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Globular proteins are produced as a linear chain of aminoacids in water solution in the cell and, in the same
aqueous environment, fold into their respective unique and functional native structures. In spite of this, many
theoretical studies have tried to explain the folding process in vacuum, but in this paper we adopt an alternative
point of view: the folding problem of heteropolymers is analyzed from the solvent perspective. The thermody-
namics of the folding process is discussed for a non homogeneous system composed by the chain and solvent
together; hydrophobic effects, modulated by the polar/nonpolar attributes of the residue sequence and by its
corresponding steric specificities, are proposed as basic ingredients for the mechanisms of the folding process.
These ideas are incorporated in both lattice and off-lattice models and treated by Monte Carlo simulations.
Configurational and thermodynamical results are compared with properties of real proteins. The results suggest
that the folding problem of small globular protein can be considered as a process in which the mechanism to
reach the native structure and the requirements for the globule stability are uncoupled.

1 Introduction prehensive: several distinct scientific and technological
branches are interested in this problem, which, once under-
We still know little about the liquid that is of fundamen- Stood. could lead to a better understanding of diseases ant
tal importance in biological processes. Particularly in the UNcover possible cures. The technological implication of
protein-folding problem, the unusual physical proprieties thiS Problem for the pharmaceutical industry, for example,
of water are determinant. For example, almost all proteins IS SO Impressive that one of the _Ieader computer companies
denature if their medium is changed from water to another St&rted. in 1999, a research project worth one hundred mil-
solvent, as ethanol, or even in aqueous solutions containioN American dollars, in order to build a supercomputer —
ing a sufficient amount of sodium dodecy! sulfate or urea. te Plué gene—with more than one million processors, pri-
In addition, proteins denature by simply changing intensive Marily dedicated to deal with this question.
parameters of their soIL_Jtions, such_ as pH, temperature, a_md In this paper, the protein-folding problem is considered
pressure. Many physical properties of water, such as itsynger the solvent perspective. The thermodynamics of the
high surface tension, specific heat, and heat of vaporiza-fo|ding process, in its qualitative and quantitative aspects, is
tion, are surpr.isi.ng. if compared with its direct analogous giscussed for a non homogeneous system composed by th
H,S and CH; it is impressive that water presents one of cnain and solvent altogether; hydrophobic effect and steric
the largest known heat capacities [1] given the small size of ;onstraints are proposed as basic ingredients for the mech
its molecules. The effects of its special structural possibili- anisms of the folding process. In the next section, the hy-
ties in either the bulk of pure water or when in contact with grophobic effect is analyzed in connection with the folding
others substances [2] are also unique. problem, and a qualitative view of the folding thermody-
Such physical properties of water, concerning room tem- namics is used to emphasize the importance of water for
perature, are among the main reasons for referring to thethe folding process. Section 3 considers Monte Carlo sim-
protein-folding process as one of the most perplexing mys- ulations of two chain models: in the first, the chain evolves
teries in science. Indeed, the task of describing how a par-in the continuum space, and in the second model the chain’s
ticular long strand of amino acids twists and folds into its unites are restricted to occupy the sites of a regular cubic lat-
very specific three-dimensional structure has proved to betice. In the last section, the simulation results for two models
a considerable intellectual challenge, but theperplexing are discussed, emphasizing that the folding problem may be
mystery..) statusis somewhat exaggerated, although com- considered as a process in which the mechanism to reach th
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native structure and the requirement for the globule stability oxygen (acceptor) of the other, and, considering all four
are uncoupled. electron pairs involved, the water structure may be consid-
ered tetrahedral. As a consequence, one water molecule

L may be bounded up to four other molecules, potentially
2 Hydrophobicity and the globular forming an extensive hydrogen bonding network. The term

protein—folding pr0b|em hydrophobic, commonly used to label substances that appar-
ently repel water, is therefore not appropriate. There is no

