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Effects of the mismatchbetweenthe hydrophobiclength d, of transmembranalpha helices of
integral proteins and the hydrophobicthickness,D,,, of the membraneghey spanare studied
theoreticallyutilizing a microscopicmodel of lipids. In particular we examinethe dependencef
the period of a lamellar phaseon the hydrophobiclength and volume fraction of a rigid, integral,
peptide We find thatthe perioddecreasewhena shortpeptide,suchthatd<D,,, isinserted More
surprising,we find thatthe periodincreasesvhenalong peptide,suchthatd>Dy,, isinserted.The
effect is dueto the replacemendf extensiblelipid tails by rigid peptide.As the peptidelengthis
increased the lamellar period continuesto increase,but at a slower rate, and can eventually
decreaseThe amountof peptidewhich fails to incorporateand spanthe membrandncreasewith
the magnitudeof the hydrophobicmismatchd— Dy,|. We explicatethesebehaviorswhich areall in
accord with experiment. Predictions are made for the dependenceof the tilt of a single
trans-membranelpha helix on hydrophobic mismatchand helix density © 2002 American
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I. INTRODUCTION

The interaction of integral proteins with the lipids in
which they are embeddeds of greatimportancefor mem-
branefunction! One principle governingthis interactionis
thatthe lengthof the hydrophobicsegmenbf proteinshould
closelymatchthat of the membranavhich it spans’ Among
the evidencethat this hydrophobicmatchingis usedin mem-
brane organizationis that the various membranesetween
the Golgi and the plasmamembranehave different thick-
nessesProteinscanbe routedthroughthe secretorypathway
by increasingtheir hydrophobicthicknessvia mutagenesis
and passingfrom one membraneto anothermore closely
matchingtheir new length® The differencebetweenthe hy-
drophobiclength of protein and membranedenotedhydro-
phobic mismatch, affects inter alia, lateral segregationof
proteinsin membrane$;® the lipid melting transition® and
protein activity.”® Hydrophobic mismatchalso affects the
way in which the stability and the inclination of transmem-
brane helices change as functions of their hydrophobic
length. Such information is very important in predicting
transmembrane domains from potential protein se-
quences;’® a topic becomingincreasinglyimportantin biol-
ogy with the completionof the HumanGenomeProject.

In an effort to elucidate such effects on a molecular
level, Killian and co-workers! investigatedthe effect of a
seriesof hydrophobicpeptideson the meanthicknessof hy-
drated phosphatidylcholinemembraneswith different tail
lengths.The peptidesconsisteddf a sequencewhoselength
could be adjustedpof alternatingleucineandalanineflanked
on both sidesby two tryptophansThe latter preferto reside
just below the lipid headgroups,andthereforeserveasan-
chorsfor the peptide'? The N- and C-terminii wereblocked,
e.g., FmAW,(LA),W,Etn. The solution of peptideswas di-
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lute, a 1/30 peptide/lipidmolarratio. Theresultsof this study
which are of the mostinterestto us are asfollows:

» peptideswhose hydrophobicthickness,d, is smaller
thanthat of the hydrophobicthicknessDy,, of the bi-
layer causea reductionin the bilayer thickness.

 peptideswhose hydrophobicthicknessis larger than
thatof the bilayercauseanincreasen the bilayerthick-
ness.As the peptidesare madelonger the membranes
continueto thicken, but the increasein the membrane
thicknessis alwayslessthanthe peptideincrement.

« an increasein the magnitudeof mismatch,|d—Dy|,
whetherdueto peptidesbeingtoo long or too shortfor
the membraneresultsin anincreasein the fraction of
peptideswhich fail to incorporateinto the membrane.
This effect hasalsobeenobservecby Renet al 1314

The first observationis easily understoodn simple en-
ergetic aguments,but the secondis not. One might have
expectedhe longerpeptidesimply to insertat ananglesuch
that the membranethicknessis undisturbed® However the
thicknessis disturbed, and grows with increasedpeptide
length,but doesnot track thatincreasddentically To under
standthis puzzlingbehaviorandto isolatethe variousfactors
which bring aboutthe netresultof hydrophobicmismatchis
the primary purposeof this paper

