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Through the analyses of the Miyazawa-Jernigan matrix it has been shown that the hydrophobic effect
generates the dominant driving force for protein folding. By using both lattice and off-lattice models, it is
shown that hydrophobic-type potentials are indeed efficient in inducing the chain through nativelike configu-
rations, but they fail to provide sufficient stability so as to keep the chain in the native state. However, through
comparative Monte Carlo simulations, it is shown that hydrophobic potentials and steric constraints are two
basic ingredients for the folding process. Specifically, it is shown that suitable pairwise steric constraints
introduce strong changes on the configurational activity, whose main consequence is a huge increase in the
overall stability condition of the native state; detailed analysis of the effects of steric constraints on the heat
capacity and configurational activity are provided. The present results support the view that the folding prob-
lem of globular proteins can be approached as a process in which the mechanism to reach the native confor-
mation and the requirements for the globule stability are uncoupled.
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I. INTRODUCTION N—1 in a regular lattice, and its configurational energy for
each particular structurdrg} being written asE({rg})
The understanding of the mechanism through which &= je; jA(d;;), whereeg;; is the contact energy of the
natural globular protein gets its native conformati@r-3]is ~ monomer pairi,j), andA(d; ;)=1 if the monomers andj
of central interest for practical purposes, but it is also an oldare first neighbors and zero otherwise. Clearly, such simpli-
intellectual challenge for researchers of diverse scientifified models do not intend to describe a particular molecule;
brancheg4]. Although being complex, the folding process rather, they try to produce insights about the folding process
has been successfully tackled by minimalist models that, irtself.
spite of their contrasting simplicity, are able to capture some In what refers to its significance to the folding process,
fundamental features of the protein folding phenomenon. Fohydrophobic or entropic forces have had an important theo-
instance, it has been theoretically confirmed that some contetical support. Specifically, a quantitative analysis of struc-
pact configurations, resembling “proteinlike” secondary tural data of natural proteins concluded that the hydrophobic
structures, are highly designable, that is, such structures agffect “generates the dominant driving force for protein fold-
the native state of many distinct sequences of amino acid®g” [8]: it was shown that each elememd;; of the
[5]. Miyazawa-Jernigan 2020 matrix of interresidue contact
Simple models for macromolecules have a long and sucenergieg9] can be reproduced by the following simple equa-
cessful history[6] but the use of minimalist models in the tion:
protein folding problem was mainly motivated by the pecu-
liar hole of the “hydrophobic forces” in the folding phenom- M;;=h;+h;—C(5— )2 1)
enon. The application of the concept of hydrophobic bond
[7], which is associated to the change in free energy on thehereh; is the hydrophobic level of the residieand &; is
transfer of nonpolar residues from the aqueous environmeriglated to its solubility parameter. The quadratic term
to the interior of proteins, popularized the representation of- C(8;— &) is directly related to the mixing energy of resi-
the hydrophobic energy as the sum on energetic terms ass@uesi andj [10], but the sumh;+h; is the dominant term
ciated to pairwise contacting residues of the molecule; part8].
ticularly, this mapping is exact for some lattice models. Then, once a suitable hydrophobic scélg} has been
In practice, the folding problem has been simplified up toestablished, it seems immediate that effective intrachain po-
the point that the configurations of a chain wrmonomers  tentials should be approximated as;=h;+h;. However,
are mapped into the set of self-avoiding walks of fixed lengthwith this prescription for the contact energy, the segregation
principle, 2¢; j—&j; —&;;=0, is marginally satisfied through
the equal sign, that is, 2 j—&j; —&;;=0. Indeed, as it will
*Permanent address: Portifi Universidade Catica do Rio  be clarified later through a Monte CarMC) lattice model,
Grande do Sul, Departamento desiEa Tevica e Aplicada, FF. the effective intermonomer potentials of the typg;=h,
TCorresponding author. +h; are efficient for packing and in inducing the chain to
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sparsely visit the native configuration, but they fail to pro-
vide enough stability to it. Therefore, in what manner extra
interactional specificities between the pairs of monomers
{i,j} should provide such stability? This difficulty may be
surmounted if one considers that other factors besides th¢ :
configurational energy, as steric constraints, play a signifi- RAN. RAH BGF RAH GIE :
cant role in the folding process, affecting the folding routes : :
and helping to stabilize the chain in the native statgte that
the termsnative conformatiorand native stateare used in
this text as synonymousThen, in this paper, we focus on a
simplified lattice model in which suitable hard-core-type necting pairs of letters indicate the residues allowed to be first

