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Simple model to study insertion of a protein into a membrane
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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 classeghydrophobic 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 loj1063-651%99)08212-4

PACS numbes): 87.15.By, 87.10+e, 36.20—r

I. INTRODUCTION Colicin A like proteing: while soluble in aqueous media they
nevertheless spontaneously insert themselves into lipid bilay-
In the last decades a considerable effort has been e®rs[1,2,4—-6.
pended into unraveling many of the mysteries behind the TMP’s are characterized by the presence in the primary
chemical and biological functionality of proteins. Most of structure of long segment20-30 amino acidswith a high
this work has been devoted to water soluble globular proteingegree of hydrophobicity1,2], which correspond in the na-
(WSP’s, for which a large variety of three-dimensional na- tive structure to the TMS’s. Another important feature is the

tive structures is experimentally known, and many theoretistability inside the membrane af helices andg sheets,
cal aspects have been worked fL2]. since these structures allow the formation of hydrogen bonds
On the other hand, much less is known about proteinbetween the backbone atoms, not possible with the surround-
(membrane proteins: MP/shat cross biological membranes ing apolar molecule$7]. This implies that TMS’s are pre-
and that rule solute transport, signal transmission, and energiominantly made up of helices ands sheets.
conversion between the two isolated sides of the membrane. The distribution of amino acids inside the membrane, and
This lack of knowledge about MP's is related to the diffi- their mutual interactions, are less well understood. Early
culty in experimental handling. Membranes consist of phosstudies suggested that the distribution of hydrophobic and
pholipid bilayers with a hydrophobic interior: the surface of polar amino acids would be the opposite to that observed in
a MP that interacts with such an apolar environment is als®VSP’s, i.e., the polar amino acids are buried and the hydro-
hydrophobic and this property causes MP’s to aggregate iphobic ones exposed to the lipid molecules, with the mean
aqueous solution, unless detergents are (i&e). This cir-  hydrophobic value of buried amino acids roughly conserved
cumstance makes crystallization of MP’s difficult and nativefor both WSP’s and TMP’$8,9]. More recent analysis has
structures have been determined only for nine of tfiap). shown that such a scheme is too primitive, because some
The most important and studied class of MP’s is that of

transmembrane protein@MP’s). These proteins span the extraceliular
membrane from one side to the other by one or more trans-
membrane segmen{¥MS’s). They can have one or two
functional globular domains outside the lipid bilayer, on the O O 0 O G hydrophobic
extracellular and/or the cytoplasmic side. As sketched in Fig.Q Uy ) Y Q interior
1, TMP’s are known to assume a rich variety of structures

b c

which in part are embedded in the hydrophobic membrane
and in part in the polar solvent. Typical examples are the
bacteriorhodopsin, made up of seven TMS'’s linked by loops
external to the membrane, and the photosynthetic reactior. 2
center made up of fou.r polipeptide chains with 12 TMS’s FIG. 1. Examples of TMP’s with different morphological fea-
and two glObUIar domains external to the membrang. tures: (&) A single transmembrane segmgfitMS, for simplicity
A special class of TMP's are the pore-forming toxins, therepresented by a schematized hiiisth a globular domain in both
most famous of which is Colicin Aso we will call them  extracellular and cytoplasmic sides of the membrai. Some
TMS'’s with a globular domain on both sides of the membrang.
Some TMS'’s with a globular domain on only one side of the mem-
*Author to whom correspondence should be addressed. FAXbrane(for example, the extracellular onéd) Some TMS’s without
++39-049-8277102. Electronic address: seno@padova.infn.it  globular domains outside the membrane.
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amino acids, such as the aromatic and aliphatic ones, shothie simplest possible way, just as a hydrophobic (inegwo

different distributiong10,11]. Very little is known even now dimensiong embedded in a polar environment, and to inves-

about the mutual interactions of amino acids inside the memtigate whether this scheme is already sufficient to induce a

brane, and between them and lipid molecules. It is clear onlgompetition among the hydrophobic and polar amino acids

that TMS’s aggregate to form a compact cluster of secondarhat stabilizes TMP-like configuration.

structure units. By looking at some phenomenological parameters, we see
Given the difficulty in experimentally obtaining informa- that at a coarse grained level the model reproduces the phe-

tion about TMP’s, theoretical studies are particularly impor-nomenology of TMP’s and the existence of Colicin A like
tant to better understand such complex phenomena. Very ré)_'rotelns(sequ_ences with different native states in water en-
cently some efforts have been made in this direction, leadinfonment or in the presence of the hydrophobic lirkhese
mainly to phenomenological models. The most successful sults seem tO.JUSt'fy the approximations mt_roduced n the
these is the so-calletivo-stage mode]7], which states that model. and the importance of the hydrophobic effect in as-
the folding of TMP’s occurs in a two-step process: in the firstser_IT_‘E“ng TMP_ S: t out as foll In sec. || .
stepa helices ands sheets are formed, while in the second € paper 1S Set out as Tollows. In Sec. 11 We summarize
step a native structure is reached the main features of the hydrophobic-pol{&iP) model used