Many theoreticalapproachesave beenapplied to the
effectsof mismatch Almost all of themare phenomenologi-
cal, basedon treating the membraneas an elastic sheet:®
Some have, however included in thesephenomenological
descriptionssome propertiesof the lipid tails, such as the
ability of the tails to tilt to accommodatehe perturbationof
insertedproteinst’ Theseapproachesyhich have recently
beenreviewed!® arevaluablein clarifying severalaspectof
the generalproblemof membranempurities,and haveeven
beenapplied’ to the lamellarinverted hexagonatransition
inducedby a sufficientconcentratiorof peptide'® Neverthe-
less, they lack a direct link to the moleculardetails of the
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systemA major theoreticaladvancewasthe work of Fattal
and Ben-Shaufi® who provided a moleculartheory for the
behaviorof the lipid chainsof the membraneThe peptides,
with their hydrophobiclength, were treatedas providing a
boundarycondition on the configurationof the lipid chains.
This molecular modeling was combinedwith phenomeno-
logical free enegy contributionsdescribinglipid headgroup
repulsionand membranesolventsurfacetension.In this pa-
per we eschewphenomenologicatlescriptionand presenta
moleculartheorywhich, from straightforwardstatisticalme-
chanicsyieldsthe free enegy of the entiresystem|ipid and
peptide. We utilize a molecular lipid model employed
earlief* andtreatthe peptide which traverseshe membrane
as an alpha helix, as a rigid rod. We considera lamellar
phaseformed by the lipid, and investigatethe effect on the
period of this phasedueto the addition of peptidein small
concentrationsAs a consequencef our calculationswe are
ableto reproduceall of the above-mentionedesults,eluci-
date the reasonsfor the increasein membranethickness
whenpenetratedy long peptidesanddelineateseveraldif-
ferenteffects of hydrophobicmismatch.

Il. THE MODEL AND ITS SELF-CONSISTENT FIELD
SOLUTION

We considera systemof volume V consistingof lipids
and peptideswhosenumbers N, andN,,, are controlledin
the grand canonicalensembleby the fugacitiesz, and z,,
respectivelyWe takethe systemto be anhydroudor simplic-
ity (seebelow). Thelipids consistof a headgroupf volume
vy, andtwo equal-lengthtails eachconsistingof N segments
of volumew,. Eachlipid tail is characterizedby a radiusof
gyration Ry=(Na?/6)"% with a the statistical segment
length. The peptideconsistsof a rigid, hydrophobic,core of
L segmentsachof lengthb and volumev. anda terminal
group at eachend of volumev,. We choosetheseend seg-
mentsto be hydrophilic so that the peptideindeedmodelsa
hydrophobic segmentwithin an otherwise hydrophilic re-
gion. The hydrophobiclength of the peptideis d=Lb.

Therearefour local densitieswhich specify the stateof
the system.We measurghemall with respecto the conve-
nient densityv,, *. They arethe numberdensityof the lipid
headgroup, vh’1<I>h(r), and of the lipid tail segments,
v,jltbt(r), the numberdensityof the peptidecore segments,
vy, 1®(r), andthe peptideendgroups,v;, *®.(r). Notethat
all numberdensities®(r), aredimensionlesdy definition.

We considerepulsivecontactinteractionsbetweerthese
four elementsin the simplestcase,the strengthsof the re-
pulsiveinteractionsbetweerthe two hydrophilicandthe two
hydrophobicelementsare the same,kTv,y, with k Boltz-
manns constantandT the absolutaemperatureWe takethe
total enepgy of interactionto be of the Flory type

d
E[Ph, Dy :(I)erq)c]:kTXf U_L[(Dh(r)'i' YePe(r)]

X[y Pi(r) + ycPe(r) ], (1)

wherewe haveintroducedthe relative volume of the tails,
v=2Nv, /vy, of thepeptidecores,y.=Lv /vy, andof the
peptideendgroupsy.=v./vy. Notethattheinteractionen-
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ergiesdependuponthe local volumefractions y.®,, etc.as
opposedo the local numberdensities®,, etc??

In additionto this local repulsion,we include the hard-
coreinteractionsbetweenrall particlesin anapproximatevay
by imposition of a local incompressibility constraint,i.e.,
thatthe sumof the volumefractionsof all componentsnust
be unity everywhere:

A(N)=@p(r)+ % Py(r) + yePe(r) + ¥ P(r)—=1=0. (2

Steric, orientation-dependerihteractionsbetweenthe rigid
peptide rods are not included. Such interactions, which
would make the calculation much more difficult, can be
safelyignoredat the low peptideconcentrationsit which the
experimentsvere carriedout.