Constraint.s{ci’j} are .added t(,) the intermonomgr potential neighbors in the cubic lattice. For example, a residue tRp=n
{1}, asintroduced in a previous wofk1], resulting in the  paye as a first neighbor only residues of tyRe\, andH. Note that
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FIG. 1. Steric specificities and hydrophobic level for a 10-letter
alphabet, namely{R, A, H, B, G, F, |, E, D, C}. The lines con-

following hydrophobic-type potential, the classes of monomers label@dind 2 have higher steric speci-
ficities than those labeletl and 3—as indicated at the bottom of
Si*,j =h;+ hj +Cj . 2 the figure. The hydrophobic level for each “residue” is indicated at

the top of the figure. When the chain is in the native configuration,

The first part of this work consists in analyzing—through these monomers making zero, one, two, and three contacts with the
the Monte Carlo method—the effects of steric constraints orgolvent are chosen, respectively, from the clagses 2 or 3. Note
thermodynamic quantities, such as the heat capacity and cofiat there are three major ranges of hydrophobic levels, namely,
figurational activity of the chain. Distinct structures charac-more hydrophobic about=—2.0; intermediary abouh=—1.0
terized by its contact ordey are used to illustrate that such (those with more steric speuﬂu_thasmd on the other extreme Wl_th
effects are qualitatively independent of topological attributed!= *0-8. The strength of the interactio,} are expressed in
of the native structure, although the model used here preserf8ts ofkeT.
dynamical propertiegas folding success and folding spged
that do depend on topological or geometrical parametergnd steric interactional specificitigs; ;} of the residues,
[12]. The contact ordel is defined with the chain in the constitute a 10-letter alphabet, as shown in Fig. 1. The
native structure: it is the average sequence separdtion strength of the interactiof,} is expressed in units &T
number of residu@sbetween each pair of contacting resi- (arbitrary energy unifs kg is the Boltzmann constant.
dues, normalized by the numbhrof residues of the chain A few of the maximal compact self-avoidin@SA) con-
[13]. The values fory used in this work were chosen to figurations(actually cubes &3x3) are used as native or
cover, illustratively, the range of all possible values, whichtarget structures; these structures are characterized by their
for the present model satisfy 0.238%<0.4947. corresponding relative contact order The sequence of resi-

A model in the continuous space is also considered télues assigned to each structure is determined through a spe-
attest, in more general circumstances, the aforesaid propergffic “syntax” that emerges from the constraints; ;} and
of hydrophobic-type potentials, namely, the ability to accesgrom the application of the hydrophobic inside rule; see Ref.
configurations presenting common features to the target  [11] for details.
tive) structure. To accomplish this purpose, the solvent-chain
system is represented by a HP-type model in which the
amino acid diversity was reduced totao-letter alphabet,
representing polaiP) and hydrophobi¢H) monomers, at the
same time in that all geometrical constraints were practically Let us first consider the analysis of the heat capacity and
eliminated; the chain is explicitly exposed to the solvent. Theconfigurational activity for a particular structure, featured by

HP pattern of the chains are obtained from real proteins of 38s relative contact ordeg=0.2381, to discuss thoroughly
residues. the effect of the steric constraints in selecting folding path-

ways and on the overall globule stability; the monomer’s
sequence for this case IECBCIA ECBCE ADHRH
DAECB CEAIC BQ; see alphabet's details in Fig. 1.
In the present study, models using contact hydrophobi&imulations are also carried out for two more cases, charac-
energy of the type displayed in E(®) will be denominated terized by distinct values foy. All simulations in this study
as hydrophobic modell4]. The lattice model used in this were performed in the time window, MC steps, which
work is composed by a single proteinlike chain constitutedamounts to 8.X 10® configurations.
by N=27 monomers, which are effective residues taken Without steric constraints, that is, using intermonomers
from a repertory of stereochemically different elements; thecontact potential such as ;=h;+h;, the peak of the heat
residues occupy consecutive and distinct sites of a threesapacity occurs abolgT=0.9 and it is not prominent, as
dimensional infinity cubic lattice; the interactions are as-shown by open circles in Fig. 2. This behavior reveals that as
sumed to occur between nearest-neighbor pairs of residud¢ise temperature modifies, the system exchanges relatively
through a set of contact ener@y; ;=h;+h;} and steric con- ~small amounts of energy with its surroundings. But, if appro-
straints{c; ;}. Together, the set of hydrophobic levdls,} priated steric constraints are introduced—now ijzhi

