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Adsorption of a random copolymer at a lipid bilayer membrane
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We examine the conformational properties of a random copolymer, containing a disordered hydrophobic/
hydrophilic sequence of monomers, in the presence of a hydrophobic potential well. The model can be used to
understand the structural properties of the adsorption of a protein molecule at a lipid-bilayer membrane, and the
properties of a random copolymer at the surfaces of a microphase-separated layered polymer structure. Using
a trial-potential treatment we demonstrate that a mainly hydrophilic chain may localize on the surface of the
bilayer and that a mainly hydrophobic chain may have two typical conformations: localization on the surface
or complete adsorption inside the two surfaces.
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I. INTRODUCTION assumed to carry two types of monomets(hydrophobig
andB (hydrophilic,, and the gray area in Fig. 1 energetically
The interest in the physical properties of a model polymerprefersA monomers with an adsorption energy gdimper
chain containing two types of monomeisandB at an in- monomer. For a fixed potential-well gajl 2nd a weaké the
terface stems from attempts at understanding practical sy§roblem can be separated into two uncorrelated interfaces,
tems that contain proteins and random copolymers. In pai€ach hosting a significant portion of a localized RCP, as il-
ticular, recent attention has been focused on the behavior ofldstrated in Fig. {a). On the other hand, a strongcorre-
random copolymer at a flat interface between two immiscibleésponds to an adsorption system of which the main portion of
solvents, one preferring and the otheB [1,2]. In addition  the polymer stays inside the potential well, as illustrated in
to the practical usefulness of this model system, the unusu&iig. 1(b). A crossover point exists where a mainly localized
localization phenomenon expected in this type of systgm Pphase switches to a mainly adsorbed phase, as the physical
has also inspired active theoretical studies in recent yeargonditions change. A phase diagram in terms of scaled vari-

[4-21]. ables is presented in Sec. lll.
Protein molecules are known to contain a disordered se-
guence of hydrophobic and hydrophilic residues, which in a Il. MODEL AND METHOD

simplified version can be considered as random copolymer . . . I
Mathematically, we consider a polymer chain consisting

(RCP. The binding of a membrane protein to a lipid bilayer : . .
largely depends on the competition between the hydroph of N - monomers, whose spatial configuration can be denoted
y F(s), and each monomer experiences an external field

bicity of each monomer and the resulting conformational en-
tropy of an adsorbed protein. It is commonly understood that, (A) (B)
since the interior of a lipid bilayer is hydrophobic, an entirely
hydrophilic chain cannot bind to the lipid bilayer. However,
less obvious is the possibility that a mainly hydrophilic chain
containing some hydrophobic monomers may bectoual-
izedat the lipid layer/water interface. Here we use the termi-
nology “adsorption” and “localization” to represent two dif-
ferent types of density profile. Figure(dl illustrates a
surface-localized RCP where the gray region represents a
hydrophobic environment. As long as a significant segment
of hydrophobic monomers exists, that segment will attempt i
to locate itself inside the bilayer, despite the fact that the | 'C: 1. Sketch of two surface conformations. A random copoly-

) ; . o mer can be in a surface-localized stdg&, where the monomer
chain could be dominantly hydrophilic. This is in strong con-

. . - . density is much higher at the two interfaces, or in a completely
f[rast Wlth. Flg'. 1b) where t_he entire _chaln can lmisorbe_d ._adsorbed statéh), where the majority of monomers are located in
into the interior of the bilayer region when the chain is

. . the interior of the potential well. Here, the gray area represents a
mainly hydrophobic.

: . . . solvent environment that prefers the gray monomers. In the case
In this paper, we aim at understanding the interplay beyhere a random copolymer contains more gray monomers, there is

tween sequence-dependent hydrophobicity and adsorptiofismooth transition from a localized state to the adsorbed state as
energy using a simple model. A random copolymer chain ighe temperature is raised. In the case where a random copolymer
contains fewer gray monomers, surface localization is still possible;
the random copolymer can be delocalized as the temperature is
*Corresponding author. Email address: jeffchen@uwaterloo.ca raised.
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w(z) which characteristically describes the bilayer back-whereF is the free energy associated with the unperturbed
ground. The potential energy that describes the interactiorlamiltonianH,. The overbar in Eq(9) represents an en-
between monomes and the background field/(z) has the semble average in the configurational space with respect to
form the Boltzmann factor oH,. We adjust the potential(z) so
that the terms involving the disorder average in B).can-
V[z(s),s]=[£+ e(s)Iw[z(s)] (1) cel each other and hence we can adopt the free ereygp

