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Simple model to study insertion of a protein into a membrane

Riccardo Bonaccini and Flavio Seno*
INFM, Dipartimento di Fisica, Universita` di Padova, Via Marzolo 8, 35131 Padova, Italy

~Received 21 January 1999; revised manuscript received 26 May 1999!

A simple coarse grained model on a two-dimensional lattice is presented to elucidate the main effects ruling
the insertion of a protein into a polar environment such as a lipidic membrane. The amino acids are divided
into two classes~hydrophobic or polar!, and they behave differently according to their surroundings. In
aqueous solution the hydrophobic amino acids are forced to minimize contacts with water, whereas in the
apolar environment all the amino acids try to aggregate regardless to their specificity. The lattice is employed
in order to perform exact calculations and to generate a fictitious protein data bank. Despite the simplicity of
the model, some morphological features of the proteinlike lattice structures obtained by our model are com-
patible with the observed phenomenology of transmembrane proteins. These results seem to corroborate the
hypothesis that the number of classes into which the amino acids can be divided that correctly describe the
phenomena may be extremely low.@S1063-651X~99!08212-4#

PACS number~s!: 87.15.By, 87.10.1e, 36.20.2r
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I. INTRODUCTION

In the last decades a considerable effort has been
pended into unraveling many of the mysteries behind
chemical and biological functionality of proteins. Most
this work has been devoted to water soluble globular prote
~WSP’s!, for which a large variety of three-dimensional n
tive structures is experimentally known, and many theor
cal aspects have been worked out@1,2#.

On the other hand, much less is known about prote
~membrane proteins: MP’s! that cross biological membrane
and that rule solute transport, signal transmission, and en
conversion between the two isolated sides of the membr
This lack of knowledge about MP’s is related to the dif
culty in experimental handling. Membranes consist of ph
pholipid bilayers with a hydrophobic interior: the surface
a MP that interacts with such an apolar environment is a
hydrophobic and this property causes MP’s to aggregat
aqueous solution, unless detergents are used@1,2#. This cir-
cumstance makes crystallization of MP’s difficult and nat
structures have been determined only for nine of them@3,4#.

The most important and studied class of MP’s is that
transmembrane proteins~TMP’s!. These proteins span th
membrane from one side to the other by one or more tra
membrane segments~TMS’s!. They can have one or two
functional globular domains outside the lipid bilayer, on t
extracellular and/or the cytoplasmic side. As sketched in F
1, TMP’s are known to assume a rich variety of structu
which in part are embedded in the hydrophobic membr
and in part in the polar solvent. Typical examples are
bacteriorhodopsin, made up of seven TMS’s linked by loo
external to the membrane, and the photosynthetic reac
center made up of four polipeptide chains with 12 TMS
and two globular domains external to the membrane.

A special class of TMP’s are the pore-forming toxins, t
most famous of which is Colicin A~so we will call them
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Colicin A likeproteins!: while soluble in aqueous media the
nevertheless spontaneously insert themselves into lipid bi
ers @1,2,4–6#.

TMP’s are characterized by the presence in the prim
structure of long segments~20–30 amino acids! with a high
degree of hydrophobicity@1,2#, which correspond in the na
tive structure to the TMS’s. Another important feature is t
stability inside the membrane ofa helices andb sheets,
since these structures allow the formation of hydrogen bo
between the backbone atoms, not possible with the surrou
ing apolar molecules@7#. This implies that TMS’s are pre
dominantly made up ofa helices andb sheets.

The distribution of amino acids inside the membrane, a
their mutual interactions, are less well understood. Ea
studies suggested that the distribution of hydrophobic
polar amino acids would be the opposite to that observe
WSP’s, i.e., the polar amino acids are buried and the hyd
phobic ones exposed to the lipid molecules, with the me
hydrophobic value of buried amino acids roughly conserv
for both WSP’s and TMP’s@8,9#. More recent analysis ha
shown that such a scheme is too primitive, because s

:

FIG. 1. Examples of TMP’s with different morphological fea
tures: ~a! A single transmembrane segment~TMS, for simplicity
represented by a schematized helix! with a globular domain in both
extracellular and cytoplasmic sides of the membrane.~b! Some
TMS’s with a globular domain on both sides of the membrane.~c!
Some TMS’s with a globular domain on only one side of the me
brane~for example, the extracellular one!. ~d! Some TMS’s without
globular domains outside the membrane.
7290 © 1999 The American Physical Society
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PRE 60 7291SIMPLE MODEL TO STUDY INSERTION OF A . . .
amino acids, such as the aromatic and aliphatic ones, s
different distributions@10,11#. Very little is known even now
about the mutual interactions of amino acids inside the m
brane, and between them and lipid molecules. It is clear o
that TMS’s aggregate to form a compact cluster of second
structure units.

