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Ab stract: The in ter ac tion of the model KALP a-he li cal pep tides K2-A24-K2 (A24), K2-L24-K2 (L24),
K2-(LA12)-K2 (LA12), K2-I24-K2 (I24), K2-G-L24-K2-A (P24) and K2-V24-K2 (V24) with lipid bilayers
com posed of dimyristoylphosphatidylcholine (DMPC) and dipalmitoylphosphatidylcholine (DPPC)
both in a gel (T = 288 K [DMPC] / 296 K [DPPC]) and in a liq uid-crys tal line state (T = 310 K / 346 K) has 
been stud ied by the mo lec u lar dy nam ics sim u la tion method. It has been shown that in a gel state the
pep tide causes a dis or der ing ef fect on lipid bilayer but in the liq uid-crys tal line state only small change
has been mon i tored. A pep tide mod i fies (or ders) lipids around it self to some level, which de pends on the
type of pep tide. Pep tides with lin ear shape of their sidechains (L24, LA12) pre fer less or dered lipids than
pep tides with spher i cal sidechains (I24, V24). 
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1. In tro duc tion

Lipid-pro tein in ter ac tions are of a fun da men tal im por tance for un der stand ing both struc -
tural in teg rity and func tions of bi o log i cal mem branes. Among mem brane pro teins, the in -
te gral ones are of spe cial im por tance due to the wide va ri ety of func tion they per form in the 
cells, such are e.g. re cep tor ac tiv ity, en ergy transduction or ac tive trans port. De spite ex ten -
sive ex per i men tal and the o ret i cal stud ies, the knowl edge of the mech a nisms of pro -
tein-lipid in ter ac tion is still in com plete (see [1-3] for re cent re views). In or der to over come 
the prob lem of the com pli cated struc ture of the in te gral pro teins and their iso la tion and pu -
ri fi ca tion, chem i cally syn the sized pep tide mod els of spe cific re gions of nat u ral mem brane
pro teins have been used in bio phys i cal stud ies of the mech a nisms of pro tein-lipid in ter ac -
tions. Among oth ers the a-he li cal pep tide acetyl-K2-L24-K2-am ide (L24) has been suc cess -
fully uti lized as a model of a hy dro pho bic transmembrane a-he li cal seg ments of in te gral
pro teins [4]. This pep tide con tains a long se quence of hy dro pho bic leucine res i dues capped 
at both the N- and C-ter mini with two pos i tively charged, rel a tively po lar lysine res i dues.
The cen tral polyleucine re gion of these pep tides was de signed to form a max i mally sta ble
a-he lix which will par ti tion strongly into the hy dro pho bic en vi ron ment of the lipid core,
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while the dilysine caps were de signed to an chor the ends of these pep tides to the po lar sur -
face of the bilayer lipid mem brane (BLM) and to in hibit the lat eral ag gre ga tion of these
pep tides. 

De tailed bio phys i cal stud ies of the in ter ac tion of P24 or L24 [4, 5] or WALP pep tides [6] 
with BLM re vealed the fact that the in cor po ra tion of these pep tides into the
phosphatidylcholine bilayers re sulted in the de crease of the or der ing of the bilayer in a gel
state and the in crease of the or der ing in a liq uid crys tal line (LC) state. Our re cent stud ies
per formed by means of pre cise densitometry and ul tra sound velocimetry meth ods [7, 8]
showed that L24 pep tide in duced com plex ef fect on lipid bilayer of var i ous thick ness. Fur -
ther in for ma tion about the struc ture and dy nam ics of lipid bilayer as well as the mo lec u lar
mech a nisms of pro tein-lipid in ter ac tions can be ob tained by use of mo lec u lar dy nam ics
sim u la tions (MD). MD method is widely used for the study of mech a nisms of pro tein-
lipid in ter ac tions [9-14]. In this work we have ap plied the MD method on the sys tems
com posed of A24, L24, LA12, I24, P24 and V24 pep tides and phospholipid bilayer (DMPC,
DPPC) both in the gel and in the liq uid-crys tal line state.