_ ) ) _an approximation foF. This produces a matching condition
where ¢ is an average interaction parameter. The function

e(s) is a random number that depends on the sequence, _ 1 —
© P ! v=—5(BA (W) +O[(BAY] (10
((s))=0, 2
where
(e(s)e(s))=A%5(s—s"), 3
N
whered(s) is Dirac’s delta function. The angular brackets in U[Z(S)]:—fo v(z(s))ds,

the above expressions represent an average over the se-

guence distributionA is a characteristic parameter measur- N

ing the strength of the disorderedness. The external potential wlz(s)]= —f w(z(s))ds, (11
w(z) is assumed to have the form 0

-1, |z]<d,

N
wiz(s)]=—| [w(z(s))]%ds.
1, |z|>d, ) fo

w(z)=

where the width of the potential well isd2 For a chain Eduation(9) is a free-energy expansion in powers of disor-
containing mainly hydrophobic monomer&;>0, and con- der. By truncating the expansion we are actually considering

versely for a chain containing mainly hydrophilic monomers,2 Perturbation approach. Dropping higher arder terms in Eq.
£<0. (9) is effectively dropping terms of ordeBA)” as displayed

in Eq. (10). Strictly speaking this approximation is valid in
the high-temperature, low-disorder limit.

We are interested in the long polymer limit only (

) >1). In this limit, the ground-state dominance approxima-
ds

The partition function of the chain can be written in terms
of a functional integral,

Q:f D[z(s)]exp(—fON
(5

wherez(s) is thezdirection coordinate of theth monomer,
D =3 the dimensionality of space, ap= 1/kgT the inverse
temperature. Introducing a trial potentialz) we have[19]

dz\?
ds +BV[z(s),s] tion [22] relates the solutionV’(z) of a stationary Schro
dinger equation

D
2a%

2
—;—DV2+,3§W(Z)+U(Z) V(z2)=EV¥(z) (12

to the monomer density distribution function of the system
p(2)=W¥(2)2. In the long chain limit, the free energy per
sz D[ z(s)]exp{—Hqlz(s)]—H4[z(s)]} (6)  monomer,f, is simply related to the eigenenergyby gf
=E [22].
with functionals With the assumption that the localization potential at both
z=d andz= —d can be represented by&function,

2
g—z) +Béw(z(s))+v(z(s))ds v(2)=—vod(|z| - d), (13)

N( D
Hol2(9)]- | {gz

(7)  wherevy>0 is an adjustable parameter used in the matching
condition Eq.(10), we are able to analytically solve E4.2).
and At the level of ground-state-dominating approximation, we
can show that the free-energy minimum corresponds to an

N . . A .
H[z(s)]= fo [Be(s)W(z(s))—v(2(s))}ds. ® feovr(rer? density profile, for which the wave function has the

The main purpose of the introduction of a sequence- A, costik,z), |z]<d,
i i al(2) | : V(z)= (14)
independent trial potential(z) is to enable the calculation Ay exp(—Ko|z]), |z|>d,
of the conformational properties in terms of a simple form of
v(z). Performing the disorderedness averg&ge we have where A;, A,, ki, k, are the wave function parameters.
. These parameters can be determined by equating the wave
- oV 2 ((H2 — (H2\) . . . function atz= *d, considering the mismatch of the slope of
(F)=Fo*(Hy) 2 ((H) = (H))+ ®)  the wave function ar= +d caused by the function poten-
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tial, and normalizing the monomer density function. Thisof the critical inverse temperature for the desorption transi-
procedure yields a set of algebraic equations that relate th#on, which can be determined by lettirig= f, = &,

parameters,
a2
_ K2 pe—
a2
~spketBE=E, (16)
Alcoshkld):Azqu_kzd), (17)
a2
vo=?[kltanh(kld)+k2], (18
and
sinh(2k,d exp(—2k»,d
%M d +A§q—2)=1_ (19
2kq ks,

Evaluating the averages in E@.1) and substituting them
into Eq. (10) with the help of Eqs(17) and(19) we get
cosh2k,d)+1 -1

sinh2k,d) + 2k, d

v0=(,8A)2(k +k, (20

BA=(§/A)G3(BAdIa). (26)
This equation, in the limitl>a/BA, gives a critical inverse
temperature directly proportional tg|/A2. In this case, the
two interfaces are very far from each other and can be
viewed effectively as two uncorrelated interfaces. For a
negative¢, the regions on the left and right sides are ener-
getically preferred; thus the RCP delocalizes and move to
one of these regions. This scaling relation is identical to the
critical point determined earlier in Refg3] and[19].
Combining Eq.(15) with Eq. (16) and Eq.(18) with Eq.
(20) we have

K-Ki=¢ 27)
kify(ked) +ko=[kf5(2ked) +ko] %, (28)
where the function$,(x) andf,(x) are given by
f1(x)=tanhx), (29
fo(x)= w. (30)
sinh(x) + X

The last six equations completely determine the six pa-

rametersA;, A, ki, kz, vo, andE, and hence completely The solution of Eqs(27) and (28) further determines the
determine the physical properties of the system. These si¥onformational properties of the system.

equations also contain the reduced inverse tempergthiges
an essential system-dependent parameter.