Given the difficulty in experimentally obtaining informa
tion about TMP’s, theoretical studies are particularly imp
tant to better understand such complex phenomena. Ver
cently some efforts have been made in this direction, lead
mainly to phenomenological models. The most successfu
these is the so-calledtwo-stage model@7#, which states that
the folding of TMP’s occurs in a two-step process: in the fi
stepa helices andb sheets are formed, while in the seco
step a native structure is reached.

In this paper we tackle a problem with a completely d
ferent strategy, namely, by using simple coarse grained e
models on a lattice@12–21#. The justification for such a
method is that, despite the enormous number of degree
freedom present in the phenomena, only a few parame
are relevant to describe the statistical behavior of foldi
Once identified, these parameters enable calculation in a
stricted configurational space~for example, on a lattice!
where analytical or numerical calculations can be done
high degree of precision. In this way it is possible to che
the quality of the assumptions introduced in the model
comparing the properties of the model proteins to the r
ones. Simple coarse grained lattice models have been s
applied to TMP’s such as Monte Carlo simulations to stu
mesoscopic models in which sequences and conformat
are treated in a very simplified way. Milik and Skoln
@22,23# studied the insertion of proteins inside the membra
by analyzing the dynamic behavior of few selected
quences starting from different initial configurations. Ge
sappeet al. @24# used a more schematic model on a cu
lattice to determine how the sequence distribution in a
phiphilic chains affects their behavior with the membrane

In this paper we develop a simple lattice model whi
takes into account only the hydrophobic effect, in order
verify whether this effect could be a mechanism sufficien
reproduce, at a coarse grained level, the phenomenolog
TMP’s. To this end we introduce a model on a square lat
that can be exactly analyzed through an exhaustive ana
of all possible sequences and conformations. As we will d
cuss in Sec. II, the choice of a two-dimensional lattice is
unrealistic because, for short chains, it correctly reprodu
the exterior and interior ratio of proteins.

In the model, the amino acids are merely divided into t
classes according to their affinity with water, and they int
act through contact potentials that are different according
whether the amino acids are in aqueous solution or inside
membrane. External fields are also used to favor the pres
of a H(P) monomer inside~outside! the membrane.

Due to its simplicity, this model~as well as those used fo
WSP’s! does not take into account secondary interacti
such as hydrogen bonds. Therefore, our approach cann
adequate to describe amino acid location inside the m
brane where such interactions are driving the formation
helices, but it can be extremely useful to select the relev
forces that are stabilizing the protein across the membr
For these reasons we decided to mimic the ‘‘membrane’
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the simplest possible way, just as a hydrophobic line~in two
dimensions! embedded in a polar environment, and to inve
tigate whether this scheme is already sufficient to induc
competition among the hydrophobic and polar amino ac
that stabilizes TMP-like configuration.

By looking at some phenomenological parameters, we
that at a coarse grained level the model reproduces the
nomenology of TMP’s and the existence of Colicin A lik
proteins~sequences with different native states in water
vironment or in the presence of the hydrophobic line!. These
results seem to justify the approximations introduced in
model and the importance of the hydrophobic effect in
sembling TMP’s.

The paper is set out as follows. In Sec. II we summar
the main features of the hydrophobic-polar~HP! model used
for WSP’s. In Sec. III we introduce our model as an exte
sion of it to represent some features of TMP’s. In Sec. IV
present the numerical machinery used to take into acco
the symmetries of the model in the presence of a membr
and to define the proper space of conformations. Section
devoted to a discussion of our results, and in Sec. VI poss
further developments are presented.

II. SIMPLE EXACT MODELS FOR WSP’s

Simple coarse grained exact models on a lattice h
widely been used to study globular proteins@12–21,25–33#.
They are recognized as extremely powerful tools to capt
the essential features of the folding problem, and provid
versatile way to address questions of conformational cha
that are too complex to be treated with microscopic mod

As discussed in Sec. I the key idea is to eliminate red
dant details. As a first step it is convenient to discretize sp
and to model the peptide chain by a self-avoiding rand
walk ~SAW! on a lattice@34#.

SAW’s on a lattice can be exhaustively enumerated
relatively long chains@35# ~from this fact the adjective exac
comes from! and dynamically studied by standard Mon
Carlo procedures@15,18#. Each step of such walks mode
the minimal unit of the model; it can represent a sing
amino acid~all the atoms forming it are substituted by
fictitious particle! or even clusters of them such asa helices
or b sheets. An external parameter can be also introduce
discriminate between the sizes of these amino acids and
packing properties@21#.

It is then important to find a suitable Hamiltonian th
describes the interactions between amino acids and am
amino acids and solvent molecules. An important simplific
tion is generally introduced by considering only short ran
two body effective interactions.

A sequenceS* can be a candidate for being a ‘‘mod
protein’’ ~good folder! only when it has an unique groun
state on some conformationG* ~encodable structure!.

The existence of such peculiar sequencesS* and confor-
mations G* can be checked on exact models simply
counting how many sequences and conformations have
property that

HG* ~S* !,HG~S* ! for any GÞG* ~1!