A. Heat capacity and configurational activity
for a lattice model

IIl. HYDROPHOBIC MODEL AND STERIC CONSTRAINTS
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FIG. 2. Heat capacity as a function &T (arbitrary energy
units) for the system with constraintsteric specificitiesand with- FIG. 3. The chain configurational activity as a functionkgl
out constraints shown by solid and open circles, _res_pectively. Th&glid and open marks refer to the system with and without con-
rem_arkable _Change on the_ shape of th? cur\_/e_lndlcates that th:.":{rains(steric specificities respectively. The solid and open squares
chain’s configurational activity is substantially distinct for each sys-(- and ) represent the normalized average number of total con-
tgm. Note that akgT = 0.93, for the system W'th constrg!r(mlld tacts for the unconstrainedl(,) and constrained¥.) system, re-
circles the amountC/kg depends on th(_a initial conditionsee spectively; the solid and open circle@(and O) represent the
text); for mpst of all other_value_s or t_he discrepancy between the normalized average number of native contacts for the constrained
results for independent simulations is smaller than 3%. (\I,E:n)) and unconstrainedl(fj”)) system, respectively: and the solid
and open trianglesk and A) are the relative frequencies in the
native state for the constrained () and unconstraineddf,) sys-
tem, respectively.

+h;+¢ ;—the curve appearance changes drasticésiylid
circles: first we note that two distinct temperatures stand
out, namely, that corresponding togT.=1.5 and T,
<Tmax the temperaturd@ ., corresponds to the peak of the
heat capacity, and atgT,=1 perturbations are observed However, abouT=T,, the system shows a peculiar be-
(note in Fig. 2 the single solid circle out of the curve havior, not seen for higher or lower temperatures: starting the
Such fluctuations &t , have a singular meaning because sampling with the chain in the native structure, the results for
the simulations always started with the chain in the nativeall thermodynamic amounts are significantly dependent on
structure(except some checking runsvhat corresponds to the simulation history, what should not be expected for a
unfoldinglike computational experiments. We initially de- system at equilibrium. As long as the unconstrained system
scribe the system’s behavior for temperatures higher andoes not show similar behavior, it implies that justTgt
lower thanT,: In the rangeT, <T<T,a the chain is al- there is a synergic interplay between local energy minima
ways found in the native conformation; although many dis-and topological restrictions; at these conditions, the tempera-
tinct configurations are visited during the entire simulationture seems sufficiently high to populate alternate configura-
time, the native structure acts as efifective attractolin the  tions corresponding to local energy minima, but simulta-
sense that it is systematically visited with a frequency thaneously it is low enough to trap the chain, resembling the
increases as the temperatlrdecreases, as shown by Fig. 3. cold denaturation.
In this temperature range, the thermodynamic results are the A detailed analysis of the configurational evolution re-
same indifferently if the sampling started with the chain inveals that afT=T,, the transition from the native into an
the native configuration or randomly distended, since in thexcited (metastable state occurs in the all-or-none manner,
last case the chain reaches the native configuration very raphsplaying the signature of a first-order phase transition; de-
idly in comparison with the time window, . On the other pending on the series of random numbers employed, this
hand, forT below T,, as expected, the folding process be-sudden transition happens at a different instant in the time
comes sluggish but if the sampling starts from the nativewindow t,,. The chain becomes much less compact and
configuration, or near enough to it, the chain stays alwaysbout 50% of the native contacim averagg is preserved;
bonded to the native conformation. The fluctuations in thehe native and excited states have the same pattern of fluc-
internal energ\E is then reduced, as it is shown by the smalltuations, but the latter occurs at significantty 12%) higher
magnitude of the heat capaci§/kg=[(E?)—(E)?]/k3T?; energy level and presents a much larger number of possible
Fig. 2. But, starting the simulation from a distended randonconfigurations. For temperatures slightly bel®w; the chain
configuration, the chain is easily captured by any of the enis definitively bonded to the native state; on the other hand, a
ergetic traps and so the collected configurational sample, dulittle aboveT, thermal fluctuations are high enough to popu-
ing the timet,,, is not statistically meaningful. late these excited states and to overcome eventual energy
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barriers, pushing it back and forth around the native confor-
mation. Now, abouT,, a delicate tuning seems to be estab-
lished: thermal fluctuations are marginally sufficient to popu-
late excited states settled at local minima, but to go from the
native to such states, and vice versa, it takes an amount c
time of the same magnitude thay, because of the small
number of paths connecting the native and such excitec
states(imposed by the steric specificities

The remarkable transformation on the shape of the hea
capacity curve has just one cause, viz., the changes on th
chain’s configurational space imposed by the steric con-
straints. Therefore, to follow the details of such alterations, _,
in Fig. 3 some aspects of the configurational activity as a?