In this paper we tackle a problem with a completely dif- for WSP’s. In Sec. Il we introduce our model as an exten-

ferent strategy, namely, by using simple coarse grained exaéf-on of it to represent some features of TMP’s. In Sec. IV we

models on a lattic§12-21. The justification for such a present the numerical machinery used to take into account

method is that, despite the enormous number of degrees H?e symmetries of the model in the presence of a me.mbrane
freedom present in the phenomena, only a few paramete%,nd to define the Proper space of conformgtlons. Section V IS
are relevant to describe the statistical behavior of folding evoted to a discussion of our results, and in Sec. VI possible
Once identified, these parameters enable calculation in a régrther developments are presented.
stricted configurational spacéor example, on a lattige
where analytical or numerical calculations can be done to a IIl. SIMPLE EXACT MODELS FOR WSP's
high degree of precision. In this way it is possible to check Simple coarse grained exact models on a lattice have
the qua_lity of the assqmptions introduced in.the model bX/vider been used to study globular prote[d€—21,25-33
comparing the properties of the model proteins to the reaypey “are recognized as extremely powerful tools to capture
ones. Simple coarse grained lattice models have been so fg{g essential features of the folding problem, and provide a
applied to TMP’s such as Monte Carlo simulations to studyersagile way to address questions of conformational change
mesoscopic models in which sequences and conformationfa; are too complex to be treated with microscopic models.
are treated in a very simplified way. Milik and Skolnik — ag giscussed in Sec. | the key idea is to eliminate redun-
[22,23 studied the insertion of proteins inside the membrangyant details. As a first step it is convenient to discretize space
by analyzing the dynamic behavior of few selected seynq 1o model the peptide chain by a self-avoiding random
quences starting from different initial configurations. Ger-, (SAW) on a lattice[34].
sappeet al. [24] used a more schematic model on a cubic  gaw's on a lattice can be exhaustively enumerated for
lattice to determine how the sequence distribution in amyg|atively long chaing35] (from this fact the adjective exact
phiphilic chains affects their behavior with the membrane. .;mes from and dynamically studied by standard Monte
In this paper we develop a simple lattice model whichcarg procedure§15,18. Each step of such walks models
takes into account only the hydrophobic effect, in order tona minimal unit of the model; it can represent a single
verify whether this effect could be a mechanism sufficient togqine acid(all the atoms forming it are substituted by a
reproduce, at a coarse grained level, the phenomenology @fitious particle or even clusters of them such ashelices

TMP's. To this end we introduce a model on a square lattic&,. 5 sheets. An external parameter can be also introduced to
that can be exactly analyzed through an exhaustive analysifs riminate between the sizes of these amino acids and their
of all possible sequences and conformations. As we will dis; acking propertie§21].

cuss in Sec. Il, the choice of a two-dimensional lattice is not ; is then important to find a suitable Hamiltonian that
unrealistic because, for short chains, it correctly reproduce§egcribes the interactions between amino acids and among
the exterior and interior ratio of proteins. amino acids and solvent molecules. An important simplifica-

In the model, the amino acids are merely divided into tWoyj,, js generally introduced by considering only short range,
classes according to their affinity with water, and they inter-,, body effective interactions.

act through contact potentials that are different according to 5 sequenceS* can be a candidate for being a *
whether the amino acids are in aqueous solution or inside th
membrane. External fields are also used to favor the presen
of aH(P) monomer insiddoutside the membrane.

Due to its simplicity, this modelas well as those used for

model
otein” (good foldej only when it has an unique ground
fate on some conformatidit* (encodable structune
The existence of such peculiar sequengésand confor-

mations I'* can be checked on exact models simply by

WSP’s does not take into account secondary '”teraCt'on%ounting how many sequences and conformations have the
such as hydrogen bonds. Therefore, our approach cannot ?operty that

adequate to describe amino acid location inside the meni-
brane where such interactions are driving the formation of Hp«(S¥)<Hp(S*) forany I'#T* )
helices, but it can be extremely useful to select the relevant

forces that are stabilizing the protein across the membrandhe ensemble of M sequences and conformations
For these reasons we decided to mimic the “membrane” i (S;,I'1),(S;,I'5), . .. ,(Su,.'w)] with such a property can
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be seen as a model protein data bank, and its features haveitto the Hamiltonian for the hydrophobic region, which leads
be checked with those of real proteins in order to verify theto a complication of the computational task without a gain in
quality and the robustness of the assumptions employed. the description we want to reach. Therefore, for our pur-
Perhaps the most popular lattice model employed to modPoses, we can model the membrane by a penetrable hydro-
elize the protein folding problem is the HP model of Lau andPhobic surface in the lattice that separates two polar regions,
Dill [12,13,17 which consider two kinds of beads denoted that we gal].thet_)glkenvironmgr_lt. This simplification will be
by H (hydrophobi¢ andP (polan, and which is based on the @ Posteriorijustified by the ability of the model to reproduce
hydrophobic effectf2,36]. In this model the formation of accurately the TMP phenomenology. _ _ _
hydrophobic cores inside the native structures is induced by The model we present can be expressed in any dimension-
an effective two body attraction betweét type beads, lity but, for the reasons presented in Sec. Il and for compu-

which is usually stronger than the attraction betweenRi ~ [2uonal convenience, we consider a two-dimensional square
or between @ and anH. The effective nature of such inter- lattice where th_e membrane_ is merely represented by a line.
: . The conformations a protein can adopt are represented by

