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Dramatic rigidification of a peptide-decorated lamellar phase
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We have performed small-angle x-ray scattering on a lamellg) phase made of a nonionic surfactant
(Cy,E,), decane, and water, after the insertion of a triblock peptide. The hydrophilic part of the peptide is rigid
and organized in am helix in the presence of membranes. Surface tension measurements and spectrofluo-
rometry show that the peptide lies on the membrane surface. Thé @ailieneterp and the smectic com-
pressibility modulusB decrease with peptide concentration, whereas the membrane bending rigitity
creases threefold for mole ratio of peptide to surfactant as low as#2* The published models for rigid
inclusions in membranes cannot account for this dramatic rigidification. However, experimental results are well
fitted by a Heuristic renormalization of the membrane thickness.
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INTRODUCTION phase [ 3) between 27 and 30 °C, has been selected. In such

o systems I, or L3), @ membrane consists of two monolayers
Mesophases of surfactants containing host macromolst g rfactant enclosing decane. The lamellar system is made

theoretical probler_ns they address. Studies of the influence Yrane separating water into two distinct spaces. Locally
polymers on elastic properties of membranes are relevant, fchr ) '

; : . owever, the structure of the latter is the same as within a
example, to drug delivery by vesicles. These drugs exist in I hase- b ded b ter. Si th
solution, adsorbed on the membrane of a vesicle, or can pr ametiar p' ase..a me'm rang su.rroun e. y yva er. since the

3 phase is optically isotropic, circular dichroism, UV spec-

trude into the membrane itself. Several theoretical studie .
have been directed towards the effect of flexible polymerdr©ScOPY and spectrofluorometry experiments have been car-
(adsorbed or end graftedn the elastic properties of lamellar "€d out in this phase. We have worked at a constant volume
phases[1-9]. Many experiments have been performed byratio Vs/(Vs+Vgecand =0.55 (same membrane thicknesg
incorporating flexible polymers into a lamellak {) phase =5.6 Nnm[23]), whereV and Vgecaneare, respectively, the
[10-20, but only a few report variations of the membrane vVolumes of surfactant and decane. We have kept constant the
bending rigidity or of the smectic compressibility modulus membrane volume fractiogh,=(Vs+Vgecand/ (Vs+ Vaecane
[18—-20. On the other hand, the effect of rigid inclusions has+ Vwate) = 0.38, WhereV, ., is the volume of water. To lo-
been scarcely theoretically studied for an isolated membranealize the relatively narrowL; phase domain, we have
[21] or a lamellar phasf22]. To the best of our knowledge, checked that x-ray spectra present a broad correlation peak at
very few experiments have been performed with rigid inclu-g;, related to the mean diameter of the passages creating the
sions[41]. Yet, a rigid peptide can be considered as a moremulticonnected topology of the phase, and that the scattered
realistic object than flexible polymers to simulate peptidicintensity varies ag~2 for g>qj, typical characteristics of a
drugs in vesicles. In this paper, we report the extent to whiclsponge phasg4].

the incorporation of a rigid peptide affects the elastic prop- The peptide sequend®5] has been designed to obtain

erties of aL , phase stabilized by thermal fluctuations. two hydrophobic extremities and a hydrophilic rigid core,
organized in« helix. Association between hydrophobic
EXPERIMENTAL RESULTS “ends” of the peptide and surfactant takes place provided

hydrogen bonding or hydrophobic interactions are operative
Nonionic surfactant membranes have been chosen as @m0]. One hydrophobic part is six residues lofiy8 nm,
appropriate model for the study of peptide insertion intowhereas the second one is nine residues @@ nm. The
membranes, in the absence of long range electrostatic intelydrophilic core is fifteen residues lor@.2 nm and glo-
actions. The ternary system tetraethylene glycol monododebally neutral. To check if the peptide was at the
cyl ether(denoted GE,), water and decane, which displays hydrophobic-hydrophilic interface, surface tension measure-
a stableL , phase between 20 and 27 °C and a spongelikenents have been performed, using the drop weight technique
at the water-decane interfaf26]. In the absence of the pep-
tide, the water-decane surface tension is 48 mNmn
* Author to whom correspondence should be addressed. Email agjood agreement with Goebel and Lunkenheif@. When
dress: tsapis@Ips.ens.fr a small amount of peptid€d.105 mg/m) is solubilized in
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FIG. 2. Variation of the Caillgparametersy obtained from the