2. Method of mo lec u lar dy nam ics sim u la tions

We have used mo lec u lar dy nam ics sim u la tions for the de ter mi na tion of the changes of
lipid bilayer caused by in ser tion of pep tide. The pre sented sim u la tions were done in pe ri -
odic box us ing the Gromacs soft ware [15] us ing the Gromos87 [16] forcefield with cor -
rec tions [17,18]. The ini tial mod els of transmembrane a-he lix pep tides have been
gen er ated by use of HyperChem [19]. Dr. Tieleman’s equil i brated DMPC and DPPC
bilayers with 128 mol e cules and 3655 mol e cules of wa ter in La liq uid-crys tal state have
been used [20] as the model bilayers. For sim u la tions with mem brane in Lb' gel state, we
cre ated the mem branes on the ba sis of the ex per i men tal data (area per lipid and thick ness)
[3, 21]. Ini tial struc tures were solvated with SPC wa ter (4764 mol e cules for DMPC and
4784 for DPPC) en er get i cally min i mized and run MD sim u la tion for over 20 ns un til the
mem brane were sta bi lized with pa ram e ters closely to the ex per i men tal val ues. A cy lin dri -
cal hole has been cre ated in a cen ter of the bilayer by re mov ing 4 lipids whose at oms oc cur 
within 0.23 nm of the cen tral axis of the cyl in der. The pep tide was then in serted into the
cav ity. The re sult ing sys tem (pep tide, 124 PC mol e cules, 4 chlo rine ions and wa ter) has
to tally over 16 000 at oms for LC and over 20 000 for gel mem brane. The sys tem has been
en er get i cally min i mized and equil i brated dur ing the time of 0.5 ns while the pep tides at -
oms were fixed. Then the mo lec u lar dy nam ics (MD) sim u la tion took place at least for
40 at tem per a tures T = 288 K and 310 K (be low and over the phase tran si tion) for DMPC
and 296 K and 346 K for DPPC bilayer. Mo lec u lar dy nam ics sim u la tions were per formed
with con stant the pres sure of 1 bar, con stant tem per a tures and with the time step of 2 fs.
The LINCS al go rithm has been used to con strain co va lent bond lengths. The used con di -
tions were sim i lar to that re ported by Berger et al. [22].

Tra jec to ries were an a lyzed from the last 5 ns of the sim u la tions by pro grams avail able
from Gromacs pack age.
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3. Re sults and dis cus sion

The be hav ior of the pep tides in DMPC bilayers has been stud ied in a gel and in a liq -
uid-crys tal line state. The hy dro pho bic length of pure gel bilayers at the end of the sim u la tion 
was 3.6–3.62 nm for DPPC and 3.26–3.27 nm for DMPC. The area per lipids had a value of
0.4733 nm2/lipid for DPPC and 0.4676 nm2/lipid for DMPC mem brane. These val ues are
lit tle lower than 0.479 nm2/lipid (DPPC) and 0.472 nm2/lipid (DMPC) [21, 23], but also in
pub lished work have the sim u lated mem branes a lower area per lipid than ex per i men tal
val ues [24, 25]. The hy dro pho bic length of bilayers in the LC state gained from Tieleman’s
web site are 2.97 nm for DPPC and 2.77 for DMPC and the area per lipid is 0.629 nm2/lipid
(DPPC) and 0.596 nm2/lipid (DMPC).

Be cause the hy dro pho bic length of the pep tide is approx. 3.6 nm (24 aminoacid res i -
dues and rise 0.15 nm per res i due for ideal a-he lix), which dif fers from hy dro pho bic
thick ness of the bilayer in a gel (3.44 for DPPC and approx. 3.2 nm for DMPC) and in a
liq uid-crys tal line state (2.85 nm for DPPC and 2.62 nm for DMPC) [5], we have an a lyzed
the ge om e try of the sys tems in these two states.

The ef fect of the pep tide on the bilayer has been traced by the eval u a tion of the fol low -
ing pa ram e ters for the lipids: deu te rium or der pa ram e ters, amount of di hed ral an gles in
trans con for ma tion, amount of tran si tions be tween trans and gauche states and thick ness
of the hy dro pho bic part. All of these pa ram e ters were eval u ated sep a rately in two slices
around the pep tide. The lipids were sep a rated by the av er age dis tance be tween the mid dle
C atom of lipids’ chains and Ca of the pep tide, each chain was averaged in de pend ently
dur ing the last 5 ns. The thresh old val ues were 0.8 nm and 1.6 nm, which cor re spond to the 
1st and 2nd layer around the pep tide.