As shownearliet?® the partition function of the system
canbe written in a form in which the four fluctuatingdensi-
ties, insteadof interactingdirectly with oneanotheyinteract
indirectly via four fluctuatingfields, heredenotedw,,, W,,
W,, and W, . Self-consistenfield theory resultswhen the
fluctuating fields and densitiesare approximatedby those
valueswhich extremizethe free enegy, (1, of the systemin
the presenceof thesefields. This free enegy hasthe form

QLW W] Qp[WeaWc] Uh
Q=—2—— "% v TiavE

Uh
kTV

d
- [ S+ W o)

FWe(r)@e(r) +We(r)®e(r)]

jdr_ A 3
= | 7 EMAM). 3

Here Q[ W,,,W,] is the partition function of a single lipid in
externalfields W;,, andW,, and Q[ W, ,W,] is the partition
functionof asingle peptidein the externalfields W, andW, .
Note thata Lagrangemultiplier Z(r) hasbeenintroducedto
enforcethe incompressibilityconstraintof Eq. (2). Thefunc-
tions E, W,,, @, etc.which extremizethis free enegy will

be denotedby their correspondindower caseletters&, wy,

and ¢,,. They are obtainedfrom the five equationsfor the
fields

Wh(r) = X[ 71(r) + yedbe(r) 1+ &(r), (4)
W(N)/ ye= X[ bn(r) + yede(r) 1+ &(r), (5
We(1)!ye= X[ 11d1(1) + vede(r) ]+ &(r), (6)
We(r) ye= X[ n(r) + vede(r) 1+ &(r), (7)
1= ¢n(N)+ 7 du(r) + yede(r) + yedbe(r). (8)

Thefield ¢ canbe easily eliminated,while Egs. (5) and
(7) imply w,(r)/ y;=wc(r)/y., so that one dealsessentially
with threeequationsThe four densitiesareall functionalsof
the abovefields except¢ and, therefore,closethe cycle of
self-consistenequations:

Q[ W, W]

own(r) ©

dr(N)[Wh,Wi]= =2
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B[ W] =~ 7 %{r)w‘] (10
el [We W] = —zp%, Gk
el [We Wl =~ zp% (12

With the aid of the aboveequationsthe self-consistentpr
mean-field free enegy ., which is the free enegy func-
tion of Eq. (3) evaluatedat the self-consistenfield valuesof
the densitiesandfields, canbe put in the form

kT
—Qz,2,,T)= v—h(Zl Q[ W, W]+ 2z Qp[ We , W]

+V§O)+E[¢hv¢t!¢ei¢c]v

wherewe havedefinedVéy=[£(r)dr. All the fields,w, &,
anddensities,¢, arefunctionsof the fugacities,z, , z,, and
temperatureAll of the above-mentioneds a simple exten-
sion of previousproceduré.

Thereremainsonly to specify how the partition func-
tions of the lipids and of the peptidesare calculated.One
definesthe end-segmentistribution function of the lipid
q(r,s), a function of the externalcoordinater and internal
coordinate s. The latter, measuredalongthe lipid, takesthe
value O at the end of one tail, passeshrough 1/2 at the
headgroupandtakesthe value 1l at the endof the othertail.
Becausehe lipid tails aretreatedascompletelyflexible, the
end-segmentdistribution satisfies the modified diffusion
equation

13

0qf9rs'5) —2RgVq(r,s) +[wp(r) 8(s—1/2)
+wy(r)]q(r,s)=0, (14
with initial condition
a(r,0=1. 15

Fromthis function, one obtainsthe partition functionsof the
lipids,

Q|:J' drq(r11)1 (16)
and,from Egs.(9) and(10), the headandtail densities
én(r)=zexp{ —wn(r)}a(r,3-)q(r,3-), (17
1
ain=2 | dsar9ara-s). a8

To obtainthe partitionfunction of the peptide onedefinesits
end-segmentlistribution function qp(r,ﬁ,s), wheren is a
unit vector which specifiesthe orientation of the peptide.
Becausehe peptideis rigid, andof lengthLb, this function
satisfiesthe equatiofs®
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9q,(r.n,s) . .
T+Lbn~qup(r,n,s)