0§lalf-avoiding random walks made up &f monomers or

over the_degrees of freedom of the solvent. . eads(the considered fundamental unit of a projegach of
The virtues and drawbacks of the HP model are reviewed nich is located on a lattice site=(x; ,y;). The liney=0 is
12 )17

in detail in several papef2,13,17,2], and we just recall o fictitious membrane. As in the HP model the monomers
that it has been used for at least two main kinds of problemgye givided in two classes, hydropholsid) and polar P),

to deduce the main statistical features of the folding procesgng a sequence is represented3sy(s; ,s,, . . . ,Sy), Where
[14-16 and to test the most advanced procedures to perforn, is H or P depending on the class of thia bead. When two
protein design and to extract statistical potentials among thghonomers, both outside the membrane, not consecutive
amino acid§25-33. TheH andP classification in itself has  along the chain are on nearest neighbor sites they interact
been shown to be an opportune scheme for designing reakcording to the HP scheme, i.e., they change energy by
proteins[36—3§. —1 if they are botHH, or 0 otherwisd12,17. H monomers

For the purpose of this paper it is worthwhile to notice in the bulk are forced to aggregate together in order to pre-
that most of the work done with the HP model, as well as forvent contacts with the polar solvefgites in the bulk not
analogous simplified models, has been done in two dimensccupied by the SAW’s Obviously there is no interaction if
sions where exact enumerations are possible for longesne of theH beads is sitting on the hydrophobic line and the
chains. This, however, is not thought to be a major inconveether one is off it. Clearly4 monomers may prevent contacts
nience because the surface-volume ratio is more importantith the solvent by staying inside the membrane. We there-
than the dimensionality of the spalcE7]. To correctly model  fore introduce a local fieldhy,, to favor the presence df
the exterior-interior ratio of myoglobin in three dimensions type beads on the hydrophobic line, and a second figg
requires simulations made up of around 150 monomers, bub prevent theP type beads for sitting on the line.
in two dimension simulations of only 16 step chains are For the interactions inside the lipid bilayer, we assume
needed[17,39. Thus two-dimensional studies of short that we can integrate out the lipid degrees of freedom and
chains are regarded as models of longer three dimensionabnsider short range two body effective interactions between
proteins. the amino acids. In this way we assume that, at least in a first

approximation, the entropic effects of packing amino acids
with surrounding lipid molecules can be either neglected or
IIl. MEMBRANE HP MODEL represented by effective interactions.

In this section we derive a model for studying the inser- Since the hydrophobic interactions do not exist in the
tion of a protein in a hydrophobic environment. This modelMeémbrane, we introduce a term in the Hamiltonian, which
is designed to capture the feature that TMP’s have som@ives an energy gaim for each monomer contagtegardiess
parts which span the hydrophobic bilayer and others in conof tyP®) inside the membrane line. The effect of this interac-
tact with a polar solvent. We make the assumption that th&on is to favor the aggregation of monomers inserted in the
classification of amino acids as hydrophobic or polar is abldiPid environment in compact domains, as observed in real
to roughly reproduce their position inside the membrane of MP'S, sow cannot be positive. Notice that previous authors
in the external aqueous environment. The hydrophobic effed22—24 who used coarse grained models, differentiated in-
vanishes inside the membrane, so another type of effectiieractions inside the membrane according to the kind of
interactions among the amino acids must be considere@mino acids. However, as discussed in Sec. | the HP classi-
however, at least in a first approximation the bare labels fication is too schematic to reproduce the amino acid orga-
andP could still be maintained. nization inside the membrane, so we believe that introducing

As we discussed in Sec. | the bilayer is spanned from Ongif.ferentiated int'eractions in such context is not relevant at
side to the other byr helices ands sheets which make up this “coarse grained” level.
the TMP’s. By our HP coarse grained scheme we are not The C(_)mplete Hamiltonian of the model can thus be ex-
able to take into account the specificity of amino acid conPPressed in the compact form

tacts inside the membrane, or the interactions with the polar N

heads of phospholipids, so we are not able to reproduce the = > A(r, Le(si ) (1= 8, (1= 8, o)
details of amino acid position inside the bilayer. Moreover, j>iji=1 " I
the protein spans the whole bilayer whenever it is inserted N