FIG'_ 1. X-ray spectra of a peptide-friia? phase RZO'Q) and  Njllet's fit of SAXS spectra vs the mole ratio of peptide to surfac-
a peptide-doped., phase R=5.2x10", @), both with ¢, tantR (¢,=0.38)
m=0.38).

=0.38. Lines are the best fits according to Na#etal. To deter-
mine 7 values, the fit is sensitive to the right side of the peak
decrease, which is well fitted.
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the mole ratio of peptide to surfactantR
=[ peptidg/[ surfactan} is presented in Fig. 2y decreases
o asR increases.
water, the surface tension is decreased to 30 mN, reug- . We have checked that the sharpening of the quasi-Bragg
gesting that the peptide is localized at the water-decane inheak was not a residual electrostatic effect induced by the
terface. A significant interfacial effect is induced by a very peptide: 7 remains identical whether the peptide-containing
small amount of peptide. The peptide location is further cony phase is prepared with pure water or with brie2 M
firmed by spectrofluorometry. In aqueous solution, when exnac)) “which screens electrostatic interactions. Thus the
cited at 280 nm, the peptide fluorescence presents a bro ptide-decorated., phase is stabilized by the membrane
peak around 350 nm, which originates from the tryptophangerma| fluctuations modeled by Helfri¢81] and » can be
(Trp in the peptide sequencén the sponge phase, this peak written as[32]*
is shifted towards smaller wavelengtt®0 nm. Together
with surface tension measurements, these results confirm the S5\2
change of environment: the peptide lies on the membrane. 77:01( 1- d_) ; (2

The structure of the peptide has been investigated by cir- B
cular dichroism in the.3 phase. The spectrum is character-where 5 is the membrane thickness anda numerical con-

istic of a well organizeda helix, whereas in water, it is stant. Theoreticallyr=$%, but other values are found experi-
rather a random co{l28]. Obviously, the presence of mem- mentally[34].

branes enhances the peptide organization.

The peptide effect on the e!astic properties of the DISCUSSION
phase has been investigated using small-angle x-ray scatter-
ing (SAXS). The Cailleparameter, the membrane bending ~ An analogous decrease of has been observed when
rigidity «, and the smectic compressibility modulBshave small c_oncentrations of erxib!e en_d—grafted polymers are in-
been measured with peptide concentration, and compareirted intd, phase$18,19. Since in our system, the Bragg
with theoretical prediction§21,22. Small-angle x-ray scat- distancedg is independent of peptide concentration, the de-
tering experiments were performed with a rotating anode&rease ofy can be understood, according to Castro-Roman
(Rigaku on samples sealed in glass capillaries 1 mm diam€&t al- [19], by considering a renormalized membrane thick-
eter and 1Qum thick (Mark-Rhrchen. Temperature was Ness. From the expression 2 9f one gets
regulated with an accuracy af0.1 °C. In Fig. 1, x-ray spec- ——
tra? of two lamellar phaseys are presenteg. WhenypeF[):)tide is def(R)=dg[ 1= V7(R)/a]. )
addeq, the position of the first order quelsli-Bragg singularity, has been taken equal to 2.5 to gék(R=0)=5,
remains constant afjp=0.420=0.005 nm ~ (qo=27/ds,  —5 6 nm, in agreement with the dilution determination. The
dg being the periodicity of thé, phasg, whereas the width  gtective membrane thickness increases tfrom 5.6 nm
of quasi-Bragg peak decreases. The sharpening of the pealﬁ to 6.6 nm. The linear fit of this variation gives.