The ensemble of M sequences and conformation
@(S1 ,G1),(S2 ,G2), . . . ,(SM ,GM)# with such a property can
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7292 PRE 60RICCARDO BONACCINI AND FLAVIO SENO
be seen as a model protein data bank, and its features ha
be checked with those of real proteins in order to verify
quality and the robustness of the assumptions employed

Perhaps the most popular lattice model employed to m
elize the protein folding problem is the HP model of Lau a
Dill @12,13,17# which consider two kinds of beads denot
by H ~hydrophobic! andP ~polar!, and which is based on th
hydrophobic effect@2,36#. In this model the formation of
hydrophobic cores inside the native structures is induced
an effective two body attraction betweenH type beads,
which is usually stronger than the attraction between twoP’s
or between aP and anH. The effective nature of such inter
action can be interpreted as a consequence of integra
over the degrees of freedom of the solvent.

The virtues and drawbacks of the HP model are review
in detail in several papers@12,13,17,21#, and we just recall
that it has been used for at least two main kinds of proble
to deduce the main statistical features of the folding proc
@14–16# and to test the most advanced procedures to perf
protein design and to extract statistical potentials among
amino acids@25–33#. TheH andP classification in itself has
been shown to be an opportune scheme for designing
proteins@36–38#.

For the purpose of this paper it is worthwhile to noti
that most of the work done with the HP model, as well as
analogous simplified models, has been done in two dim
sions where exact enumerations are possible for lon
chains. This, however, is not thought to be a major incon
nience because the surface-volume ratio is more impor
than the dimensionality of the space@17#. To correctly model
the exterior-interior ratio of myoglobin in three dimensio
requires simulations made up of around 150 monomers,
in two dimension simulations of only 16 step chains a
needed @17,39#. Thus two-dimensional studies of sho
chains are regarded as models of longer three dimensi
proteins.

III. MEMBRANE HP MODEL

In this section we derive a model for studying the ins
tion of a protein in a hydrophobic environment. This mod
is designed to capture the feature that TMP’s have so
parts which span the hydrophobic bilayer and others in c
tact with a polar solvent. We make the assumption that
classification of amino acids as hydrophobic or polar is a
to roughly reproduce their position inside the membrane
in the external aqueous environment. The hydrophobic ef
vanishes inside the membrane, so another type of effec
interactions among the amino acids must be conside
however, at least in a first approximation the bare labelH
andP could still be maintained.

As we discussed in Sec. I the bilayer is spanned from
side to the other bya helices andb sheets which make up
the TMP’s. By our HP coarse grained scheme we are
able to take into account the specificity of amino acid co
tacts inside the membrane, or the interactions with the p
heads of phospholipids, so we are not able to reproduce
details of amino acid position inside the bilayer. Moreov
the protein spans the whole bilayer whenever it is inser
into one of its surfaces. In order to model this aspect fu
we would have to introduce a sort of stiffness contributi
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into the Hamiltonian for the hydrophobic region, which lea
to a complication of the computational task without a gain
the description we want to reach. Therefore, for our p
poses, we can model the membrane by a penetrable hy
phobic surface in the lattice that separates two polar regio
that we call thebulk environment. This simplification will be
a posteriorijustified by the ability of the model to reproduc
accurately the TMP phenomenology.

The model we present can be expressed in any dimens
ality but, for the reasons presented in Sec. II and for com
tational convenience, we consider a two-dimensional squ
lattice where the membrane is merely represented by a
The conformations a protein can adopt are represented
self-avoiding random walks made up ofN monomers or
beads~the considered fundamental unit of a protein!, each of
which is located on a lattice siter i5(xi ,yi). The liney50 is
our fictitious membrane. As in the HP model the monom
are divided in two classes, hydrophobic~H! and polar (P),
and a sequence is represented byS5(s1 ,s2 , . . . ,sN), where
si is H or P depending on the class of thei th bead. When two
monomers, both outside the membrane, not consecu
along the chain are on nearest neighbor sites they inte
according to the HP scheme, i.e., they change energy
21 if they are bothH, or 0 otherwise@12,17#. H monomers
in the bulk are forced to aggregate together in order to p
vent contacts with the polar solvent~sites in the bulk not
occupied by the SAW’s!. Obviously there is no interaction i
one of theH beads is sitting on the hydrophobic line and t
other one is off it. ClearlyH monomers may prevent contac
with the solvent by staying inside the membrane. We the
fore introduce a local fieldhHM to favor the presence ofH
type beads on the hydrophobic line, and a second fieldhPM
to prevent theP type beads for sitting on the line.

For the interactions inside the lipid bilayer, we assum
that we can integrate out the lipid degrees of freedom
consider short range two body effective interactions betw
the amino acids. In this way we assume that, at least in a
approximation, the entropic effects of packing amino ac
with surrounding lipid molecules can be either neglected
represented by effective interactions.