L constrained

< unconstrained

function of the temperature are shown. Fiesterage relative " 10 20 30 40 50
number of contactsnamely ¥, is defined as the average kT
number of contacting first-neighbor monomers divided by B

2_8’ Wh_'Ch is the total number of contacts for any CSA con- kG 4. The radius of gyratioRg as a function okgT. For the
figuration. The way thatV behaves with the temperature constrained system, at low temperatures correspondings®o
when native and non-native contacts are IndIStInCtly consid= 1.3, Rg is reduced with respect to the unconstrained system due
ered(that is, the total number of contagts represented by to the synergism between energefincal) minima and topological

v, for the system without steric constraif@en squares in restrictions. But, abovégT=1.3 the Boltzmann factor becomes
Fig. 3, and by W, for the system with steric constraints systematically less influential and so the steric constraints consider-
(solid squares hereafter, denominated aaconstrainecand  ably affect the original configurational space, swelling the globule.
constrainedsystem, respectively. In the interval &&gT  As the steric specificities do not allow many of the local contacts,
<3.0, ¥, decreases smoothly as the temperature increaseijs effect persists even fdr— .

whereas WV, presents an accomplished sigmoidal shape,

quickly reducing the number of contacting monomers forynqerstood as an effect of the steric specificities: KgT
values much smaller than the corresponding. This effect  ~ 1 5 the radius of gyration for the constrained system is
of the steric constraints |nd!cates that portion of the Con,for'significantly larger than that for the unconstrained pb8],
mational space correspo'ndlng to globularlike cqnfo_rmatlgn%s depicted in Fig. 4. So, in average, many chain contacts are
was peculiarly affected: in the temperature region in whichyeq| contacts, but such contacts are restricted by the steric
the globule is more compadarge V'), the number of con- - consiraints that favor the native ones because of the design of
figurations that separate the distended chain configuratione sequence. This result also indicates that the steric con-
from the most compact ones is severely reduced, which eXsraints work as a folding guide, inducing the chain to native
plains the §ha_rp peak obser_ved_ in the heat capacity CUNV@ontacts, even at higher temperatures abbys,.
Suc.h _pea_k |nd|cate§ that cham’s mternal energy, and entropy, as a remarkable result, we point out that at the peak of
exhibit a jump, rapidly changing its corresponding amountspe heat capacitksT,~1.5, the average number of native
for temperatures abodt= Trax. _ contacts approaches 50%, thatdi$"=1/2; Fig. 3. There-
Similarly, we turn our attention now to the behavior of thefore, T, can be seen as the temperature that separates two

averaggq}rgl)atlvg number (.)f gatlvee;:{(])(g)ta?‘:m trr:elcon- distinct behaviors of the configurational activity: beldy,,
strained¥g™ and unconstrained systewy, ” . For the latter, o configurational activity—limited by steric constraints and

a relatively low value for the average native.con_tacts is Ob'relatively small thermal fluctuations—defines a compact
s_erved for most temperatures, as shown in Fig(oen globular shape for the chain¥{,>1/2), and quickly be-
circles. But for temperatures low enough, when the globule o es genser for smaller temperatures, while that for in-
is very compact, namely, fo¥',>0.8, the average nUMDEr o oasing temperatures aboVg,, the chain's globular shape
of native contact is significantly enlarged, wih,” quickly g gestroyed because now the distended configurations are
approachingl, but still w{" <. A close look at the con-  statistically more significant.
figurational evolution along the simulation showed that, even Finally, we analyze the relative frequendyat which the
being very compact, that ¥,>0.8, the globule shows sig- chain is found in the native state. It is the rafio= (/¢
nificant malleability: the amount’{" oscillates intermit-  petween the numbeb™ of times the chain was found in the
tently between 15% and 80%, whereas the instantarQus native structure, and the total numbgérof configurations.
changes continuously from 60% to 100%. For the unconstrained system, the native configuration can
Now, for the constrained system, the number of nativeeventually be visited but it is unprovided with enough stabil-
contact\If(C“) (solid circles in Fig. 3 closely follows ¥ ity, that is, ®,<10"° for all temperature§>T,; open tri-
(solid squares For T<T,, almost all contacts are native, angles in Fig. 3. However, the fact thht, is not exactly zero
that is, the conditiontlff:"):\Ifc is practically satisfied; but has an important meaning; it suggests that the hydrophobic-
even for temperatures as highlgs > 2 most of the contacts type potentials, such as ;=h;+h;, are efficient in com-
are native contacts, as displayed by Fig. 3. This result is to bpacting the chain and reach the native state, although they
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100

