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Statistical Mechanics of Membrane Protein Conformation: A Homopolymer Model
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The conformation and the phase diagram of a membrane protein are investigated via grand
canonical ensemble approach using a homopolymer model. We discuss the nature and pathways of
a-helix integration into the membrane that result depending upon membrane permeability and polymer
adsorptivity. For a membrane with the permeability larger than a critical value, the integration becomes
the second order transition that occurs at the same temperature as that of the adsorption transition. For
a nonadsorbing membrane, the integration is of the first order due to the aggregatiomedices.
[S0031-9007(98)06428-X]

PACS numbers: 87.15.By, 61.41.+e, 64.60.Cn

Membrane proteins regulate signal transduction andace and penetration into its interior (Fig.1), as will be
ionic or macromolecular transport across biomembranesletailed. Motivated by the fact that hydrogen bonding is
Because of their unique roles in biological functions, theirvery stable in the hydrophobic environments [8], we as-
conformations and the folding pathways are importansume thate-helix structure is formed if and only if the
issues in biological physics no less than the correspondingegments are placed within the membrane. Here we ne-
aspects of globular protein folding. Folding of an integralglect other secondary structures suchBasheets for sim-
membrane protein carries different characteristics complicity. Another important observation to incorporate is
pared to globular protein folding due to the hydrophobicthat thea helices preferentially aggregate to form a ther-
environment of phospholipid membrane [1]. In a waterymodynamically stable structure, calledhelix oligomer,
solvent, the outer surface of a globular protein is usuallywhich is dominant over the dispersedhelices [9].
covered with hydrophilic segments, while the inner In our model, ana-helix column has a fixed num-
space is filled with hydrophobic segments to minimizeber of hydrogen bonds (implicitly representative of
the protein-solvent interaction energy. In contrast, anembrane thickness), with the statistical weight ~
membrane protein has hydrophobic outer regions inside; exd —B(ne;, + €,)], where B = 1/kgT, oy, =
the membrane to minimize the protein-lipid interactionexp(Asy/kg) < 1. The €, < 0 and Asy, < 0 are the
energy [2]. energy and the entropy change associated with hydro-

The three dimensional structures of a great varietygen bonding, ande, < 0 is the aggregation energy
of globular proteins are experimentally known. Yet theper helix column. On the membrane surface, polymer
structures of only a few membrane proteins are resolvedsegments are allowed to be adsorbed with the statistical
because the proteins embedded in hydrophobic menweight for k segments given bys ~ o* exp(— Bke;),
branes are difficult to handle experimentally [2]. Sincewhere €, < 0 is the segmental attraction energy, and
the structural determination of Bacteriorhodopsin [3], the
idea has been widely accepted that the membrane pro-
teins are predominantly made up @fhelices induced by
hydrogen bonding [4]. Unlike the globular proteins, the
membrane proteins can adopt only a few basic structures
such asa helix, allowing more tractable theoretical ap-
proaches for membrane proteins.

Surface-adsorbed Train (S)

Returning Loop (R) Loop (L)

While a number of theoretical studies have been done
separately on globular protein folding [5] and polymer ad-
sorption on membranes [6], there are few efforts devoted
to the folding of membrane proteins involving the surface
adsorption [7]. In this Letter, we address this problem us-
ing the statistical mechanics via grand canonical ensemble
approach. To extract the salient features of the conforma-
tions and their transitions from the intractable complexity
characteristic of the real proteins, we introduce a simple
but tenable model: a long homopolymer which undertakes

a random walk outside the membrane regarded as planglg. 1.
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Schematic figure of a membrane protein. Five differ-

and can interact with it via contact binding on its sur-ent domains are indicated.
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change by adsorption. Because of chain connectivity, Q
the domains other than the membrane-bound oligomer

and surface-adsorbed trains consist of two end tails, loops NS
starting or ending at surface trains, and loops that connect +{ + ?Z. é + }
+ ==

o = expAs/kg) <1 with As the segmental entropy [ LLS

two helix columns (return to the starting point as the radius

of an a helix will be neglected in this work) (Fig. 1). A

tail of £k segments has the statistical weight of random

walk in half-space which departs from the membrane surFIG. 2. Diagrammatic representation of the partition function.
face and ends up anywhere in the half space [BQ],~