The peculiar desafinity of il (a nonpolar substance) for wa- fePulsion between water and such substances; rather, the ob-
ter is historically known since Pliny the Elder (first century S€rved apparent “aversion” is owing to the strong hydrogen
A.D.), but the first reference to the word “hydrophobicity” Ponding between water molecules, also responsible for wa-
is not clear; it appeared at least as early as 1915, although if€"'S high specific heat, and heat of vaporization. Nonethe-
had been defined differently from that which is currently in €SS, itis too late for any corrections: the term hydrophobic
use [3]. Through time, people from different technological IS 90ing to be continuously used, but not with its etymolog-
and scientific branches have employed the term “hydropho-ic@l meaning. .
bic effect” with distinct meanings, sometimes confusing.  Water's tetrahedral-type structure and the extension of
Some refer to it simply as desafinity of oil for water; or- the hydrophobic bond explain its anomalous packing den-
dering of water around nonpolar solute; or, still, free energy Sity: Namely¢,, = 0.36. This figure is very small if com-
involved in transferring a nonpolar solute from a nonpolar Pared with the protein's interior packing density = 0.75
environment into water. Anyway, the rigorous understand- (Which is greater than closest packing of sphepgs =

ing of the so called “hydrophobic effect’, at molecular level, 0-74) or the cyclohexane., = 0.44. At 4°C and at-
is still in progress. mospheric pressure, each molecule of water is surrounded

only by 4 or 5 other molecules; for closest packing of hard
. spheres, this number is 12 and for many simple liquid it is 8
2.1 The hydrophobic effect or10; therefore, one can conclude that water has a very open

The term  “hydrophobic effect " was coined by Charles Structure [7].

Tanford [4] and it refers to the surprising thermodynamics
of mixing nonpolar substances with water (oil/water mix- 30
ing phenomenon). Recent advances suggest that the ap- ] /
parent “aversion” of nonpolar substances to water comes, 201 AHO Ah____
indeed, from the versatility of water molecules in avoiding
the reduction of hydrophobic bonds among water molecules = "7 T
[5]: on the contrary to common sense, there is an ener-
getic preference for nonpolar substances to aggregate with
water than with themselves, but it is the water-water in-
teraction, through (relatively) strong hydrogen bonds, that
ultimately segregates the nonpolar species from the water
bulk, as macroscopically observed through the minimiza-
tion of the nonpolar-water interface. For large enough ex-
tensions of nonpolar-water interfaces, bond breaking is in- %0 0 20 10 60 80 100 120
evitable and the local distribution of hydrogen bonds be-
comes asymmetric; in order to minimize the system’s po-
tential energy, the hydrogen bonds are redistributed into theFigure 1. Molar free energy transfefu’ = AR’ — TAs,
water bulk direction. This process is substantially the same©f & nonpolar substance into water as a function of temperature;
as that observed at the air-water interface, easily identifiedSchematic representation. The free energy changeo is large and
by water’s high surface tension. However, for small enough POSitve in the intire range for liquid water; &, ~ 25°C, and
nonpolar molecules (extensiofs1 nanometer), hydrogen ZI_; ~ 120°C the enthalplc and entropic changes are zero, respec-
. . L ; tively. For comparasion, the molar free energy transfer for a regular
bonds simply involve the molecule, resulting in a practically

. solution is also shown schematically (dashed line).
unaffected average number of hydrogen bonds . This mech- Y )

anism explains, for instance, the higher solubility of small Much of what is understood about the hydrophobic ef-
nonpolar solutes[6]. fect comes from studies on the oil/water partitioning of
The versatility of water molecules in avoiding the loss small nonpolar solutes. At equilibrium, the molar free
of hydrogen bonds comes from its peculiar interactional energy of phase = 1 and phase = 2 are equals:
properties, which are orientation dependent; it also in- 49 + RT In(c;) = u3 + RT In(cz), wherep? is the affin-
volves —under the conditions of many physical and biolog- ity of the solute for phasé andc; is the concentration of
ical processes— a relevant amount of energy, 10 - 20 KJ, issolute in phasé. The differenceA ;. = u§ — 1§ of molar
necessary to break 1 mol of hydrogen bonds. Aboutdl.9 free energy, at equilibrium, is balanced by the solute parti-
separates the hydrogen (donor) of one molecule from thetioning between the two phases, given by the difference of

Energy (kJmol
—

-20 4

Temperature (OC)