+{We(N[8(s)+ 8(s—1)]+Wc(r)}a,(r,n,s)=0, (19

with initial condition

Gp(r,Nn,0+) =exfd —we(r)]. (20)

From this function, one obtainsthe partition function of the
peptide,

Qp=f drf dng,(r,n,1), (2D
and,by meansof Egs.(11) and(12), its endand core densi-
ties,

¢e(r)=22pf dng,(r,n,1), (22)

1/2 R R .
qbc(r)=22,[,fO dsf dngy(r,n,s)qy(r,—n,1-s). (23

To summarizetherearefive self-consistenequationsto be
solvedfor the five fields wy(r), wy(r), we(r), we(r), and
&(r). TheyareEqgs.(4) to (8). Thefields dependon the four
densitiesen(r), ¢:(r), ¢e(r), and ¢(r), which dependin
turn, on thesefields. The densitiesare given by Egs. (17),
(18), (22), and (23). Once the fields and densitiesare ob-
tained,the free enepgy follows from Eq. (13).

We areinterestedn theway in which the peptidesaffect,
on the averagea periodic array of lipid bilayers,thatis, a
lipid lamellar phase We thereforeassumethat the lamellae
are uniform in their plane,andvary only in the normal di-
rection, specifiedby the coordinatez.

In the limit of vanishingpeptidedensity it is sufficient
to solvefor the fields and densitiesof the purelipid bilayer,
andthento solve Eq. (19) for the peptideend-segmentlis-
tribution function in the presenceof thosedensities This is
easilydonein realspacesincethe solutionof Eq. (19) is just

qp(r,ﬁ,s)zexp[ — f:dt We(r +tn)[ 8(t)+ 8(t—1)]

+We(r+tn)

and the fields are provided by Egs. (6) and (7) with ¢,
=¢.=0.

At nonzero peptide densities, the full set of self-
consistentequationsmust be solved,and it is more conve-
nientto expandall functionsof the positionr andthe direc-

tor n in termsof a completesetof basisfunctions?*2*

o

g(r,ﬁ>=| mEZO 91.mf1.m(2,€0S6), (24)

wherecosé is the projectionof the unit vectorn onto the z-
axis.A convenientsetis

f| o(z,c0860) = (2l + 1)Y2P,(cos#),
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2m7mz
f| m(z,cos8)=(4l+2)Y%co —p | Pi(cos)

even m,

(29

2mmz
D

fi m(z,c0860) = (41 + 2)1’23in( )R(cose)

odd m,

where?P, is thelth Legendrepolynomial,andD is the period
of the lamellae.The latter is determinedby minimization of

thefree enepgy with respecto it. Detailsof the procedurdor

solving the self-consistentequationsin this basis can be

found elsewheré? Of importancehereis that the expansion
into theinfinite setof basisfunctionsmustbetruncatedo an

expansionin a finite number of such functions. We have
utilized 30 valuesof | and 10 valuesof m, or a total of 300

functions.The errorsin the free enegy broughtaboutby this

truncationarelessthan0.1%. Notethatthe descriptionof the

peptide, which requiresnonzerovaluesof |, increaseshe

numberof basisfunctionsrequiredby a factor of 30. Had

solventbeenincluded, the necessarynumberof basisfunc-

tions would haveincreasedstill further It is for this reason
thatwe haveignoredsolvent.However as the essencef the

phenomenorwe study lies in the interactionof the peptide
with thelipid bilayer, it seemdikely thatthe solventplaysno

crucial role. The agreemenbetweenexperimentand our re-

sults supportsthis.

The parametersve havechosenfor our calculationsare
asfollows. The lipid is characterizedy the volume of the
headgroupp,=370 A3, andthe volume of the tails, 2Nv,
=999 A3. For comparisonthe volume of the phosphatidyl-
choline headgrougs 337 A2 andthat of two tails with sev-
enteencarbonsand one double bond eachis 985 A%.2° The
radius of gyration of the tails was takento be Ry=12.3 A
which wasfound to be reasonablén a previousstudy?! The
peptideis characterizedby the volume of the end groups,
whichwe took to bev .= 555A2 each the volumeof eachof
its coreunits,v .= 96.2A3, andthelengthof eachcoregroup
b which we took to be the length of eachaminoacidin an
alphahelix conformation,1.5 A . For comparisonthe vol-
ume of the two tryptophansand two alanines,which were
only a portion of the endgroupsusedby de Planqueet al.,**
is 460 A3, while the averageof the volumesof the core
alanineandleucineunitsis 95.5A%. Theinteractionstrength
betweenhydrophilic and hydrophobicelementss suchthat
x7:=20, a value which placesthe systemwell within the
lamellar phase but not so strongly segregateas to require
anoverly large numberof basisfunctions.We havetakenthe
numberof peptideunits to vary from L=10 to 40.