can be quantified by the Caillearameter = 85(1+0.34x 10'R) (Fig. 3. This increase has not been
observed with SAXS, due to the poor contrast between water
kgT and peptide electronic densities. To explain the increase of
n=lo——F— (1) the membrane thickness, a very naive geometrical model has
877\/@ been developed, with peptides lying on both sides of the

with K= «/dg. In order to obtainy, the whole x-ray spec-

trum has been perfectly fittedexcept for q<0.35 nm'* ISince decane content is much smaller than water content, this
where the model is not valjdising Nalletet al.[29] analyti-  two solventL, phase has been considered as a one solvent phase
cal approach, based on Cailenodel[30]. » variation with  [33].
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10* R FIG. 5. Variation of the membrane bending rigidiky vs the
FIG. 3. Variation of the effective membrane thickness ob- mole ratio of peptide to surfacta® The line is the best linear fit.
tained froméd.4(R) =dg[ 1— V n(R)/ a] vs the mole ratio of peptide
to surfactantR ($,,=0.38). We choosex=2.5 in order to get Which can also be written as
Seii(R=0)= 6,=5.6 nm. The line is the best linear fit.
dgdm=V+WIn(dg— Ser) 5
membrangFig. 4). This model leads &= dp+2Ahe,,
where Ah is the diameter of the peptide helix (Ah with V=8 1+ (KgT/4mk)In[y32«/3mkgT(1/a) ]} and W
=1 nm) andé, the area fraction of membrane perturbed by = 5 (ks T/47«), wherea is a molecular dimensionc has
the peptide.¢,, is related toR by ¢,=R(XZ/0) with % the  peen determined either by insertid; value in W, or di-
area perturbed by the peptide, amdhe area per polar head rectly from the ratioV/W, independent of,;. Both deter-
of surfactant ¢=0.54 nnf [23]). From the fit of 5t VS minations give the same values with an accuracy of 15%. As
R, = has been calculated to be 513 Tithe peptide affects shown in Fig. 5« increases linearly with peptide concentra-
the membrane within a radius @f=\X/7~13 nm, much tion. A dramatic effect is induced by a small peptide concen-
larger than the length of the peptidehelix. This is in quali-  tration: the bending rigidity of a bare membrane increases
tative agreement with Daet al. [35] who have predicted threefold with a mole ratio of peptide to surfactant as low as
that a membrane inclusion can perturb the membrane withig.2x 10~ 4.
a radius equal to several times the inclusion size. Two models exist for rigid inclusions. Chen recently pre-
To estimate the variation of membrane rigidity as a func-dicted a decrease of the lamellar periodicity and the mem-
tion of peptide concentration, the, phase has been studied brane thickness correlated to an increase of the membrane
along a dilution line: in each set of experiments, the bareigidity, for a cylinder-coated lamellar phag@2]. In our
membrane thickness is kept constpaiy., constant volume system,dg remains constant and increases. Obviously,
ratio Vs/(Vs+ Vgecand = 0.55] as well as the peptide concen- Chen’s model cannot be applied to our results. The second
tration, while the periodicity is increasing with water dilu- model was proposed by Netz and Pin¢2%]. They showed
tion. Since oul , phase is stabilized by thermal fluctuations, that, for an isolated membrane with rigid inclusions, for
the projected area of a membrane is smaller than its real arei/«xy<1, the effective rigidity becomes
and the dilution law i§36—-3§

- 1 1_
ot s 1n kBTl [ 32« dg— 6, , —= K¢p+K f"AK, (6)
BPm= ert| 1+ 7—In 37keT @ 4 0 0
Ah L whereA k, the local increase of rigidity, originates from the
side view inclusion. The fit of the above expression to our results leads
—————————————————— @ C T T T T T :
S e ~I *
g lp E
top view g F .
‘ % | ]
b4
area perturbed < 0.1 ; |5 |6 -7 é |9 o
P by the peptide
Aaeff (A)