Since the hydrophobic interactions do not exist in t
membrane, we introduce a term in the Hamiltonian, wh
gives an energy gainv for each monomer contact~regardless
of type! inside the membrane line. The effect of this intera
tion is to favor the aggregation of monomers inserted in
lipid environment in compact domains, as observed in r
TMP’s, sov cannot be positive. Notice that previous autho
@22–24# who used coarse grained models, differentiated
teractions inside the membrane according to the kind
amino acids. However, as discussed in Sec. I the HP cla
fication is too schematic to reproduce the amino acid or
nization inside the membrane, so we believe that introduc
differentiated interactions in such context is not relevant
this ‘‘coarse grained’’ level.

The complete Hamiltonian of the model can thus be
pressed in the compact form

H5 (
j . i ,i 51

N

D~r i ,r j !@e~si ,sj !~12dyi ,0
!~12dyj ,0

!

1vdyi ,0
dyj ,0

#1(
i 51

N

dyi ,0
@hHM f ~si !1hPMg~si !# ~2!
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PRE 60 7293SIMPLE MODEL TO STUDY INSERTION OF A . . .
where~i! sums are over all beads forming the heteropolym
~ii ! D(r i ,r j) is an adjacent matrix which entries a 1 if r i and
r j are first neighbors in the lattice and not consecutive al
the chain, and 0 otherwise;~iii ! d i , j is the Kronecker delta
function, which gives 1 ifi 5 j and 0 otherwise;~iv! f andg
are two functions which give 1 when their argument isH or
P, respectively, and 0 otherwise;~v! e is the interaction ma-
trix of the standard HP models@12# e(H,H)521 and
e(H,P)5e(P,P)50; ~vi! hHM andhPM are the local fields
which respectively favor theH monomers in the membran
line and theP monomers in the bulk, respectively; and~vii !
v is the parameter related to the interaction between am
acids inside the membrane.

We will name this model the membrane HP model~MHP
model!.

In our studyhHM , hPM , andv are free parameters . The
cannot be knowna priori, and they could strongly depend o
the kind of biological membrane considered. We will sho
in Sec. IV that for a large spectrum of their values th
correctly reproduce the TMP phenomenology, so we
conclude that our schematization is sufficiently precise
that the values of these parameters could be recovere
statistical analysis similar to those used to extract interac
potentials between amino acids in WSP’s@30–33#.

IV. CONFIGURATIONAL SPACE AND NUMERICAL
ANALYSIS

Once the Hamiltonian of a lattice model for proteins
found, the next step consists of finding those sequences
could represent a protein and not merely a random
eropolymer. In Sec. II we showed that for the HP model t
is accomplished by assuming the ground state structure
sequence is its native one. This assumption is supporte
the famous Anfinsen experiments@40#.

Before extending this approach to TMP’s it must be re
ognized that now the folding process is much more comp
because it requires a larger and more complex machin
represented by several molecules, necessary for the rec
tion, insertion, and translocation steps of the whole proc
@4,41–43#. Despite the complexity of such a biological pr
cess, it is most likely, from a statistical mechanics point
view, that the system is driven to a global minimum in
energy landscape. Such a minimum is required to take
account the thermodynamical stability observed in r
TMP’s, which diffuse along the membrane, interacting w
many molecules but without significantly changing th
three-dimensional structure.

An alternative possibility is a selection, driven by som
interactions with the machinery and/or by related kineti
constraints, of a nonglobal, but local, minimum of the ene
landscape. Even though this is in principle possible, it sho
require a very specific statistical or dynamical mechanism
select the native state in a minimum that is not global, s
seems unlikely to be generic. In conclusion, the assump
that the native state is the state of minimal energy is also
most plausible one for TMP’s.

To find good folders one should check each of theqN

possible sequences~consideringq different classes of amino
acids!, and determine whether it admits a unique grou
state in the configurational spaceV, i.e., in the ensemble o
r;
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all possible SAW conformations. Lattice symmetries sho
of course be exploited to eliminate redundant equival
structures. This task is quite easy for WSP models: con
mations that can be mapped one from the other by a se
symmetry operations should be considered as equiva
structures~see Fig. 2!. Therefore, in a step by step constru
tion of a SAW by the backtracking algorithm, the transl
tional equivalence can be removed by fixing the start
point in the lattice, and the rotational and inversion ones
imposing the directions of the first step and of the first s
that is not aligned@35#.

In the MHP model this becomes more tricky since t
membrane breaks some of these symmetries. For exam
conformations are no longer equivalent through a transla
along they axis when at least one bead is touching the me
brane~Fig. 3!. For this reason we cannot fix they coordinate
of the starting point, soV now contains all the SAW tha
have any distanced between the starting point and the mem
brane line, and have at least one contact with the membr
Moreover for dÞ0 even mirror reflections along the ax
passing through the starting point do not give equivalent c
formations if the inversion axis is parallel to the hydrophob
line ~Fig. 3!. This requires, for each SAW generated by t
standard backtracking algorithm, two different configur
tions for d50 and four configurations for each distanced
Þ0 related to different orientations of the membrane line
respect the SAW. The determination of the configuratio
space consists in finding all these inequivalent conform
tions, the numberiVi of which is clearly much larger than
for the isotropic case. An exhaustive example ofV is shown
in Fig. 4 for a short chain of length 3 . At this point it is
worthwhile to note that inV there are also present all th
conformations without contacts with the membrane, i.e.,
configurational space for the WSP case. In Table I,iVNi is
reported for different chain lengthsN and compared with HP
model results.