smaller aboul 5y, quickly becoming larger as the tempera-
ture deviates significantly— above or below —from it.

X =0.4048
e —

80

B. Hydrophobic model for an off-lattice model
60

As commented above, the fact thhy, is not exactly zero
suggests that hydrophobic potentials are able to induce the
chain to collapse into the nativelike conformation, although
ol not providing the necessary stability to keep the chain

- bonded to the native state. However, one may yet ask if the
0__g;‘_¥ﬂ..f.(' A i native configuration was not incidentally found, considered
o5 10 15 20 25 o5 10 15 20 25 30 that the results refer to simulations that started at the native

ke kT configuration, and there is a relative small number of such
100 , 0 compact configurations. Indeed, there are abolt CSA
1= 0.3005 1 : configurations and for appropriated temperatures the native
08 state is found at most once every’lditempted moves, as it
was cited above. To clear up this question, we have carried
0s extensively runs of the folding process for the unconstrained
ﬁ““u;nnuu system, always starting from a distended configuration. For
04 temperatures, not too far from the peak of the heat capacity,
\\ﬂ the results have shown that the native state is always
%02 reached, but one may yet complain about eventual geometri-
:::j cal bias introduced by the regular lattice. Therefore, to reex-
00 amine the mentioned efficiency of the hydrophobic model
for an independent system, we introduced an off-lattice
model, described as follows.
) ) ) . In this model, the stereochemical diversity of the 20 natu-
FIG. 5. Heat capacity and configurational activity for two other ral amino acids is reduced to a two-letter alphabet, represent-

cases with largely. Note that althoughr, and T,,,, are slightly . - .
displaced to higher temperatures, the effect of steric constraints arltra]g polar (P) and hydrophobicH) monomers, while that all

qualitatively the same as shown in Fig2) and( 3): the marks and geometrical qonstraints were p_ractically eliminated. Techni-
symbols are the same as those used previou sl)’/ cally, the chain-solvent system is represented as a pearl neck-

lace in solution(the solvent is treated expliciflyin which
each monomer is represented by a hard sphere of diaDeter
fail to sustain it properly in that state. However, if appropri- connected to its neighbors by ideal flexible strings with de-
ated steric interactional specificities are introduced, theyined lengthD + &, wheres=0.2D. The 12.565 solvent mol-
work as a type of topological labyrinth for the native con- ecules are also represented by hard spheres of the same di-
figuration. This configurational barrier increases its effi-ameterD. The magnitude of the specific hydrophobic levels
ciency asT decreases fronT ., and so the relative fre- {h,} are equivalent to the one used in the lattice model, that
quency ®. in the native state(solid triangle$ assumes is, each monomer of the chain can have one of two possible
significant values, reaching 10% abdwfT =1; numerically ~ valuesthp=+1 orhy=—2. The solvent-solvent interaction
@, is at least five orders of magnitude larger thbp. Note  €ss, as well the monomer-monomer interactieq , is a
that just atT,, the value®, is smaller than the curve ten- hard-core-type potential, while the solvent-monomer interac-
dency should suggest, which agrees with the commentdon, besides the hard-core potential, involves the hydropho-
above about the heat capacity. bic energyesymzeo—nshm_, where g, is an arbitrary con-

As a complement, Fig. 5 shows the heat capacity and th&!@nthm is the hydrophobic level of monomer (hp orhy),
configurational activity for two more structures characterizec®1d Ns iS the number of solvent molecules surrounding it.
by different contact orders, namely=0.3095 and y Note that the energgs ,, increases witig if the monomem

=0.4048; the corresponding sequence of monomers aljé hydrophobic hm:h“.)' and decreases otherwise. Each
[CBCIA ECBCI AICBC IAICB CIADH RH and one of the monomers in the HP sequence corresponds, one

by one, to the polafor nonpolay attribute of the 35 amino
[ADHEC GC.’IA.I C.BCIA ICBCG CIHRH Fg see al- acids of a real protein, and its corresponding three-
phabet's details in Fig. 1.