FIG. 6. Variation of the membrane bending rigidity«(R) vs

FIG. 4. Schematic geometrical model of a membrane decorated S [ A k(R) = k(R) — k(0) andA S¢¢=(es— 60)]. The slope of

on both sides by peptidedh is the thickness of the peptide apd  the straight line, plotted as a comparison with Waiaal, is equal
the extension of the peptide pertubation on the membrane. to 3.
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3500 crrrr e that our peptide-decorated lamellar phase is stabilized by
3000 € 3 thermal fluctuations, Helfrich’s prediction f@ is valid:
2500 E- =
-~ E E 2 2
L 2000 3 — 7% dg(kgT)
S 1500 £ E BHeIf:p—(j 85 @ ]
E 3 a” K -
& 1000 3 B~ Oeff
500 £ 3 which comes directly by replacing by expression2) in
0 EI 111 I 111 | | | 1111 | 111 | I 111 IE Cai”e formula[Eq- (1)].
0 1 2 3 4 5 6
10* R CONCLUSION
FIG. 7. Variation of the smectic compressibility moduBsvs In conclusion, a Heuristic renormalization of the mem-

the mole ratio of peptide to surfactaRtfor ¢,=0.38. Points are brane thickness accounts well for the decrease aind B.
experimental values deduced from the independent determination dthe effective membrane thickness increases linearly from
» and k and Cailleformula[Eq. (1)], whereas the line is deduced 5.6 nm to 6.6 nm for mole ratio of peptide-to-surfactéht
from the Helfrich expression renormalized by an effective mem-=5.2x10 #; and leads also to estimate to 13 nm, the radius
brane thicknes . of the perturbation induced by the peptide. This extension
can be qualitatively explained by the thickness mismatch be-

to negative values ol k/«q, which makes it inconsistent. tween the peptide and the membrane. Among published re-
Thus both models fail to explain the important increas& of sults for flexible end-grafted polymergl8-20,39, only
we observe. Yang et al. [20] observed a doubling of, with concentra-

Since the peptide leads to an effective increase of théion 30 times higher than our peptide concentration. As far as
membrane thickness, we plotted the variatiomAeé(R) vs  rigid transmembrane inclusions are concerned, no variation
A e, where Ak(R)=«(R)—«(0) and Ades=(Jer— o),  of k was observed41]. To the best of our knowledge, ex-
in log-log representatior{Fig. 6). Obviously Ax(R) and isting models cannot shed light on the spectacular rigidifica-
A 5 are related. This explanation is, of course, very quali-tion of the membrane induced by such small amounts of
tative. However, it is in direct analogy with the prediction of rigid objects lying on the membrane. However, a Heuristic
Woo et al.[40] who have shown that should scale with the model that relates the increase of the effective membrane
membrane thickness to the power 3, for a “dry” membranerigidity to the increase of effective membrane thickness fits
of surfactants. well our experimental results.

Finally, from the independent determination pfand «,

and Caillés formula, the variation o8 with R has been

calculated B decreases upon peptide concentration: peptide The authors would like to thank J. Meunier for suggesting
insertion softens interactions between membraifég. 7), surface tension measurements, E. Bertrand for his help on
whereas, for flexible polymers, all experimental studies havéhem, E. Cogne for spectrofluorometry, A. Chaffotte for CD,
reported the contrary18,20. The softening of membrane P. Kahn for the design of peptide sequence, and Y. K. Yip
interactions can be explained by the increase of the menfor peptide synthesis. We also acknowledge valuable discus-
brane rigidity«(R) and the effective thicknes%.(R) origi- sions with F. Pincet, P. Sens, C. Ligoure, F. Castro-Roman,
nating from the peptide insertion. Since we have checkedil. Waks, and J. Meunier.
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