92

concentration of solute, that 8u° = RT In(c;/c2). For
nonpolar solutes in its on phasa.’ is interpreted as the
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of freedom, that i®(R;...Ry) is averaged over all possible
solvent coordinate$r;}. This is what is assumed in most

transfer free energy to change the solute from the nonpolarsimplified models of protein folding: thsolvent factoris
phase into water. For small honpolar molecules (pentane,averaged out and appears implicitly as a potential of mean
for example) ,Apu" is positive (therefore, oil/water mixing  force, and so the problem is reduced to intra-chain interac-
is not a spontaneous procesand varies slightly with tem-  tions through the potential of mean forde However, al-
perature, from abow23 to 28 KJmol~!, for temperatures  thought this approach has been extensively employed, ever
ranging from zero to 10. Its enthalpicAk® and entropic  for dealing with the dynamical aspect of the problem, a
TAs® components&u® = AR? — TAs®) change almost  definitive potential of mean force was never found: it is
linearly along the entire interval of temperature of liquid not feasible to condense all solvent-chain information (in
water, which gives a nearly constant molar heat capacity inan operational manner) in a single function of the chain
this temperature range. Fig.1 shows a schematic representacoordinates{ R;} and at the same time, keep the problem
tion of the main characteristics of the hydrophobic effect [2] treatable. Therefore, simplified potentials of mean force
(mixing of nonpolar solute in water). are commonly employed in considering solvent implicitly.
Anyway, the price to be paid for using this approach is that
of having to consider the solvent at macroscopic equilibrium
with the chain during all the process.

Under physiological conditions (namelly, adequate pH and  (i)-On the other hand, if one considers that the solvent
temperature) many proteins fold by themselves, that is, should play a more explicit role in the dynamic process of
they fold without intermediation of any biological machin- folding, an alternative approach is then to emphasize the
ery. This experimental observation suggests that the foldingsolvent-chain interactions. The details of how the correct
problem may be described only by chemical and physical chain’s segments get together and keep in contact, clearly
parameters, despite its complexity. However, even consider-has to do with the stereochemical pattern encoded in the
ing the anomalous behavior of water and its solutions, mostchain sequence. But, before getting into the details of this
of the models used in studying the folding problem has tried alternative view of the folding problem, let us analyze its in-
to include water only implicitly, by integrating, priori, the terplaying parts through some thermodynamic quantities, in
solvent degrees of freedom. This simplified treatment is de-order to associate the hydrophobic effect —as observed in the
rived through statistical mechanics, by first writing the con- nonpolar/water system— with the chain-solvent equilibrium
figurational partition function of the entire system, which is state.

constituted by a protein molecule in the presence of the sol-

vent:

2.2 The folding process

2.3 Thermodynamics of the folding process

Indeed, theoretical studies and experimental evidences point
to the hydrophobic effect as the main folding driving force
generator[9] [10]. One of the most convincing arguments
comes from the thermodynamic analysis of tleéding

= unfolding reaction. Measurements of thermodynamic
amounts may provide insights about the relevant forces in-
volved in the protein stability and folding process. In this
analysis, it is usual to consider the enthalpic and entropic

Z =" exp[~E(Ry..Ry; 11, ..
{Ri} {r;}

rm)/ksT], (1)

where E is the total potential energy functiors is the
Boltzmann constanf]’ is the absolute temperature, and the
summation involves the coordinates of the chaiy} and
the coordinates of the solvefit; } (treated here as discrete
variables for simplicity). The partition function may be re-

written as changes through the folding process, taking separately the
chain and solvent contributions by writing the entire free en-
Z = Z exp[—P({R;})/kpT], (2) ergy changea\G = G soided — Gunfolded DEIWeEEN the final
{R:} folded structure and the initial unfolded conformation, as
with