IIl. RESULTS AND DISCUSSION

The introduction of scaled parameters

— a
ki o= —Kk 21

1,2 \/EBA 1,2 ( )
@ﬁAd

a

: (22

— 2

&= W§ (23

We note thak, is always real and positive; howevis,
can be real or imaginary depending on the valueganhdd.
In the case of a redTl, Eq. (27) represents a hyperbola
defined on ak;,k,) plane for both positive and negatie
In the case of imaginarE this equation represents a circle
and the values of can only be positive.

First we consider a positivé where the interior of the
potential well is preferred by the RCP. In the transmembrane
protein case this means that the entire chain is hydrophobic
on average. Two asymptotic limits corresponding to known
results can be recovered from our calculation. In the case of

£<1, there is no net energetic gain for the RCP to be ad-
sorbed inside the potential well. However, due to disordered-
ness in the sequence, the RCP can be localized at the two
interfaces. The density profile can be schematically repre-

eliminates theBA dependence in the last six equations. Insented by Fig. @), where the density decays outside the
addition to the mathematical convenience in a reduced formpotential well exponentially as has been discussed before
Egs. (21)—(23) provide deeper physical insights. According [17,19 and the density profile inside the well displays a

to Eq.(21), any physical property associated with a length
has the scaling form

L=(a/BA)G,(BAd/a,& BA?). (24)
In addition, the free energy of the systdrsE/3 scales as

f=(BA?)G,(BAd/a,él BA?). (25)

squared hyperbolic cosine function. More importantly, in the
entire range of the reduced variala d/a, the free energy

is proportional toBA?, which is a signature of RCP local-
ization [3]. Another asymptotic limit is the case @& 1.
Since the adsorption preference is so large, the localization
phenomenon is completely hidden. The typical density pro-
file is represented in Fig.(B). Now, the free energy per

monomer can be estimated to have the magnitagewhich

Here, bothG, andG, are dimensionless functions. One con-is simply equal to the energy gain for each monomer to be
clusion that we can immediately draw is the scaling behavioadsorbed inside the potential well.
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FIG. 2. Typical monomer density profiles. In a localized state
(a), the monomer density is more concentrated near the interfacial
areas and the interior of the potential well/barrier has less mono- K
mers except for occasional crossing of polymer segniees Fig. 2 1
1(a)]. In an adsorbed statg), the monomer density is significant
only in the central region of the potential well.
More precise information can be gained from solving Egs. o

(27) and (28). Typical geometrical representations of Egs.
(27) and (28) are shown in Fig. 3 where the intersections K
give the solutions to these two equations. For small and posi-

tiveg(attractive potential wellEq. (27) represents branches FIG. 3. Schematic illustration of the solution to E¢&7) and

of a hyperbola pointing upright with a minimum located at (28) in terms of intersections of curves on tke andk, plane. In
k=0, kp= \/? Equation(28) is also symmetric abotk,  Plots (@ and(c), bothk, andk; are real numbers. In pldb) k; is
—0 and has a maximurg? on the &;.k,) plane. Since €@ Whereak, is imaginary.

both k; andk, are real, the typical density profile has two
peaks located at the two interface boundaffkeg. 2(a)].

As we increaseg (increasing well depththe hyperbola
starts to move up and as reaches the valug,, the real ot @5_1:0_
solution fork; and_kz disappears. Hence, we need to con-

sider an imaginank; and switch to the situation shown in The dashed curve in Fig. 4 demonstrates the localization-
Fig. 3(b). In this case Eq(27) represents a circle which adsorption transition. Due to the analytical nature of the

intersects the curve given by E@8) for any é&>&,. A  functions involved in determining this transition, in particu-

shown in Fig. 2b) and corresponds to a chain totally ad- k;, no mathematical singularity in the thermodynamical

1

This transition curve, in terms of andd, can be directly
determined from Eq927) and(28) and is the solution of

sorbed to the interior of an attractive potential well. properties is observed near the transition, which rules out the

The transition between these two key types of densitypossibility of associating this crossover phenomenon with a
profile, localized and adsorbed, takes place at phase transition.

o One surprising consequence of this analysis is that the

k,=0. (31 transition from an adsorbed state to a localized state is pos-
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sible as the temperatudecreasedor fixed ¢ andd. This is 2

particularly relevant to a transmembrane protein system,

where both the average hydrophobicity for a given protein 1L mewe ]
and the width of the lipid bilayer are fixed. A change in the T
reducedséo £/ BA? anddoc BAd is possible through changing E o