Our exact enumeration analysis for the MHP model h

FIG. 2. Three conformations of WSP proteins on the squ
lattice (N59) which are equivalent through symmetry operation
In determining the configurational space they are counted jus
one conformation. Here and in the following figures, crosses in
cate the starting point of the chain. It is kept fixed in performi
enumerations to get rid of translation symmetries.
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been carried out for chain lengthsN ranging from 10 to 16
on a square lattice. Through a backtracking procedure
generated the complete set of 2N sequences S
5(s1 ,s2 , . . . ,sN) made up withH and P monomers. Con-
trary to the isotropic case, the head to tail inversion is not
allowed symmetry operation because we are dealing w
oriented walks. Given a set of values for the parame
hHM , hPM , andv, we verified for each possible sequen
whether it admits a unique ground state. The
$(S1 ,G1),(S2 ,G2), . . . ,(SM ,GM)% of good folders and en
codable structures satisfying~1! determine the model protei
data bank~MPDB! that strongly depends on the values
hHM , hPM , andv. Obviously theM good foldersSi are all
different, whereas some of the encodable structuresG i could
be identical because dissimilar sequences can share the
ground state.

FIG. 3. Four configurations for the MHP model on the squ
lattice. The membrane is represented by the dashed line. Casesa, b,
andd are inequivalent, and they model distinct structures, wher
casesb andc are symmetric and are counted just once in the c
figurational space. The starting point of the chain, marked b
cross, is not fixed because the translation symmetry is broken a
the direction perpendicular to the membrane.

FIG. 4. Configurational space for the MHP model whenN
53. d represents the Euclidean distance of the starting point of
chain from the membrane. The two structures in the first row are
only ones present in the bulk model.
e

n
th
rs

t

me

It is important to point out that some of the structures
the MPDB might not be in contact with the membrane: the
structures do not gain from an interaction with the hydroph
bic line, and they should not be considered as represen
TMP’s. More generally, good folders found in the HP mod
are strongly modified by the new interactions inserted in
MHP model Hamiltonian and they may lose the property
having a unique ground state. However in principle a
quence could be present both in the HP and MHP pro
data bank, but with different ground state structures, res
bling the behavior of Colicin A protein. In Sec. V we explo
the properties of the MPDB built by our model, and w
compare it with real TMP’s.

V. ANALYSIS OF THE RESULTS

In writing Hamiltonian~2! we stressed that, after assum
ing eHH521, andeHP5ePP50 as our choices for the bulk
monomer interactions, we do not have anya priori knowl-
edge ofhHM , hPM , andv. They are phenomenological pa
rameters that might be extracted from statistical analy
@30–33# of the protein data bank of TMP once it has be
shown they are sufficient conditions to model the problem
is then crucial for the purpose of our analysis to show t
there is at least a region in the physical part of the ph
diagram spanned byhHM , hPM , and v where the model
match many experimental results on TMP’s. The physi
phase diagram can reasonably be limited by the conditio

0.hHM*215eHH , ueHHu51*hPM.0,

eHH/2521/2&v,0.

The first condition states thatH beads ‘‘prefer’’ to stay on
the membrane line, and that the strength of this effect sho
be comparable to the force segregatingH monomers in the
polar environment, because they are both directly relate
the hydrophobic effect. On the other hand, the second c
dition implies thatP monomers should prefer contacts wi
polar solvent with an interaction parameter not larger th
ueHHu, while the third condition stems from the fact that th
attraction between the beads inside the membrane shou
significantly less than the hydrophobic interactions, so
assume that its absolute value cannot be bigger than
ueHHu.

TABLE I. Number of structuresiVNi present in the configura
tional space for the HP model in the bulk and for the MHP mo
for different values of the chain lengthN. The results are obtained
on the square lattice

N iVNi ~HP! iVNi ~MHP!

10 2034 20 550
11 5513 59 345
12 15 037 171 224
13 40 617 488 155
14 110 188 1390 532
15 296 806 3926 032
16 802 075 11 076960
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As a first test for the reliability of the model we report
Table II for N514 and different values ofv, hHM, andhPM
inside the previously mentioned ranges, the numberNGF of
good folders, the numberNES of different encodable struc
tures, and the ratio of these two numbers, which gives
mean value of the number of sequences that fold in the s
structure. In the first line of Table II these quantities a
reported for the HP model.