The changes of the or der pa ram e ters are shown on the Fig. 1. In all gel cases the pep -
tide pro duces a dis or der ing ef fect on lipids which re sults in the de creas ing of or der pa ram -
e ters in the first slice. In case of LC the sit u a tion is more com pli cated. The tem per a ture in
DPPC/LC sim u la tion is so high that the pep tide sta bi lizes the mem brane in its neigh bor -
hood. In the LC state of DMPC the av er age ef fect is very small. All of these val ues are
com pa ra ble with the re sults ob tained by Tieleman et al. [11] and those ob tained in ex per i -
ments [4–6]. These changes pro duce more or less the same con fig u ra tion of the lipids
around each type of pep tide. The pep tide with smaller sidechains (A24) has a smaller ef fect 
on the lipids (the dif fer ence be tween val ues for the gel and LC state is big ger). There are
also dif fer ences be tween res i dues with spher oid (I24, V24) and spike (L24, LA12)
sidechains. The spike shape pro duces a more dis or dered en vi ron ment (lower val ues of or -
der pa ram e ters). The amount of the di hed ral an gles in the trans con for ma tion (Tab. 1) de -
pends on the state of the mem brane (and tem per a ture) – the lower value for LC and big ger
in the gel state (72%). One can con clude that there is an in creas ing for ma tion of kinks in
the sur round ings of the pep tide, which short ens the hy dro pho bic chains. The small est dif -
fer ences be tween slices oc cur in the case of V24 and I24. Op po site char ac ter ex hib its A24

with less hy dro pho bic char ac ter of its sidechains. Num ber of tran si tions be tween trans
and gauche con for ma tions shows that this pa ram e ter de pends nearly only on the tem per a -
ture – at higher tem per a ture the higher num ber of changes take place. But there is small ef -
fect from the pep tide - the ef fect of low er ing the num ber of tran si tions for I24 and V24.
These cor re late with the higher mem brane or der ing in pres ence of I24 and V24.
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Ta ble 1. Amount of di hed ral an gles in trans con for ma tion.

Sys tem
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dihedral
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2
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A24&DMPC/gel 82.45 ± 3.51 86.04 ± 1.82 A24&DPPC/gel 81.68 ± 4.18 88.64 ± 3.50

L24&DMPC/gel 82.53 ± 1.07 84.10 ± 2.34 L24&DPPC/gel 84.64 ± 2.83 90.61 ± 2.20

LA12&DMPC/gel 80.58 ± 3.53 83.58 ± 3.33 LA12&DPPC/gel 85.23 ± 1.90 90.73 ± 2.48

I24&DMPC/gel 86.22 ± 2.73 85.72 ± 2.78 I24&DPPC/gel 85.20 ± 1.98 87.15 ± 2.96

P24&DMPC/gel 84.37 ± 4.71 87.48 ± 2.43 P24&DPPC/gel 83.25 ± 2.57 88.57 ± 2.09

V24&DMPC/gel 85.22 ± 2.48 87.17 ± 1.86 V24&DPPC/gel 84.13 ± 2.01 88.58 ± 2.41

A24&DMPC/LC 74.23 ± 2.48 75.61 ± 1.43 A24&DPPC/LC 72.30 ± 0.82 72.54 ± 1.27

L24&DMPC/LC 77.06 ± 2.01 77.81 ± 1.89 L24&DPPC/LC 73.05 ± 2.27 72.61 ± 1.05

LA12&DMPC/LC 75.20 ± 1.36 76.39 ± 2.31 LA12&DPPC/LC 73.37 ± 1.13 72.08 ± 1.59

I24&DMPC/LC 76.45 ± 2.67 76.01 ± 1.31 I24&DPPC/LC 74.47 ± 2.18 73.76 ± 1.31

P24&DMPC/LC 76.65 ± 1.80 76.53 ± 1.71 P24&DPPC/LC 71.14 ± 1.08 72.65 ± 1.60

V24&DMPC/LC 75.89 ± 2.02 75.97 ± 1.28 V24&DPPC/LC 72.92 ± 1.25 72.86 ± 1.46

The thick ness of mem brane is the clos est pa ram e ter to the ef fec tive length of the pep -
tide hy dro pho bic part from the per spec tive of the “match ing the ory”. The thick ness of hy -
dro pho bic part of a pure mem brane is: 3.6 for DPPC/gel, 3.2 nm for DMPC/gel, 3.0 nm for 
DPPC/LC and 2.6–2.7 nm for DMPC/LC. In all cases the val ues in the 2nd slice (com pared 
with the 1st slice) are closer to the pure mem brane – av er ages: 3.58 nm for DPPC/gel,
2.93 nm for DPPC/LC, 3.12 nm for DMPC/gel and 2.62 nm for DMPC/LC. The lipids
clos est to the pep tide (1st slice) pro duce even thin ner con for ma tions – in most cases the
mem brane is by 0.3 nm thin ner than ef fec tive length of pep tide (only for DPPC/LC this
dif fer ence is around 0.8–1.4 nm; with ex cep tion of LA12 – this pep tide is char ac ter ized by
dif fer ent con fig u ra tion). Be cause Lys sidechains are rel a tively long, it is pos si ble to sub -
merge nearly whole pep tide into the mem brane and the charged ends of these Lys
sidechains can still be in the po lar headgroups re gion. In this case the pep tide tilt is big ger
(ac cord ing to the sim u la tion re sults) and its ef fec tive length is smaller and there fore the
mem brane be came thin ner. But the av er age mem brane thick ness does not con tain di rect
in for ma tion on the ori en ta tion of in di vid ual lipid chains. Lipid chains can still be lon ger
even in the LC state (higher or der pa ram e ters, more trans po si tions of di hed ral an gles), be -
cause they can tilt in the same way like the pep tide. 