into one of its surfaces. In order to model this aspect fully, T Wb S 1+ S0 Thuuf(s)+h s 2
we would have to introduce a sort of stiffness contribution @O0 v, 0l .21 yi‘O[ Hmf () +hewd(s)] (2
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where(i) sums are over all beads forming the heteropolymer; T
(i) A(ry,ry) is an adjacent matrix which entde 1 ifr; and l_:
rj are first neighbors in the lattice and not consecutive along
the chain, and 0 otherwiséiii) d, ; is the Kronecker delta a
function, which gives 1 if =] and 0 otherwise(iv) f andg
are two functions which give 1 when their argumenHi®r
P, respectively, and 0 otherwisei) € is the interaction ma- .
trix of the standard HP modelgl2] ¢(H,H)=—-1 and T
e(H,P)=¢€(P,P)=0; (vi) hyy andhpy, are the local fields ——e—9 ¢
which respectively favor thél monomers in the membrane b
line and theP monomers in the bulk, respectively; afdi)
w is the parameter related to the interaction between amino
acids inside the membrane.

We will name this model the membrane HP mogdHP
mode). c

In our studyhyy , hpy, andw are free parameters . They I_:' ‘
cannot be know priori, and they could strongly depend on
the kind of biological membrane considered. We will show ) )
in Sec. IV that for a large spectrum of their values they FIG. 2. Threg conformat_lons of WSP proteins on the square
correctly reproduce the TMP phenomenology, so we Callf"tt'ce (N:.Q) which are equn{alent through symmetry operaFlons.
conclude that our schematization is sufficiently precise and? determining the configurational space they are counted just as
that the values of these parameters could be recovered e conforma_tlon. Here and in th_e fOHC.’W'ng flg_ures,_ Crosses |_nd|-
statistical analysis similar to those used IP';) extéact interactioré ntuemtzreat?(t;rélr:g ggt":lt do(f)ft?rz:;;?o.nlts;/smkrﬁEiriﬂexsed in performing
potentials between amino acids in WSP39-33. '

1

all possible SAW conformations. Lattice symmetries should

of course be exploited to eliminate redundant equivalent
structures. This task is quite easy for WSP models: confor-
mations that can be mapped one from the other by a set of

Once the Hamiltonian of a lattice model for proteins is symmetry operations should be considered as equivalent
found, the next step consists of finding those sequences thatructuressee Fig. 2 Therefore, in a step by step construc-
could represent a protein and not merely a random hetion of a SAW by the backtracking algorithm, the transla-
eropolymer. In Sec. Il we showed that for the HP model thistional equivalence can be removed by fixing the starting
is accomplished by assuming the ground state structure of point in the lattice, and the rotational and inversion ones by
sequence is its native one. This assumption is supported bposing the directions of the first step and of the first step
the famous Anfinsen experimeri0]. that is not aligned35].

Before extending this approach to TMP’s it must be rec- In the MHP model this becomes more tricky since the
ognized that now the folding process is much more complexinembrane breaks some of these symmetries. For example
because it requires a larger and more complex machinergonformations are no longer equivalent through a translation
represented by several molecules, necessary for the recogritong they axis when at least one bead is touching the mem-
tion, insertion, and translocation steps of the whole procesbrane(Fig. 3). For this reason we cannot fix tlyecoordinate
[4,41-43. Despite the complexity of such a biological pro- of the starting point, sd2 now contains all the SAW that
cess, it is most likely, from a statistical mechanics point ofhave any distance between the starting point and the mem-
view, that the system is driven to a global minimum in its brane line, and have at least one contact with the membrane.
energy landscape. Such a minimum is required to take intbloreover ford#0 even mirror reflections along the axis
account the thermodynamical stability observed in reapassing through the starting point do not give equivalent con-
TMP’s, which diffuse along the membrane, interacting withformations if the inversion axis is parallel to the hydrophobic
many molecules but without significantly changing theirline (Fig. 3). This requires, for each SAW generated by the
three-dimensional structure. standard backtracking algorithm, two different configura-

An alternative possibility is a selection, driven by sometions for d=0 and four configurations for each distande
interactions with the machinery and/or by related kinetical# 0 related to different orientations of the membrane line to
constraints, of a nonglobal, but local, minimum of the energyrespect the SAW. The determination of the configurational
landscape. Even though this is in principle possible, it shoulgpace consists in finding all these inequivalent conforma-
require a very specific statistical or dynamical mechanism tdions, the numbe}tQ|| of which is clearly much larger than
select the native state in a minimum that is not global, so ifor the isotropic case. An exhaustive examplebfs shown
seems unlikely to be generic. In conclusion, the assumption Fig. 4 for a short chain of lengt3 . At this point it is
that the native state is the state of minimal energy is also thevorthwhile to note that i) there are also present all the
most plausible one for TMP's. conformations without contacts with the membrane, i.e., the

To find good folders one should check each of e  configurational space for the WSP case. In Tabl), | is
possible sequencésonsideringg different classes of amino reported for different chain lengtié and compared with HP
acidg, and determine whether it admits a unique groundmodel results.
state in the configurational spa€k i.e., in the ensemble of Our exact enumeration analysis for the MHP model has

