over case of the DMPC membrane. Therefore, the efficiency of
the whole binding site of the peptide, while in the DPPC action of FPs on lipid membranes is a fine-tuning process
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that depends not only upon the peptide, but is also determined 21
by the “hospitality” of the membrane, by its ability to

accommodate a given FP. Of course, further experimental
and simulation structural studies are needed to decode the 5,
mystery of viral-mediated membrane fusion.
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