For lengthN514 the number of possible sequences
214516 384, and the number of structures with at leas
contact with the surface~a proper membrane conformation!
is 1390 532. Except for the pathological cases (hHM5
21,hPM50, andv50 andhHM50,0.2<hPM<1.0, andv
50), when we observe a strong adsorption of monomer
the membrane, for any point of the phase diagram the g
eral physical criteria required for a protein model are fu

TABLE II. Number of good folders,NGF; number of different
encodable structures,NES; and their ratio for different values o
hHM , hPM , andv. The results are obtained withN514. In the first
line the HP model results are reported.

hHM hPM v NGF NES NES/NGF

– – – 386 130 0.34
20.2 0.0 0.0 819 251 0.31
20.2 0.2 20.1 1277 487 0.38
20.2 0.4 20.1 778 316 0.41
20.2 0.6 20.1 764 310 0.41
20.2 0.8 20.1 764 310 0.41
20.2 1.0 20.1 764 310 0.41
20.4 0.0 0.0 915 259 0.28
20.4 0.2 20.1 2033 661 0.33
20.4 0.4 20.2 1473 549 0.37
20.4 0.6 20.2 963 448 0.47
20.4 0.8 20.2 962 432 0.45
20.4 1.0 20.2 948 432 0.46
20.6 0.0 0.0 1132 316 0.28
20.6 0.2 20.1 2377 742 0.31
20.6 0.4 20.2 2236 705 0.32
20.6 0.6 20.3 2285 855 0.37
20.6 0.8 20.3 2191 901 0.41
20.6 1.0 20.3 1981 924 0.47
20.8 0.0 0.0 878 238 0.27
20.8 0.2 20.1 2631 728 0.28
20.8 0.4 20.2 2076 821 0.40
20.8 0.6 20.3 2930 1210 0.41
20.8 0.8 20.4 2320 1039 0.45
20.8 1.0 20.4 2342 1059 0.45
21.0 0.0 0.0 0 0 –
21.0 0.2 20.1 2645 298 0.11
21.0 0.4 20.2 2274 505 0.22
21.0 0.6 20.3 2427 702 0.29
21.0 0.8 20.4 1904 704 0.37
21.0 1.0 20.5 1556 590 0.38
0.0 0.2 0.0 0 0 –
0.0 0.4 0.0 0 0 –
0.0 0.6 0.0 0 0 –
0.0 0.8 0.0 0 0 –
0.0 1.0 0.0 0 0 –
e
e

s
a

in
n-

satisfied. Only a few sequences are good folders, a rea
able number of structures are encodable, and on ave
more than one sequence selects the same folded state,
anteeing the stability of the selected native conformatio
All these results are corroborated by checks carried ou
some specific values of the parameters forN516, where a
complete exploration of the phase diagram is computati
ally too demanding to be exhaustively performed.

In Table III we look for more particular properties o
sequences and structures present in the MPDB. To do th
a proper way, we select four main properties which acco
ing to us better characterize the phenomenology of TMP
~1! A significant portion of the protein has to be inserted
the membrane;~2! The large majority~but not the totality! of
the transmembrane amino acids has to be of hydroph
type;~3! The transmembrane polar amino acids should rar
be in contact with the lipid molecules;~4! The transmem-
brane amino acids should cluster together and form, a
coarse grained level, a single domain;~5! A significant num-
ber of proteins should have one or more large globular
mains external to the lipid bilayer.

For the MPDB related to a given choice of parameters
focus our attention on these five quantities, all computed
average over all good folders:~1! The average number^C&

TABLE III. ^C&, PM, PL, PMD, and PLD~defined in Sec. V!
for different values ofhHM , hPM , and v. The listed results are
obtained withN514.