IV. CONFIGURATIONAL SPACE AND NUMERICAL
ANALYSIS
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1 TABLE I. Number of structure§Q | present in the configura-
l_ tional space for the HP model in the bulk and for the MHP model
for different values of the chain lengtd. The results are obtained
on the square lattice

N 1] (HP) 1]l (MHP)
b l— L o 10 2034 20550
11 5513 59 345
12 15037 171224
| 13 40617 488 155
c - 1 ________________ 14 110188 1390532
15 296 806 3926 032
16 802075 11 076960
L e It is important to point out that some of the structures in
: S G U the MPDB might not be in contact with the membrane: these

G 3 " ions for th del h structures do not gain from an interaction with the hydropho-
| tt!:l iy l;:)u;qg?nnlggra;tlo?s Or:ttdemeP (;nohedol_r;]t %;:uarebic line, and they should not be considered as representing
attice. the membrane IS represented by the dashed ine. 843€S  ryips \ore generally, good folders found in the HP model
andd are inequivalent, and they model distinct structures, whereas

casesb andc are symmetric and are counted just once in the conae strongly modified by the new interactions inserted in the

figurational space. The starting point of the chain, marked by j;HP model Hamiltonian and they may lose the property of

cross, is not fixed because the translation symmetry is broken alo aving a unique ground state. .However in principle a sg-
the direction perpendicular to the membrane. uence could be present both in the HP and MHP protein

data bank, but with different ground state structures, resem-
6 bling the behavior of Colicin A protein. In Sec. V we exploit
gwe properties of the MPDB built by our model, and we
compare it with real TMP’s.

been carried out for chain lengtiNsranging from 10 to 1
on a square lattice. Through a backtracking procedure w
generated the complete set of N2 sequences S
=(%1,S,,...,Sy) made up withH and P monomers. Con-
trary to the isotropic case, the head to tail inversion is not an V. ANALYSIS OF THE RESULTS
allowed symmetry operation because we are dealing with . .
oriented walks. Given a set of values for the parameters !N Writing Hamiltonian(2) we stressed that, after assum-
huw» ey, andw, we verified for each possible sequence"d €r=—1, andeyp=e€pp="0 as our choices for the bulk
whether it admits a unique ground state. The gefnonomer interactions, we do not have amyriori kn_owl-
((S1.71),(S,.T2), . .. ,(Su.T'w)} of good folders and en- edge ofhyy, hp,\,!, andw. They are phenome_no_loglcal pa-
codable structures satisfyiri@) determine the model protein rameters that mlght. be extracted from statlst|_cal analysis
data bank(MPDB) that strongly depends on the values of [30—33 of the protein data bank of TMP once it has been
huy s hpy, ande. Obviously theM good foldersS, are all §hown they are sufficient conditions to modellthe problem. It
different, whereas some of the encodable structliresould is then crucial for the purpose of our analysis to show that

be identical because dissimilar sequences can share the saﬂqsre is at least a region in the physical part of the phase
ground state. lagram spanned by, hpy, and w where the model

match many experimental results on TMP’s. The physical
phase diagram can reasonably be limited by the conditions

bulk —e—e '_—I O>hHMZ_1:EHH! |6HH|:1ZhPM>01

epnl2=—12=s w<0.
U S S
The first condition states that beads “prefer” to stay on
the membrane line, and that the strength of this effect should
._I -—1 be comparable to the force segregattignonomers in the
d=l ooeee { S St polar environment, because they are both directly related to
the hydrophobic effect. On the other hand, the second con-
dition implies thatP monomers should prefer contacts with
i I polar solvent with an interaction parameter not larger than
TTohe |€qn|, while the third condition stems from the fact that the
FIG. 4. Configurational space for the MHP model whin ~ attraction between the beads inside the membrane should be
=3. d represents the Euclidean distance of the starting point of th&ignificantly less than the hydrophobic interactions, so we
chain from the membrane. The two structures in the first row are th@ssume that its absolute value cannot be bigger than half
only ones present in the bulk model. | €nnl-
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TABLE Il. Number of good foldersNgg; number of different TABLE Ill. {C), PM, PL, PMD, and PLD(defined in Sec. ¥
encodable structure®Ngs; and their ratio for different values of for different values ofhyy, hpy, and w. The listed results are
hywm , hpw, @ndw. The results are obtained witth=14. In the first ~ obtained withN=14.
line the HP model results are reported.