AG = AI—Ichain + A‘Iysol'uent - TASchain - TASsol'uent;
®({R;}) = —~kpIn Y _ exp[~E(Ry..Ry;71...vm) /kpT]. (4)
{r;} the enthalpic changeAH also meansAH = Hyoiged —
(3) Hunfolded, as well asAS = Sfolded - Sunfolded- The in-
The function®({ R;}) can be seen as the free energy for the teraction energy between chain and solvent and among thos
hypothetical case in that the chain is maintained “frozen” in solvent molecules affected by the chain presence are all con-
a particular configuration through the §ét; } of fixed coor- tained iNA Hj4in- Itis necessary to bear in mind, however,
dinates{dR;/dt = 0}. Therefore, at this point, one has two that this procedure of breaking down a full thermodynamic
possible ways of focusing the problem, from the statistical quantity into a sum of components is not a rigorous method,;

mechanics point of view:
(7)- One may see the free energyaspotential of mean

indeed, special conditions, such as free energy additivity, are
a priori assumed. But our interest here is only to provide

force[8], obtained by the summation over the solvent degree a qualitative analysis of the thermodynamics of the folding
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process, and so we proceed without major considerationsfore, when by thermal fluctuation two nonpolar groups get
about. closer, the resulting reduction of exposed nonpolar surface
First, we consider the polaf) groups (side-chains). In  to water increases the number of hydrogen bonds (a water
this case, the entalpic change between the folded structurenolecule always “looks” for other water molecules). The
and the unfolded conformation is positvAH?, .~ > 0, net effect is the collapse of the chain, reducing the over-
that is, the chain enthalpic change contributes to the unfoldall water-nonpolar interface and increasing the number of
conformation. The reason is that these groups, as the backpossible hydrogen bonds for water molecules; that is, the
bone, form much more hydrogen bonds and salt interactionsfolded structure increases the solvent entropy. Therefore,
when exposed to water than among themselves. On the otheadding all the contribution from nonpolar groups, namely
handAH?, . < 0, favoring the folded structure. The AG? = AHP 4+ AHP T(ASﬁ +ASP ),

S0 chain solvent chain solvent

amountA H? is negative because the water molecules one finds that it favors the folded structure, thahi§? < 0.

solvent

interaction with themselves is stronger than with the chain.  Finally, adding up all terms, at room temperature, it

Therefore, the terms in the sutiy, , +AH;,,,.,,, com- is found that, for proteinsAG = AGP + AGP is neg-
pete and, although close to zero, the sum usually favors theative, that is, the folding is a spontaneous process. How-
folded structure slightly, thatis\I77, ., + AH? .., S0, ever, the changAG is very small, indicating that proteins
indicating that the water molecules interaction with them- are marginally stable. For typical proteindG is found
selves prevails. to be between -10 and -50 KJ/mol, which corresponds to
The chain entropic change is negative, that is, few hydrogen bonds. In short, one finds that enthalpic

—TAS?qi, > 0, because the chain in the unfolded confor- and entropic contributions due to the chain favor the unfold
mation has much more assessable configurations than in the ynformation A H”. > 0: AHP > 0. _TAS?

folded structure and so it contributes to the unfolded con- 5 chain chain ~ chain

formation. However—TAS? . < 0 because the wa- c?or(l)t;ri_bftﬁfc?g\% r>th?a); f\cl)vlzlla?j ﬂrtfétrg f’ e;iuepto thejol(\)/.ent
ter has more configurational choices with the chain in the 5 » ;Owent '
folded structure, and so this term favors the folded struc- 2 sotent < 05 =TAS( 0y < 05 =TASC,, ., << 0).

ture. The balance is found to be slightly negative, that Then, it seems clear that the solvent plays a dominant role
is: ASP N < 0. Then, summing up the in the spontaneous folding process, and a hypotheses may

contributat s om e ehamn and solvent, namelG? — be now set up: The solvent “folds the chain” in a such way

AH?, . +AHP —T(AS?, . +ASP ), one usu- that the number of lost hydrogen bonds is reduced to a min-
ally ?f‘ﬁé’é that pS(;)Ilg?Tgroups fa\clg??he unfi)olggatconformation, imum level; the final structure specificity and stability are
thatis: AGP > 0. decurrent from the particular stereochemical instruction en-

Now we turn to the nonpolaf?) groups. As in the ched along the chain. Therefore, in thg following topic, we
5 oo will approach the folding problem focusing the solvent part,
polar case AH, . =2 0 contributing to the unfold con- specially thinki ;
X . . pecially thinking of using the Monte Carlo method.