Tieleman et al. [20] per formed 2 ns MD sim u la tion of a-he lix with long hy dro pho bic
seg ments (Flu26 and Flu34) in POPC bilayers. They ob served con sid er able ex ten sion of the 
mem brane thick ness around Flu26 pep tide and dec li na tion by 10°. At the same time, they
did not ob serve ex ten sion of the thick ness for the pep tide Flu34 with lon ger hy dro pho bic
length, but the pep tide mol e cules de clined by 25°. As sum ma rized by Killian [26] from
ex per i men tal and sim u la tion data, there is the change of the mem brane thick ness near the
pro tein in sys tems with WALP pro tein and only a small tilt is cre ated. How ever the KALP
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(like here  pre sented L24, LA12, etc.) do not change the mem brane thick ness so ex ten sively
and rather in creases the pep tide’s tilt. Petrache et al. [10] also dis cussed pos si ble draw -
back of the mo lec u lar dy nam ics sim u la tions. First, there are prob lems with the rather short 
time of the sim u la tions re stricted by sev eral ns. At the same time, they re ceived sim i lar re -
sults with shorter – around 5 ns and lon ger – around 10 ns sim u la tions. How ever, it should
be noted that the char ac ter is tic time of re lax ation of phospholipid di pole mo ments fol low -
ing dis turb ing of the mem brane by volt age jump lies be tween mi cro- to mili- sec ond scale. 
Lon ger time prob a bly cor re sponds to the col lec tive move ment of lipid clus ters [27]. In -
cor po ra tion of the short pep tide in flu ences this re lax ation time sig nif i cantly [28]. We can
there fore ex pect that the re lax ation time of the short pep tides, like L24, should be com pa ra -
ble or even larger then that for phospholipids. There fore, in or der to re ceive equi lib rium
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Fig. 1. Or der pa ram e ters from the last 5 ns of the sim u la tions of pep tides and four types of lipids; cu mu -
lated by in serted pep tide. Lipids are sep a rated into 2 slices around the pep tide: nearer to the pep tide
and more in flu enced s1 and far ther s2. Each pep tide type pre fers dif fer ent lipid con for ma tions in its sur -
round ing - the more lin ear shape of the sidechain, the lower val ues of or der pa ram e ters (more dis or -
dered lipids).



state of the pep tide in a mem brane, the sim u la tions should last in or der of mi cro sec onds.
How ever, this is be yond the pos si bil i ties of cur rent com pu ta tional tech nol o gies. 

How ever, de spite of large num ber of lim i ta tions the MD sim u la tions rep re sent a use ful 
ap proach for the study of fast conformational move ments of the pep tide and phospho-
lipids in a mem brane. We are, how ever not sure whether the model sys tem reached the
equi lib rium or not. But re sults ob tained by MD sim u la tion are con sis tent with the ex per i -
men tal re sults, in re spect of in duc ing hy dro pho bic mis match pos i tive and dis or der ing ef -
fect of pep tide on the mem brane in a gel state.

In the liq uid-crys tal line state the pep tides in duced or der ing ef fect in DPPC bilayers
(al though the dif fer ences are small due to the high tem per a ture), which agrees with the 2H
NMR stud ies of re lated sys tems [5, 6]. In the case of DMPC only small dis or der ing ef fect
oc curs – prob a bly due to the big ger hole for pep tide cre ated on the be gin ning. This idea is
sup ported by the fact that the A24 pep tide has the big gest dis or der ing ef fect, which is, how -
ever still much smaller than in the case of a gel state.

We showed that short pep tides de pend ing on the amino acid com po si tion have a dif fer -
ent ef fect on the neigh bor ing lipids and pre fer some type of its ori en ta tion – dif fer ent val -
ues of or der pa ram e ters. Be side the size of the res i due’s sidechains (A24) also the pep tide
shape  – more spher oid (V24, I24) or lin ear (L24, LA12) plays a sig nif i cant role. But due to
lim ited data (only 5 types sidechains were sim u lated) more gen eral con clu sion re quires
fur ther ex ten sive stud ies. 
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