hHM hPM v ^C& PM PL PMD PLD

20.2 0.0 0.0 2.5 38.3 33.0 1.7 99.0
20.2 0.2 20.1 2.2 23.8 10.0 11.9 90.6
20.2 0.4 20.1 1.7 1.1 0.3 21.6 85.9
20.2 0.6 20.1 1.7 0.0 0.0 22.0 85.6
20.2 0.8 20.1 1.7 0.0 0.0 22.0 85.6
20.2 1.0 20.1 1.7 0.0 0.0 22.0 85.6
20.4 0.0 0.0 2.6 35.1 31.9 1.5 99.1
20.4 0.2 20.1 2.4 28.1 19.2 9.5 94.2
20.4 0.4 20.2 2.4 19.1 8.7 11.4 92.0
20.4 0.6 20.2 2.1 2.0 0.2 19.5 87.3
20.4 0.8 20.2 2.0 0.7 0.2 19.3 88.6
20.4 1.0 20.2 2.0 0.0 0.0 19.6 88.4
20.6 0.0 0.0 2.8 30.7 29.5 1.9 97.9
20.6 0.2 20.1 2.6 24.2 17.6 9.4 92.6
20.6 0.4 20.2 2.7 16.9 11.0 10.3 88.2
20.6 0.6 20.3 2.8 9.2 5.0 11.4 80.3
20.6 0.8 20.3 2.8 5.3 2.1 15.1 77.2
20.6 1.0 20.3 2.8 0.7 0.2 17.8 73.2
20.8 0.0 0.0 2.8 30.7 29.8 0.0 100.0
20.8 0.2 20.1 5.4 16.2 9.0 14.3 59.6
20.8 0.4 20.2 4.3 11.3 6.9 13.5 64.4
20.8 0.6 20.3 4.0 5.0 3.3 13.4 49.5
20.8 0.8 20.4 4.4 1.7 1.1 11.9 37.5
20.8 1.0 20.4 4.3 0.7 0.1 13.1 34.9
21.0 0.2 20.1 10.1 19.5 0.4 26.7 4.4
21.0 0.4 20.2 8.7 14.5 0.7 23.3 9.1
21.0 0.6 20.3 7.4 9.5 0.5 21.6 10.1
21.0 0.8 20.4 5.7 2.2 0.1 20.6 10.3
21.0 1.0 20.5 5.8 0.3 0.0 21.4 3.0
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of monomers in contact with the membrane line;~2! The
percentage PM ofP type monomers among those prese
inside the membrane line;~3! The percentage PL ofP type
monomers among those in contact inside the membrane
a lipid bead, i.e., nearest neighbor to an empty site of
hydrophobic line;~4! The percentage PMD of good folde
with multiple domains in the membrane, i.e., those that
cupy more than one cluster of nearest neighbor sites foy
50; and~5! The percentage PLD of good folders that ha
native structures with large globular domains in the bu
represented by at least fourHH contacts in the bulk.

For N514 and different values of parameters the qua
ties ^C&, PM, PL, PMD, and PLD are listed in Table III
where for each pair ofhHM and hPM valuesuvu is chosen
equal to half of the minimum ofuhHMu and uhPMu.

With regard to^C& it is not possible to make any com
parison with experimental results in view of the fact that o
fictitious membrane is too schematic and not in scale w
real ones; however, one could assume forN514 that ^C&
<8 are physical allowable average values for this parame
higher values being signals that most of the proteins are
most completely adsorbed by the membrane. From the
sults it seems that̂C& is better tuned byhHM than byhPM ,
and that only forhHM521.0, 0.0<hPM<0.4 do we find
unrealistic values for̂C&.

A physical estimation of PM for real TMP’s exists, and
is around 30%@44#. Because of the coarse grained descr
tion of amino acids inside the membrane, we expect that
PM value in our model should be less than the one in r
TMP’s, so we require that PM should be less than an up
limit reasonably less than 30%, that we have chosen to
10%. As shown in Table III, PM seems to depend mainly
hPM , and it adopts values compatible with our requireme
for hPM.0.5. In this range of parameters values we a
observe a satisfyingly low value of PL.

Moreover it turns out that in the restricted region fittin
previous constraints for any nonvanishing value ofv the
percentage PMD of multiple transmembrane domain str
tures is below the acceptable value of 25%. By decreasingv,
PMD can be significantly decreased, as shown in Table
confirming that the unspecific attraction of monomers ins
the membrane line is able to guarantee that only a few g
sequences are unrealistic with multiple intermembrane
mains.

Finally, for PLD it is more difficult to determine a rang
of values which gives a better agreement with the TMP p
nomenology; nevertheless we assume that it should be la
than 30%, so only forhPM51.0 are its values unacceptabl
In any case, an important result is that increasing the ab

TABLE IV. ^C&, PM, PL, PMD, and PLD obtained withN
514 for fixed values ofhHM andhPM , but with different choices of
v.

hHM hPM v ^C& PM PL PMD PLD

20.8 0.8 0.0 3.0 0.4 0.2 23.4 71.3
20.8 0.8 20.1 3.5 3.2 1.3 20.8 63.7
20.8 0.8 20.2 3.7 3.2 1.3 20.7 59.1
20.8 0.8 20.3 4.0 2.5 1.5 14.8 45.1
20.8 0.8 20.4 4.4 1.7 1.1 11.9 37.5
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lute values of both local fieldshPM andhHM , ^C& increases,
revealing that in these conditions the interactions of mo
mers with the membrane gives the largest contribution to
stabilization of native structures, while PLD decreases,
vealing that the formation of hydrophobic cores in the bulk
now less important. This fact confirms that our simple mo
well reproduces the competition between two different typ
of interactions, those related tohHM and hPM contributions
in the Hamiltonian, which favor H monomer insertion insid
the membrane; that related toeHH , which favors the forma-
tion of hydrophobic cores in globular domains present in
polar environment. Nevertheless we stress again that^C& and
PLD are average values, so for any choice of parameter
ues in the selected region we are able to find native struct
either with many contacts with the membrane and with ma
HH contacts in the bulk, as shown in Fig. 5.