Ill. RESULTS

We first considerthe limit in which the densityof pep-
tide is vanishinglysmall. The volumefraction distribution of
the lipid headgroupsndtails in the anhydroudipid bilayer
areshownin Fig. 1. The period D, in units of the radiusof
gyrationof thelipid tails, Ry is D/Ry=2.831.The thickness
of the hydrophobicregion,D,,, as definedby thosepointsat
which the volume fraction of the tails y,®,=0.5,is D,/D
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FIG. 1. Volumefractiondistributionof thelipid headgroupsndtails in the
lamellar phaseplotted vs coordinatez perpendicularto the lamellae.The
wavelengthof the phaseis D. z/D=0.5 corresponddo the centerof the
headregion,andz/D=0 and1, to the centerof the tail region. The inter
action strengthbetweenhydrophobicand hydrophilic entitiesis suchthat
X7=20.

=0.757.The profile of Fig. 1 indicatesthat the systemis
relatively weakly segregatedLipids in apposingbilayers
havesignificantprobability to be found in either

It is of interestin this limit to determinewhetherthe
insertedpeptidespansthe bilayer and, if so, whetherit in-
sertsnormal to the bilayer or at an angle, 6, to it. This is
readily determined. We compute the probability
distributior?*

Fﬁ(z,cosa)Eqp(z,cose,l)/J dzd(cos#)q,(z,cos6,1),

of peptide endswhich are at an angle # with the bilayer
normal, when that end is located at position z within the
bilayer The coordinatesz/D=0 and 1 correspondto the
centerof the tail region,asin Fig. 1. The probability distri-
bution canbe calculatedfor peptidesof differentlengthLb.
It is shown in Fig. 2 for an L=20 peptide, for which
Lb/Dy=1.143,thatis, somewhatongerthanthe hydropho-
bic thicknessof the bilayer One seestwo major and two
minor peakscorrespondingrespectivelyto peptideswhich
spanthe bilayer, and peptideswhich do not. We first discuss
the former

Of the two major peaks,one correspondgo a peptide
insertedalmostnormally, at an anglesuchthat cos6~—0.9
and with one end at z/D~0.35. This peptidewould pass
throughthe tail region at z/D=0. Endsof peptidesin the
adjacentlamellae near z/D~0.65 are characterizedby an
angle w— # sothatthe valueof the cosineis the negativeof
thatof thefirst peak.Thus,the secondpeaksimply describes
the other end of the rigid (and periodically repeatefl pep-
tide. As the terminal group of the peptideis anchoredn the
regionbetweerlipid headsandtails, it would presumablybe
little affectedby solvent,which modifiesthe headgroupre-
gion.

In orderto illuminate the behaviorof this angleof inser
tion, we integratethe probability distribution of Fig. 2 over
all spatialpositionsfor a fixed angleto obtainthe probability
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FIG. 2. Normalizedprobabilitydistribution,'ﬁl(z,cosa) of the orientation,
cosé, and location, z, of the peptideends for a L= 20 peptide,of length
Lb/Dy=1.143, with D,, the hydrophobicthicknessof the lamellae.The
centerof the lipid tail regionis at z/D=0 and1. Contourvaluesaregiven
in thelegend.

distributionP (cos#). It is shownin Fig. 3 for severalvalues
of the hydrophobiclength of the peptideLb divided by the
hydrophobicthicknessof the bilayer, Dy,. From this distri-
bution we obtainthe averageangleof peptideinsertionand
themostprobableangleof insertionasa functionof Lb/Dy,.
Thesequantitiesare plotted in Fig. 4 in dashedand solid
lines, respectivelyWe observethat peptideswith hydropho-
bic lengths(Lb/D}))<(L*b/D}) =1.07,insertnormalto the
bilayer This ratio is not equalto one becauseur definition
of the hydrophobicthicknessof the membraneD,,, in terms
of equalheadandtail volumefractionsis, like all otherdefi-
nitions of this quantity a somewhatarbitrary one. Peptides