v ew ¢ Ner Nes  Nes/Nor -02 00 00 25 383 330 17 990

- - - 386 130 0.34 -0.2 02 -01 2.2 23.8 10.0 11.9 90.6
-0.2 0.0 0.0 819 251 0.31 -0.2 0.4 -0.1 1.7 1.1 0.3 21.6 85.9
—-0.2 0.2 -0.1 1277 487 0.38 -0.2 06 -01 1.7 0.0 0.0 22.0 85.6
—-0.2 0.4 -0.1 778 316 0.41 -0.2 0.8 -01 1.7 0.0 0.0 22.0 85.6
-0.2 0.6 -0.1 764 310 0.41 -0.2 1.0 -01 1.7 0.0 0.0 22.0 85.6
—-0.2 0.8 -0.1 764 310 0.41 —-0.4 0.0 0.0 2.6 35.1 319 1.5 99.1
-0.2 1.0 -0.1 764 310 0.41 -0.4 0.2 -01 2.4 28.1 19.2 9.5 94.2
—-0.4 0.0 0.0 915 259 0.28 -0.4 0.4 -0.2 2.4 19.1 8.7 11.4 92.0
-04 0.2 -0.1 2033 661 0.33 —-04 0.6 -—-0.2 2.1 2.0 0.2 19.5 87.3
-04 0.4 -0.2 1473 549 0.37 -0.4 0.8 -0.2 2.0 0.7 0.2 19.3 88.6
-04 0.6 -0.2 963 448 0.47 -0.4 1.0 -0.2 2.0 0.0 0.0 19.6 88.4
-04 0.8 -0.2 962 432 0.45 —-0.6 0.0 0.0 2.8 30.7 295 1.9 97.9
-0.4 1.0 —-0.2 948 432 0.46 -0.6 0.2 -01 2.6 242 17.6 9.4 92.6
—-0.6 0.0 0.0 1132 316 0.28 —-0.6 0.4 -0.2 2.7 16.9 11.0 10.3 88.2
—-0.6 0.2 -0.1 2377 742 0.31 —-0.6 0.6 —-0.3 2.8 9.2 5.0 11.4 80.3
—-0.6 0.4 -0.2 2236 705 0.32 —-0.6 0.8 -0.3 2.8 5.3 2.1 15.1 77.2
—-0.6 0.6 -0.3 2285 855 0.37 —-0.6 1.0 -03 2.8 0.7 0.2 17.8 73.2
-0.6 0.8 -0.3 2191 901 0.41 -0.8 0.0 0.0 2.8 30.7 29.8 0.0 100.0
—-0.6 1.0 -0.3 1981 924 0.47 -0.8 0.2 -01 54 16.2 9.0 14.3 59.6
-0.8 0.0 0.0 878 238 0.27 -0.8 04 -02 43 113 6.9 135 64.4
—-0.8 0.2 -0.1 2631 728 0.28 -0.8 0.6 -0.3 4.0 5.0 3.3 13.4 49.5
-0.8 0.4 -0.2 2076 821 0.40 -0.8 08 —-04 4.4 1.7 1.1 11.9 375
—-0.8 0.6 -0.3 2930 1210 0.41 —-0.8 1.0 -04 4.3 0.7 0.1 13.1 349
—-0.8 0.8 -04 2320 1039 0.45 -1.0 0.2 -0.1 10.1 195 0.4 26.7 4.4
-0.8 1.0 -0.4 2342 1059 0.45 -1.0 0.4 -0.2 8.7 14.5 0.7 23.3 9.1
-1.0 0.0 0.0 0 0 - —-1.0 0.6 —-0.3 7.4 9.5 0.5 21.6 10.1
-1.0 0.2 -0.1 2645 298 0.11 -1.0 0.8 -—-04 5.7 2.2 0.1 20.6 10.3
-1.0 0.4 -0.2 2274 505 0.22 -1.0 1.0 -05 5.8 0.3 0.0 21.4 3.0
—-1.0 0.6 -0.3 2427 702 0.29

—-1.0 0.8 -04 1904 704 0.37

~10 1.0 —05 1556 590 0.38 satisfied. Only a few sequences are good folders, a reason-
0.0 0.2 0.0 0 0 _ able number of structures are encodable, and on average
0.0 0.4 0.0 0 0 _ more than one sequence selects the same folded state, guar-
0.0 0.6 0.0 0 0 _ anteeing the stability of the selected native conformations.
0.0 08 0.0 0 0 _ All these results are corroborated by checks carried out at
00 1.0 00 0 0 B some specific values of the parameters Nor 16, where a

complete exploration of the phase diagram is computation-
ally too demanding to be exhaustively performed.