L , dimensional(3D) structure was specially chosen as a target

The results are all qualitatively equivalent to those de'configuration. The polafor nonpolay attribute of each resi-
scribed above, although for differegtthe temperaturd .x  que was chosen based on the scale proposed in[ FGif.
of the peak of the heat capacity, as well as its values,a First, the chain packing process was analyzed as a func-
may change. As a rulél,, increases slightly withy, but  tion of the temperature in its global aspect. For this purpose,
other topological ingredients also may be influential, as therig. 6 shows the behavior of the standard deviaiddy of
number of structural patterns resembling secondary strughe average radius of gyrati®y againskgT for the last 18
tures. Yet with respect to the constrained system discussedC steps, which corresponds to one fifth of the total time
here, the time to reach the native state for the first time isvindow t,,, namely,t,=5x10° MC steps, which corre-
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Sequence: VVIGQ RCYRS PDCYS ACKKL VGKAT GKCTN GRCDC e e o G Yl SReDe
HP pattern: HHHPP PHPPP HPHPP HHPPH HPPHP PPHPP PPHPH patiern:

1.0 T T —————— 1rooSequence: RSCIDTIPKS RCTAFQCKHS MKYRLSFCRK TCGTC
HP pattern: PPHHPP HHPP PHPHHPHPPP HPPPHPHHPP PHPHH

1tsk

08

0.6} A

SD,

0.4

Monomer number

0.0

2 3 4 56789 g "
kT 5 10 15 20 25 30 35 5 10 15 20 25 30 35
B Monomer number

~ FIG. 6. The behavior of the standard deviati®bg of the ra- FIG. 7. Contact maps for two globular proteins, namely, 1tsk
dius of gyrationRg againstkgT. The protein ltsk sequencene-  anq 1roo. The amino acid sequence for both céses-letter sym-
letter symbol and its HP pattern are shown at the top. The physicalyg)) and the corresponding HP patterns are shown at the top. The

system as a whole, is represented by a single linear chain of 3gyatia| scales were properly translated and rescaled in such that
units, surrounded by 12 565 solvent molecules confined in a CUb'Bistancesdi j fit the range &dijgl (real protein and models

box. The beads of the chain, as well as the solvent molecules aigjack and white regions mean distances smaller or equal to 0.3 and

har_d spheres of the same diameter, but the mo_nome_r-solvent int%zrger than 0.3, respectively. Real proteins and models are to be
action depends additionally on the hydrophobic attribute of eachompared by columns. See text for details.

interacting pair.