From this analysis it is possible to conclude that, ap
from the sharp position of its boundaries, a region in t
phase diagram exists in which the proteins of MPDB roug
obey the main phenomenological features of TMP; this re
supportsa posteriori the crude approximations of our sim
plified model. It is also possible to look at the shape of the
structures, and worthwhile to note that, despite the shortn
of the chains and the regularization introduced by the latt
qualitative analogies between this phenomenology and
of real TMP can be undoubtedly detected. In Fig. 5 examp
of typical structures are illustrated.

We conclude this section by considering the Colicin
like behavior, i.e., sequences that have a unique ground
with both the standard HP model and the membrane
model, considering some specified parameter values, bu
different structures. Our work gave positive results: for ma
choices of parameter values in the selected range we fo
such classes of sequences; for instance, forhHM520.6,

FIG. 5. Native structures for the MHP model obtained forN
514 andhHM520.6, hPM50.6, andv520.3. Black circles in-
dicateH monomers, white circles representP monomers. In the first
row: examples of good folders with manyHH contacts in the bulk;
in the middle row: good folders with many contacts with the me
brane line; in the last row: intermediate cases. At the bottom
there is an example of a structure with more than one transm
brane domain.
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hPM50.6, andv520.3 we found 24 such sequences, thr
of which are shown in Fig. 6 as examples. Once again,
simple schematic strategy of our model is able to predic
phenomenon observed in nature, such as the possibility f
water soluble protein to change its native structure when
in contact with a biological membrane. The investigation
the basic principles of such a mechanism, so far experim
tally unknown, is of course outside the possibility and t
purpose of the MHP model.

VI. CONCLUSIONS AND PERSPECTIVES

To summarize, in this paper we presented a simple
coarse grained model on a two-dimensional lattice to ve
the importance of the hydrophobic effect in stabilizing pr
teins that can locate themselves either in a polar bulk en
ronment or in a hydrophobic line. We used a procedure
rectly inspired by previous works on WSP’s.

We emphasize that our approach cannot reproduce a
tailed description of the microscopic behavior of protei
and membranes, but is aimed at understanding the m
mechanism underlying such a complicated phenomena:
is the reason why simple mesoscopic models have bee
widely and successfully studied in the literature. From o
analysis it turns out that, even in a model where the am
acids are merely divided into two classes, the competit
produced by perturbing a polar medium by the presence
an hydrophobic region~the membrane! is sufficient to gen-
erate unique ground states, i.e., proteinlike conformatio
which have morphological features similar to those
TMP’s ~see Fig. 6 and the statistical analysis of Sec. V!. It is
also possible to verify the existence of sequences with

FIG. 6. Three examples of Colicin A like proteins found wit
the MHP model athHM520.6, hPM50.6, and v520.3 (N
514). On the left we show the native structure in the bulk, on
right the native structure in the presence of the membrane.
black ~white! circles indicateH ~P! monomers.
-

e
the
t a
r a

t is
of
en-
e

nd
ify
-
vi-
di-

de-
s
ain
this

so
ur
ino
on
of

ns,
of

if-

ferent native states in the presence of different surround
in analogy with the behavior of Colicin A like proteins.

It is worthwhile to note that having obtained these resu
just for the simplest form of the hydrophobic membrane~a
line! enforces the conclusion that the most relevant mec
nism ruling the insertion of the protein into a membrane
really the bare competition induced by the different hyd
phobicity between the inside and outside of the membra
To use a thicker membrane is a necessary step to ex
more detailed information about transmembrane segme
but the main physical features of the problem already se
to be caught by our simple model. It is important to point o
how these results are not implicit in the model we have c
sen because our analysis has been done by looking a
ensemble of unique ground states generated by all pos
sequences. This ensemble can not be predicteda priori, and
a first achievement of our work already consists of hav
found a small set of parameters for which such an ensem
could exist.

In conclusion, our results show that to reproduce the c
figurational arrangement of TMP’s around the membrane
is reasonable to look for simple models with a few classes
residues and a small set of effective interaction parame
and local fields. These interactions and fields should inc
porate the hydrophobic effect as a main ingredient, and t
must introduce an appropriate competition between the p
bulk and the hydrophobic membrane, that can even be m
icked by a line~in two dimension! in order to give physical
results.

To obtain more complete and conclusive results regard
TMP’s, it is necessary to consider a more precise repres
tation of the membrane and a finer classification of the am
acids. In doing so one might also be able to determine
structure of the protein inside the membrane, and perfor
closer comparison between the model and real memb
proteins.

On the other hand, the mere idea of using a few classe
amino acids can immediately@45# be employed to extract the
statistical interaction potentials and the effective fields.
the same time the ultimate goal of designing new membr
proteins with a desired functionality can be seriously a
dressed. Recent theoretical results@33# for WSP’s have in-
deed shown that, with a reduced number of amino a
classes, these goals can be simultaneously obtained by w
ing with only a small set of known native structures as in t
case of TMP’s.
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