T T T T T T T T T
st
2.286
6
o
72}
S
= 1.486 1.029
L4 NI372 1257 LA
U /./ \/:\\\ . —.‘..
./. j
2
0 02 0.4 0.6 0.8 1

cos0o

FIG. 3. Normalizedprobability distribution P (cos#) of the orientationof
the peptideends vs cos 6 for variousrelative peptidelengthsLb/Dy,, as
notedon eachcurve. The lengthscorrespondto L=16 to L=26 in incre-
mentsof 2, plustwo extremecases| =10 andL =40. The insetshowsthe
fraction, I, of peptideswhich do not insertinto the bilayer asa function of
Lb/Dy,.
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FIG. 4. Full line: locationof the peakin the probability distributionfunction
P(cos#) which occursat nonzerovaluesof cosg; dashedine: meanvalue
of cosé, dottedline: simple1/L behavior Curvesaregiven asfunctionsof
peptidelengthin units of D, (lower x scale andL (upperx scalg.

which arelongerthanL* b insertat a nonzeroangleto the
membranerormal. Their terminalgroupsareanchoredo the
interface.Onemight haveexpectedhatfor L=L*, the pep-
tide would insertat an anglesuchthatits hydrophobicthick-

nessmatchedhat of the membranei.e., cosf#=L*/L. Indeed
in our calculation,oneseeshe dependencen L cosé in the
secondermof Eq. (19). Howeverthe incompressibilitycon-
dition dependsonly on the volume of the peptide,propor

tionalto L, not on its orientation.Thus,the peptideinsertsat
an anglesomewhadifferentfrom that which causeghe hy-

drophobiclengthsto match, and the behavior cosf=L*/L

shouldonly be anapproximatiorto the actualbehavior That
thisis indeedsois seenin Fig. 4, wherewe haveplottedthis
dependencasadottedline. Oneseeghatour resultsdeviate
from this simple description.

Returningto Fig. 2, we also observethe two smaller
peaksat cos#=0 correspondingto a fraction of peptides
which do not traversethe lamellae,but are parallelto it. As
our modelpeptideis predominantlybut not completely hy-
drophobic,the nontraversingpeptidesare found somewhat
below the head-tailinterfacein thetail regionof the bilayer
In orderto determinehow this amountof nontraversingep-
tidesvarieswith the peptidelength,we calculatethe fraction
of peptideswith an end at sufficiently large angle 0<cosé
=<0.2,

0.2

= fo P (cos6)d(cos#). (26)
This fraction is plotted versusLb/D,, in the insetof Fig. 3.
We seethat the fraction, which doesnot insert acrossthe
membraneincreasesvith the mismatchbetweerpeptideand
bilayer hydrophobicthicknesses(Lb/D,)—1, irrespective
of the sign of the mismatch.The largestfraction of inserted
peptidesoccursfor Lb/D,~1.15.

We now considernonzeropeptide densities.We have
calculatedthe period, D, of the lamellarphaseasa function
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FIG. 5. Rate,R, of increaseof relativelamellarperiodwith volumefraction,
Xp, of peptidevs relative hydrophobiclengthof peptide.

of peptidevolume fraction, x,, for valuesof x,<0.04 and
find that D variesapproximatehinearly with it; i.e.,

D(xp)/D(0)=1+Rx,, (27

where D(0) is the period of the lamellar phasein the ab-
senceof peptide.In Fig. 5 we plot the rate of bilayer thick-
ening, R, versusthe relative peptidethicknessLb/D,,. We
seethatthe insertionof shortpeptides.b/D,<1.17,causes
the period, and thereforethe bilayer thickness,to contract,
while the insertionof long peptidescausest to increaseAs
the peptidesbecomelonger the rate of increasebecomes
smaller Eventually the insertion of sufficiently long pep-
tides,Lb/D> 1.6, causeshe bilayer thicknessto decrease.

IV. DISCUSSION

Our resultsreplicateandilluminate the experimentate-
sultslistedin the Introduction.We recallanddiscusghemin
turn.

The insertion of peptides whose hydrophobic thicknessis
less than that of the bilayer causes a reduction in the bilayer
thickness.

Our calculationreproduceghis result. The behavioris
clearly dueto simple enegetic considerations.