As a first test for the reliability of the model we reportin  In Table Il we look for more particular properties of
Table Il for N= 14 and different values ab, hyy, andhpy sequences and structures present in the MPDB. To do this in
inside the previously mentioned ranges, the nunidgg of  a proper way, we select four main properties which accord-
good folders, the numbeXgg of different encodable struc- ing to us better characterize the phenomenology of TMP's:
tures, and the ratio of these two numbers, which gives th€l) A significant portion of the protein has to be inserted in
mean value of the number of sequences that fold in the santbe membraneg;2) The large majoritybut not the totality of
structure. In the first line of Table Il these quantities arethe transmembrane amino acids has to be of hydrophobic
reported for the HP model. type; (3) The transmembrane polar amino acids should rarely

For lengthN=14 the number of possible sequences isbe in contact with the lipid molecule$4) The transmem-
2'%=16384, and the number of structures with at least @rane amino acids should cluster together and form, at a
contact with the surfacé proper membrane conformatjon coarse grained level, a single domai) A significant num-
is 1390532. Except for the pathological casés= ber of proteins should have one or more large globular do-
—1hpy=0, andw=0 andhy,=0,0.2<hpy=<1.0, andw mains external to the lipid bilayer.
=0), when we observe a strong adsorption of monomers in For the MPDB related to a given choice of parameters we
the membrane, for any point of the phase diagram the gerfocus our attention on these five quantities, all computed as
eral physical criteria required for a protein model are fully average over all good folder§l) The average numbeiC)
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TABLE IV. (C), PM, PL, PMD, and PLD obtained witN
=14 for fixed values ohyy andhpy,, but with different choices of
w.

-0.8 0.8 0.0 3.0 04 02 23.4 71.3
-0.8 08 -0.1 3.5 32 13 20.8 63.7
-0.8 08 -0.2 3.7 32 13 20.7 59.1

-08 08 -03 40 25 15 148 451 | o1
-08 08 -04 44 17 11 119 375 _

of monomers in contact with the membrane lirf@) The
percentage PM oP type monomers among those present
inside the membrane lin€3) The percentage PL d? type
monomers among those in contact inside the membrane with
a lipid bead, i.e., nearest neighbor to an empty site of the
hydrophobic line;(4) The percentage PMD of good folders
with multiple domains in the membrane, i.e., those that oc- FIG. 5. Native structures for the MHP model obtained for
cupy more than one cluster of nearest neighbor sites/for _ 14 angh,,,,=—0.6, hpy,=0.6, andw=—0.3. Black circles in-
=0; and(5) The percentage PLD of good folders that havegicateH monomers, white circles represéhmonomers. In the first
native structures with large globular domains in the bulk,row: examples of good folders with maiH contacts in the bulk;

represented by at least foktH contacts in the bulk. _in the middle row: good folders with many contacts with the mem-
For N=14 and different values of parameters the quanti-brane line; in the last row: intermediate cases. At the bottom left
ties (C), PM, PL, PMD, and PLD are listed in Table Ill, there is an example of a structure with more than one transmem-

where for each pair oh,y andhp), values|w| is chosen brane domain.
equal to half of the minimum ofhyy| and|hpy|.

With regard to(C) it is not possible to make any com- lute values of both local fieldsp), andh,y , (C) increases,
parison with experimental results in view of the fact that ourrevealing that in these conditions the interactions of mono-
fictitious membrane is too schematic and not in scale wittmers with the membrane gives the largest contribution to the
real ones; however, one could assume Kbt 14 that(C)  stabilization of native structures, while PLD decreases, re-
=<8 are physical allowable average values for this parametewealing that the formation of hydrophobic cores in the bulk is
higher values being signals that most of the proteins are alow less important. This fact confirms that our simple model
most completely adsorbed by the membrane. From the rewell reproduces the competition between two different types

sults it seems thatC) is better tuned by, than byhpy, of interactions, those related tg,,, andhpy, contributions
and that only forhyy=—1.0, 0.6shpy=<0.4 do we find in the Hamiltonian, which favor H monomer insertion inside
unrealistic values fo{C). the membrane; that related &y, which favors the forma-

A physical estimation of PM for real TMP’s exists, and it tion of hydrophobic cores in globular domains present in a
is around 309444]. Because of the coarse grained descrip-polar environment. Nevertheless we stress again(tbaand
tion of amino acids inside the membrane, we expect that th€LD are average values, so for any choice of parameter val-
PM value in our model should be less than the one in realies in the selected region we are able to find native structures
TMP’s, so we require that PM should be less than an uppeeither with many contacts with the membrane and with many
limit reasonably less than 30%, that we have chosen to belH contacts in the bulk, as shown in Fig. 5.
10%. As shown in Table 11, PM seems to depend mainly on From this analysis it is possible to conclude that, apart
hpm, and it adopts values compatible with our requirementsrom the sharp position of its boundaries, a region in the
for hpy>0.5. In this range of parameters values we alsgphase diagram exists in which the proteins of MPDB roughly
observe a satisfyingly low value of PL. obey the main phenomenological features of TMP; this result

Moreover it turns out that in the restricted region fitting supportsa posteriorithe crude approximations of our sim-
previous constraints for any nonvanishing valuespofthe  plified model. It is also possible to look at the shape of these
percentage PMD of multiple transmembrane domain strucstructures, and worthwhile to note that, despite the shortness
tures is below the acceptable value of 25%. By decreasing of the chains and the regularization introduced by the lattice,
PMD can be significantly decreased, as shown in Table IvVqualitative analogies between this phenomenology and that
confirming that the unspecific attraction of monomers insideof real TMP can be undoubtedly detected. In Fig. 5 examples
the membrane line is able to guarantee that only a few goodf typical structures are illustrated.
sequences are unrealistic with multiple intermembrane do- We conclude this section by considering the Colicin A
mains. like behavior, i.e., sequences that have a unique ground state