LOCALIZED

temperature. In an adsorbed state, a characteristic free energy

per monomer is-¢ at low temperature while in a localized

state the free energy per monomer can be estimated to have

the order— ﬁAZ F DELOCALIZED
Secondly, we consider the case &0, for which the -2

gray region in Fig. 1 actually represents a net repulsive bar-

rier. This corresponds to the case of a mainly hydrophilic

Chain, whose aVerage interaction with the interior of a I|p|d FIG. 4. Phase diagram of a random Copo|ymer chain in terms of

membrane is repulsive. Because of the lower energies OUfgqyced system parameteds- J6@Ad/a and é=2¢/BA2. The

side the potential barrier, a homopolymer wigktO cannot  solid curve represents a delocalization-localization transition of the

be adsorbed in any region near the barrier. However, a locakharacteristics of a second order phase transition, and the dotted

ized RCP takes advantage of the presence of interfaces aggrve represents a crossover from the adsorbed state to a localiza-

can still localize at the two interfacial boundaries at appro-ion state. Crossing of these phase boundaries is possible by chang-

priate temperatures. Mathematically, the branches of the hying the temperaturésee text

perbola describing Eq27) point in the right directior{see

Fig. 3(c)]. Only a realk, solution is possible, which corre- mnonomers are more concentrated near the center of the bi-
sponds to the boundary localized state shown in H@.2 |ayer. The characteristic free energies of these two states are

The localized RCP, however, is subject to a repulsive inyigterent: the former is proportional te- BAZ and the latter

teraction with the solvent inside the potential barrier, an 0 —& A smooth transition from the localized state to the

will leave the interfaces when the localization free-energyadsorbed state is possible Bincreases

gain is less than the net repulsive potential energy. This tran- Another important but yet counterintuitive feature is the

sition is determined by the fact that the solution to the . o . . .

, — — possibility of localization of a mainly hydrophilic chairg (
coupled Eqs(27) and(28) disappears ag reachety. The ) 5¢ the surface of the membrane. Energetically, without
transition line is analytically determined by letting=0,  consjderation of the entropic effect, this localization can be
which is equivalent to the statement that the free energyjewed as a perfect arrangement of the protein chain across
reaches a value equal to that in the bulk redite region far  {he interfaces, such that the hydrophobic monomers are all
from the interfaces f = ¢. The solid curve in Fig. 4 repre- inside and the hydrophilic monomers are all outside the lipid

sents this phase boundary. We can further show that thlBilayer. At a finite temperature, the competition of this local-

localization-delocalization transition has the characteristic§ : - . L o
. zation energy with entro ields a delocalization transition
of a second order phase transition, at least based on the cur: ay pyy

rent trial-function treatment. Monthus has demonstrated for %}sz:gg:gg;aet:srﬁnd?rfgrg]r:gﬁnd J; r']gtltﬁgya:/hei;g?ﬁ;r d\;\ggthhc,)t:ir::?ty

similar system that this transition could be of a different type f the chai
based on her renormalization treatmgts]. ofthe c ain. ) i ,
The trial-function approach used in this study, although
very efficient, may suffer in the low-temperature region, as
IV. CONCLUDING REMARKS we have ignored any contributions of ordgtX)* in a treat-
| h iod lculati ¢ th ment accurate to ordep3)?. In particular, since the cross-

h n sg_mmary,fwe avde carrne lout 5} catCLéatmn 0 tteover between localization and adsorption relies on an esti-
phase diagram for a random copolymer located neara poteil o of the free energy per monomer, a more accurate
tial well/barrier, based on a trial-function approach devel- . : .

calculation of the free energy is desirable at low temperature.

oped earlier by one of ufl9]. The system may display . . Lo .
i - : ; computer simulation that solves the Sattimer equation
delocalization/localization/adsorption states depending O@irectly with a simulated disordered sequerit], for ex-

two reduced parametekgT¢/A% anddA/(kgTa). In a pro- | b ful in d . h tion f
tein system¢ is the average interaction parameter with the@MP'€, ¢an be useful in determining the transition from a
hydrophobic environment in the lipid bilayeX, the variation localized state to an adsorbed state as the temperature in-

of hydrophobicity along the protein chain, amdthe half ~ Creases. .
width of the lipid bilayer. Our main purpose is to demonstrate the effect of sequence
Two important features emerges from our study. Using theélisorderedness on the transmembrane structures using a sim-
language of protein adsorption, we have demonstrated thatRified physical picture that contains only a few basic param-
mainly hydrophobic protein chairé0) can always be ad- eters. The model needs to be refined to include further com-
sorbed to the lipid bilayer system; however, it may displayplications in a real membrane system. There are other
different conformational properties. At low temperatures, theentropic/energetic contributions such as the excluded-volume
monomers are more concentrated near the two bilayer sumteraction that are not addressed here, and may dramatically
faces than in the central region, and at high temperatures, tr@hange the physical picture. For example, one needs to ad-

0 1 2 3 4
d
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