The insertion of peptides whose hydrophobic thicknessis
greater than that of the bilayer causes an increase in the
bilayer thickness. As the peptides are made longer by a cer-
tain amount, &d, the membranes continue to thicken, but the
increase in membrane thickness is less than &d.

We reproduceaheseresults.As notedearlier, their origin
is not obvious,for enegetically the peptideswould be satis-
fied to insert at an angle such that the bilayer would not
deviatefrom its original thicknessat all. The reasorfor this
behavior therefore,is clearly entropic.To understandt, we
needonly recall the reasonthe bilayer thicknesstakesthe
valueit doesin the absenceof peptide.The repulsiveinter-
actionbetweenlipid headgroupsndtails tendsto crowd the
headgroupstogetherwhich, from the constraintof incom-
pressibility causedhe lipid tails to stretch.This tendencyis
opposedby the loss of tail entropy such stretchingbrings
about.The equilibriumthicknessof the bilayerresultsfrom a
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balanceof thesetwo tendenciesThusin theequilibriumcon-
figuration, the lipid tails are stretched® Peptides,being
rigid, do not stretch,andthereforeloseno suchentropyif the
bilayerthickens while theydisplacdipid tails which restrain
the membranerom thickening? Thusit canbe understood
that the insertionof longer peptidescauseghe width of the
bilayer to increase.The orientationof the peptidethen ad-
justs to this increasedwidth. Within this mechanismhow-
ever thereis no reasornthata givenincreasdan the length of
the peptideshouldresultin a correspondingncreasein the
thicknessof the bilayer

An increase in the magnitude of mismatch, whether due
to peptides being too long or too short for the membrane,
results in an increase in the fraction of peptides which fail to
incorporate in the membrane.

Our calculationreproduceshis asshownin the insetto
Fig. 3. Shortpeptidegendnotto insertfor enegeticreasons.
Long peptidestend not to insert even though there is no
enepeticpenaltyto do so. Presumablytheyfail to insertdue
to the loss of lipid tail entropy which increaseswith the
length of the hydrophobicportion of the insertedpeptide.

In addition to reproducingthese experimentalresults
which demonstratedts efficacy our model also yields pre-
dictions.As notedearlier we foundthatinsertionof peptides
whose hydrophobiclength is greaterthan the hydrophobic
thicknessof the membraneausedhe membranehicknesgo
increaseAs the peptideis madelonger, the rate of increase
of membranehicknesswith peptidelength,denotedR in Eq.
(27), decreasein accordwith experiment’ Strikingly, our
modelpredictsthatinsertionof peptideswvhich arevery long
comparedto the hydrophobicthicknessof the membrane
(Lb/Dy>1.6in Fig. 5) actuallycauseshe membranehick-
nessto decrease. We believe the reasonfor this is that a
significantfraction of theselong peptidesdoesnot traverse
the membraneput lies parallel to it. Becausethe peptides
havea muchlarger endgrouprelativeto its corethando the
lipids, they createrelatively more free volume for the lipid
tails to fill, i.e., they effectively increasethe areaper lipid
headgroup.As the systemis incompressiblethis effect tends
to make the bilayer thicknessdecreaseWe have recently
learnedthat this unusualthinning of the bilayer on the addi-
tion of relatively long peptideshasbeenobserved®

Finally, our modelmakespredictionsaboutthe insertion
of peptidesat very low densities.Short peptideswhosehy-
drophobicthicknesss lessthanthe hydrophobichicknessof
the bilayer, insertnormalto it. Peptideswith a hydrophobic
thicknessgreaterthanthatof the bilayerinsertat an angleto
the normal which grows with the hydrophobic mismatch.
Although gramicidinchannel®’ aretoo large andcomplexto
be describedy our theory we expectthe samebehaviorfor
proteinswhich spanthe membranewith a singlealphahelix.
As we haveignoredlocal effectsin the plane of the mem-
brane theactualangleof insertionwill differ somewhafrom
that which we have calculated but the qualitative behavior
will not be changedExceptfor very large mismatchespur
theory predictsthe tilt to decreasewith increasingpeptide
concentrationAlthough thereis much dataon helix tilt in
specific systems, there appears to be no attempt
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at a systematiccorrelationof it with hydrophobicmismatch.

Suchdatawould be mostinteresting.
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