Finally, for PLD it is more difficult to determine a range with both the standard HP model and the membrane HP
of values which gives a better agreement with the TMP phemodel, considering some specified parameter values, but in
nomenology; nevertheless we assume that it should be largdifferent structures. Our work gave positive results: for many
than 30%, so only fohpy,=1.0 are its values unacceptable. choices of parameter values in the selected range we found
In any case, an important result is that increasing the abssuch classes of sequences; for instance, higy = —0.6,
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ferent native states in the presence of different surrounding,
in analogy with the behavior of Colicin A like proteins.

It is worthwhile to note that having obtained these results
just for the simplest form of the hydrophobic membraae

H line) enforces the conclusion that the most relevant mecha-
nism ruling the insertion of the protein into a membrane is
really the bare competition induced by the different hydro-
phobicity between the inside and outside of the membrane.

| To use a thicker membrane is a necessary step to extract

more detailed information about transmembrane segments,
but the main physical features of the problem already seem
to be caught by our simple model. It is important to point out
how these results are not implicit in the model we have cho-
sen because our analysis has been done by looking at the
ensemble of unique ground states generated by all possible
sequences. This ensemble can not be predi&tedori, and

FIG. 6. Three examples of Colicin A like proteins found with 3 first achievement of our work already consists of having
the MHP model athyy=-0.6, hpM=0.6, andw=-03 (N found a small set of parameters for which such an ensemble
=14). On the left we show the native structure in the bulk, on theqq 1d exist.
right the .nativ.e strqctqre in the presence of the membrane. The In conclusion, our results show that to reproduce the con-
black (white) circles indicateH (P) monomers. figurational arrangement of TMP’s around the membrane, it
is reasonable to look for simple models with a few classes of
hpw=0.6, andw=—0.3 we found 24 such sequences, thre€ o iy 05 and a small set ofpeffective interaction parameters

ol h tic strat ¢ del is able t dict 8nd local fields. These interactions and fields should incor-
simple schemalic strategy of our model IS able 1o predic Eborate the hydrophobic effect as a main ingredient, and they

phenomenon observed in nature, such as the possibility forﬁmst introduce an appropriate competition between the polar

water soluble protein to change its native structure when it i%ulk and the hydrophobic membrane, that can even be mim-
in contact with a biological membrane. The investigation ofje by a line(in two dimension in or’der to give physical
the basic principles of such a mechanism, so far experimery,q its

tally unknown, is of course outside the possibility and the To obtain more complete and conclusive results regarding
purpose of the MHP model. TMP’s, it is necessary to consider a more precise represen-
tation of the membrane and a finer classification of the amino

VI. CONCLUSIONS AND PERSPECTIVES acids. In doing so one might also be able to determine the
angtructure of the protein inside the membrane, and perform a
loser comparison between the model and real membrane

To summarize, in this paper we presented a simple
coarse grained model on a two-dimensional lattice to veriff

; ; . 0 teins.
the importance of the hydrophobic effect in stabilizing pro—pro . .
teins that can locate themselves either in a polar bulk envi- On the other hand, the mere idea of using a few classes of

ronment or in a hydrophobic line. We used a procedure digamino acids can immediatef$5] be employed to extract the

rectly inspired by previous works on WSP's statistical interaction potentials and the effective fields. At

We emphasize that our approach cannot reproduce a dgle same ti_me the ul_timate go_al of _designing new_membrane
tailed description of the microscopic behavior of proteinsprOte'ng Vge'th atdtiswedt_furrctlon%gyfcasvg;serzlousl_y ad-
and membranes, but is aimed at understanding the malwesdseﬁ ec?R ¢ e‘?tr;-’ Ica rgs@ d] or b Sf ave in- id
mechanism underlying such a complicated phenomena: th eed shown that, with a reduced number of amino acl
is the reason why simple mesoscopic models have been Slpsses, these goals can be simultaneously obtained by work-

widely and successfully studied in the literature. From our'n9 with only a small set of known native structures as in the

analysis it turns out that, even in a model where the amin&@s€ of TMP’s.
acids are merely divided into two classes, the competition

produced by perturbing a polar medium by the presence of

an hydrophobic regiofithe membrankis sufficient to gen- We are indebted to Alessandro Desideri, Damien P. Fos-
erate unique ground states, i.e., proteinlike conformationger, Amos Maritan, Cristian Micheletti, Tzachi Pilpel, Anna
which have morphological features similar to those ofTramontano, and Gunnar von Heijne for useful discussions.
TMP’s (see Fig. 6 and the statistical analysis of Sek.lvis One of us(R.B.) is grateful to thdstituto Nazionale di Ottica
also possible to verify the existence of sequences with difef Firenze for kind hospitality.
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