sponds to a total of about>610° generated configurations. taken:(i) the intermonomers distancds; (center of mass
Three distinct regions are identified: FlogT<<1.5 (region  for protein and model, were properly translated and rescaled
A), the amouniSDg depends strongly on the initial condi- to fit the same interval from zero to one, that iss<0 ;
tions (results are shown for three independent ju®r <1 and (ii) black regions in the maps correspond to all
1.5<kgT=3.0 (region B), the globule is well defined; the distanced; ; satisfying O<d; ;<0.3, that is, distances up to
smaller value folSDg occurs akgT=1.5 and then increases 30% of the largest distandgor each case: model and pro-
slowly up to kgT=3.0. Finally, for kgT>3.0 (region C), tein), and as white regions for distances €& ;<1. The
SDg changes rapidly with the temperature until saturating atontact map for each model corresponds to a particular con-
kgT=5.0. figuration chosen among ten configurations taken in equal
For corresponding temperatures startindggif =1.5, the intervals from the last quarter of the simulation time.
size of the globule can be thermodynamically defined inde- Here, of course, the maps must not be conclusively com-
pendently of the initial condition: thermal fluctuations are pared with respect to configurational similitudes between
already significantly large to disrupt the nonoptimized hydro-proteins and their corresponding models and nor should be
phobic contacts and so, independently of the initial condi-expected to be like that, given the severe topological simpli-
tions, the chain always collapses into a compact globulelikdications imposed into the model. However, it is still possible
conformation. In the interval 18kgT=<3.0, the value oR;  to see specific propensitiésven though somewhat distorjed
practically does not change with respect to its valuggdt  in each model’'s map, resembling the corresponding real pro-
=1.5: it is about 3% and 5% larger kET=2.0 andkgT  tein’s map. To help in the protein-model comparison, it is
=3.0, respectively. Accordingly, fluctuations of the globule’s interesting first to recognize that due to the exclusive virtue
size begin to increase smoothly and slowly with the temperaef its distinct HP patterns, the two maps corresponding to the
ture until aboukgT=3.0; abovekgT= 3.0 huge fluctuations models are distinct. And then one looks for the similitudes
take place. Therefore, all runs with respect to the resultbetween the protein’s map and its corresponding model’s
reported below were performed lgiT=1.5. map. As it occurs in the lattice model, here several contact-
Figure 7 shows the contact map for two real proteins andng residues in the real prote{black regions of Fig. Fhave
for their corresponding models, according to what was dis€orresponding contacting pairs in the model system; many of
cussed above. To minimize the distinct spatial nature bethem presenting relatively high frequency of contact along
tween the models and the proteins, two precautions werthe simulation. Although the globule is very compact, it pre-
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serves great malleability, as also observed in the latticeverall stability condition of the globule in the native con-
model, indicating that the chain is not pinned in any particu-figuration. Specifically, through comparisons between two
lar configuration. The resemblances between the two mapsgts of Monte Carlo simulation results, it is shown that suit-
protein and model, are recurrent, appearing and disappearigle steric specificities dramatically change the system’s con-
from time to time along the simulation. The chain-modelfigurational activity. This effect has the following conse-
configurations shown in the Fig. 7 were selected for visuaduences(i) it transforms the original broad curve of the heat
purpose only to illustrate our arguments; it has a short life.C@pacity, obtained using a hydrophobic-type potential as pair
time but even with alternations of configurational similarities contact energy, into a peaked and symmetric curve (@ni
between the model's results and the native configuration ofignificantly increases the frequency in which the chain stays
the corresponding real protein, many pairs of monomers ladf the native state in five or more orders of magnitude. A
along the whole simulation time. After the collapse and withSecond(off-lattice) model confirms the effectiveness of the
the chain's segments already stuck together, it seems “tBydrophobic-type potentials in producing a malleable glob-
breath,” that is, an incessant succession of swelling an(gll_e and driving the chain _through conflguratlons that inter-
shrinkage of the globule takes place; the chain ramble§ittently approach the native conformation.
through the compact configurational subspace, eventually SUch results suggest that the folding problem of globular
visiting configurations that present more resemblances witROtéin can be approached as a process in which the mecha-
the protein’s native configuration of its respective real pro-Nism to reach the native conformation and the requirements
tein. for the globule stability are uncoupled. In this view, the ste-
Therefore, we conclude that the main virtues offeochemical code, namely, the hydrophobic pattern and the
hydrophobic-type potentials at® efficiency to compact the steric interactiopal specificity of each resid_ue, is responsible
chain maintaining the globule malleable and, once packedOr the mechanism through which the chain reaches the na-
and (i) capability to induce the chain through conformationstive state, which must then be considered as a special and

near to the native state, without, however, providing configutnique state. Once in the native state and only in this state,
rational definition to the globule. all the energetic and steric factors involved in the process

compose themselves in such way to maximize the stability
conditions for the globule: most of the hydrogen bonds are
now protected from the medium and, as the competition with

In the present work, hydrophobic-type potentials andthe solvent is minimized, they effectively contribute to the
steric constraints are employed in a simplified model as thglobule stability; the overall steric complementariness of the
two basic ingredients for the folding process. It is shown forresidues increases the internal contact area, at the same time
a lattice model that contact energy based in such potentiais reduces the external contact with the solvent, also produc-
are efficient in packing the chain and in finding the nativeing a net contribution for the energetic stability of the glob-
state, but they fail to provide configurational stability to it. ule, and finally, the steric specificities of the residues work
An appropriate set of steric constraints are then added and @lso as hindrances, topologically trapping the chain, as in a
is shown that as folding coadjuvant, such steric interactionaBD puzzle, efficiently helping to maintain the chain in the
specificities help to select folding pathways and improve thenative conformation.
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