g*/k'%, where ¢ is the segmental partition function. rate the interconnected arrays of all the domains between
Loops have the statistical weights of random walks endingwo tails (for example, the eleme#, represents all the
up anywhere on the surfac#, ~ ¢*/k*?, and of those connected arrays starting from train and ending with he-

returning to the starting point; ~ ¢*/k>? [11]. lix), we finally get the total partition functior® and its
We construct grand partition functions of five different diagrammatic representation (Fig. 2),

kinds of domains as follows. The bound chains as a helix )
column and a surface-adsorbed train have, respectively@ = O7(Bi + Bio + By + Bx)
the partition functions = [03(0s + On)]

Qn(zm) = Inzigy &= Blney + el (1) + [07(0301 + 050101 + Qn0LOs + 0} 0r)]
+ terms withp = 2. (6)

0s(z) = I, ) zFo* exp(—Bke,)
g kZ‘l A Here we regarded the two ends of the polymer to be
= I,zoexp(—Be)/[1 — zoexp—Be)], (2) Qis_tingui'shable. We will cpnsider the the(modynamic
limit, written as (N) — o, in order to define phase

where I;,, I, are the nucleation or initiation parameters yransitions that result. Then the partition function is
for an « helix and a surface-adsorbed train, respectivelyeqyced to

[12]. The z and z), are the segmental fugacities out-

side and inside the membrane, respectively, which de- 0~ Q%, T>T,, 7
fines the chemical potential differendgn = uy — u = 1a-N T<T,, ()
B! l,OQ(ZM/Z)’ a measure of membrane permeability de-pare ) js the largest eigenvalue &fX, given by
termined by environmental effects such as membrane hy- :
drophobicity. Withg = 1, neglecting the irrelevant bulk , _ ° n
contributions, the grand partition functions of a tail, a 2 (Qs0 + 0 Qx)
loop, and a returning loop are given by

1
- + 5 (050 — 0nQr? — 4050101 (8)
=A k' =A ), 3 . . .
0r(2) T,;Z / 781/2(2) ®) andT,. is a critical temperature determined froifz =
" ,T=T.)=1.
— A k32 = ’ 4 For T > T,, the tail is the only allowed conformation,
Q) Lk;z / £83/2(2) “) indicating that the polymer tends to be desorbed. For
w T < T., the surface trains and/or helices with loops
Or(z) = A K= A (2), 5 and returning loops in between become dominant, which
: : ;; 15/ ®) indicates the stability of the membrane-bound phase. The
whereAr, A;, A are constants of the order of unity, and segmental fractloin1 of each domain can be definefi as
gm(2) is the polylogarithmic function of orden. (N)/AN) = (N) '(3log Q/alogQ;) (3 logQ;/alogz),

The total grand partition function of the membrane-Where i = S,R,L represent three different types of
bound polymer can now be calculated considering everﬁ'onj?'”s considered (Fig. 1), andy = (Nu)/(N) =
possible conformation made of all the domains. To thigN) " (dlog @ /dlogQx) (9 log Qr/dlogzy), for the he-

end, consider the transfer matrices defined as lix domain. Depicted in Fig. 3 are the segmental fractions
vs temperature, where all the energy parameters, scaled in
X = [ Qs 0 } Y = [ Or 0O } units of e/, are taken to be the same order of magnitude,
0 QOn [ O Or [’ and the entropieds and As,, are taken to be the order

which represent, respectively, the two membrane-boundf unity, with kg = 1 [13]. As shown in Fig. 3(a), the
domains (adsorbed-train ang-helix) and two types of desorption-adsorption transition, which is of the second
loops ¢ and R) joining them. Introducing the matrix order as is known, takes placeZat= T., where the order
B = XZ;f:O[YX]P, whose elements properly incorpo- parameter, the surface-adsorbed segmental fractigh (
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FIG. 4. Specific heat (in units okz) versus temperature.
04 Parameters are the same as in Fig. 3(a).
0.2 The two temperatures appearing in our model, the
desorption-adsorption temperatufe and the helix inclu-

sion temperaturd’,, govern the pathways of our model-
homopolymer integration into membranes. They are,
respectively, similar to coil-to-globule transition tem-
FIG. 3. Segmental fractions of a membrane-bound polymer verature T, and folding transition temperaturé, in
temperature. The parameter values throughout this paper agdobular protein folding; like the globular phase, the ad-
selected as [13F — exp(—1), o) = exp(—2), A, =1, Az =  sorbed phase is indeed an intermediate state approaching
0.5, I, =001, I, = 0.1, n =12, €, = —3, where energies o npaive folded structure [15]. Recently, Klimov and

and temperature are in units lef,|. (a = —Au = —2. . . . .
Desorpﬂ%n -adsorption transnihcf)rl] ték)éhplaggrat: TM ~ 130 Thirumalai showed an evidence that globular protein fold-

T/eg

continuously, while the helix inclusion occurs &< 7, =  ing time is scaled as ~ exp[J|Ty — T(|/Ty], whereJ
0.82. (b) €, = —3 (more permeable membrane). Adsorption is a model-dependent constant [16]. Even without con-
and helix inclusion occur simultaneously at=T7, = T), = sidering the analogy, Fig. 5 suggests that a rapidelix

1.46, but the helix structure becomes dominant over the;

adsorbed state at lower temperatures. integration can be attained f@germeable and adsorbing

membranes, withe, lower than a critical value where
T. = T;,. A detailed analysis of the free energy landscape
increases from zero continuously Ass lowered from7..  and barrier crossing dynamics should confirm this highly
Further lowering of the temperature drives the polymerplausible suggestion.

integration in a form ofa-helix aggregate af’ = T,

the helix inclusion temperature, which is defined by the

local maximum of specific heat. The specific heat curve, 25 : : : :
shown in Fig. 4, clearly indicates that structural changes
occur at both7,. and T,,. The specific heat diverges at 2
T = T., and has a local maximum &t = T}, indicating
the helix formation that is a crossover [14]. 15

As the value ofe, = €, — Au, the energy ofa- '
helix inclusion per segment, is lowered, or membrane Tlled 1 Helical Ad .
permeability is increased, approached’., so that for I In?:lltfsion Do?noiiwpat:%n |
the values ofe, smaller than a critical value (about Dominant
—2.6 using the parameters employed in Fig. 3), the helix 0.5 r T i
inclusion is promoted to the second order transition with h-.
T, = T.. Figure 3(b) depicts the segmental fractions 0 ‘ ‘ ‘ N
for this case €, = —3). It is shown that, in contrast -5 -4 -3 . -2 -1 0
to Fig. 3(a), helix formation dominates over adsorption Eplled

below the common transition temperature. The phas IG. 5. Phase diagram of a membrane-bound polymer. The

diagram in Fig. 5 summarizes the foregoing dISCUSSIon§0I|d line indicates the second-order transition, while the dotted
concerning the conformational phases and their transitionge indicates the crossover between adsorpt|on anrbelix

for wide range ofe;, and temperature. inclusion. Parameters are the same as in Fig. 3.
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We now consider the situation ohonadsorbing and finite length effect involving chain stiffness of real
membranewhere Qg, the partition function of surface- proteins are neglected, our model gives some nonspecific
adsorbed domain vanishes (for examplethe adsorption features of membrane protein conformation, in particular,
initiation parameter is zero). We then find the eigenvalughe roles of membrane hydrophobicity and segmental in-
A = QnOg, signifying that the partition function incor- teraction with the membrane surface.
porates the conformations generated from recurrence of a We acknowledge the support from KOSEF(961-0202-
helix and a returning loop in series. In this case, the poly©007-2), BSRI(97-2438), POSTECH special fund program,
mer inclusion forming thex-helix oligomer is found to and School of Environmental Engineering, Postech.
be the first order transition. At the transition temperature
T, which is again determined by(z = 1,7;,) = 1, the
order parameter, the fraction of segments in dhbelix
oligomer (fg), changes discontinuously from zero to
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