formation. Although the chain’s nonpolar groups interact

(slightly) stronger with water than with themselves, when

the chain is open, the backbone may form more hydro-

gen bonds with water than with themselves. But, it is not 2.4 Folding of grobule protein driven by the

so favorable to the unfolded conformation as in the po- hydrophobic effect

lar case, because the van der Waals (attractive) interactions

are weaker between nonpolar groups and water than amongn order to emphasize the hydrophobic effect as the fold-

themselves. On the other hand, water molecules interacting driving force generator, let us consider a microcanonical

much more strongly among themselves than with nonpo- representation of a system constituted by a single chain im-

lar groups; thereford\H? , = < 0, favoring the folded ~ mersed intolV, solvent molecules (water), a fixed volume

structure. Here, again, the terms in the stwh?, = + Vo, total constant energy,, andI'y accessible states, all

AH?, . compete, slightly favoring the folded structure, of them evenly probable. The system as a vv_hole (actually

hatis: AP, + AHP <0 a non—hor_‘nog_eneo.us system) reveals tvx{o distinct parts as il-

t chain solvent ~ ~ N lustrated in Fig.2: 4)- a subsystem constituted by the chain
Following, itis found that the sum\S7, ., +AS? .., and its neighborhood, andi)- the complementary system.

> 0, that is, it Stl’ongly indUC~eS the chain into the folded The Subsystem, in an arbitrary Staieoccupies a volume

conformation. The term-T'AS?, . > 0 contributestothe  V/,, which has allN,, water molecules that ‘perceive’ the

unfolded conformation, like in the polar case, but the sol- chain, and energ¥,,; the complementary system is consti-

vent contribution strongly favors the folded structure, that tuted by the complementary volumi€, the reminder num-

is —TAS? ... << 0, and is the leading driving force ber N/, of bulk water molecules, energy/, and having a

for protein folding. The structural arrangement of wa- numberI, of accessible states. Clearly, + V. = Vj;

ter molecules at the water-nonpolar interface are signifi- alsoN,, + N/, = Ny; andE,, + E!, = E;. The energy of

cantly affected: due (again) to the stronger water-water in- the subsystem is given by the suth = ES° + ES°, where

teraction (much stronger than the water-nonpolar groups in-E<¢ is the intra-chain energy anBS® includes the chain-

teraction), the lost hydrogen bonds are partially compen- solvent interaction energy and the energy between those sol-

sated by redirecting them towards the water bulk. There-vent molecules that can be affected by the chain presence.
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where the functiomnin(a, b) means the minimum amount
Subsystem: betweerz andb, andioS’ = S;, — S} is the entropy differ-
chain + neighborhood ence between two distinct states of the system as a whole
namely: the state corresponding to the subsystem ‘frozen’in
statec and the state corresponding to the subsystem ‘frozen’
in state3. The idea now is to estimate the amouitt’
through experimental data, with respect to the change on
the free energyAG = AH — T'AS involved in transfer-
ring a solute from a nonpolar environment (interior of a pro-
tein) into water (solvent). Such transfer free energy, deter-
mined for all 20 natural aminoacids, are used to construct
what is called “hydrophobic scales”. Fig.3 shows two of
such scales [4]. One was obtained from experimental mea-
surements and the other from theoretical calculations. They
were chosen here, among tens of others, because they agre
qualitatively about which are the "hydrophobic” and the
"hydrophilic” aminoacids — it is common to find qualitative
Figure 2. Microanonical system: representation of the chain-water disagreement between different scales for some aminoacids

system. The system as a whole féssolvent (water) molecules,  Therefore, writing the entropic change of the system as
fixed volumeVj, total (constant) energf, andI'y accessible AS' = —(AG' — AH')/T,0one may use experimental re-

states, is divided ina s_ubsystem constituted by the chain and sol sults to weigh distinct configurations . As a first approxi-
vent molecules at its neighborhood, and the complementary system___.. .

: mation that emphasizes the solvent factor, one may drop the
(just solvent molecules).

entalpic term and writé\ S’ ~ —AG’; particularly, this ap-
Therefore, one may assume that along the configura-Proximation becomes exact for models using only hard-core
tional evolution, a given state of the system as a whole Potential for the intra-chain interactions.

Complementary
system: solvent
molecules

has probability of occurrence However, as discussed above, on considering the ther-
I modynamics of the folding process, proteins are marginally
P, = F—O‘, (5) stable and so some other “non energetic” ingredients must

0

play a role in its overall stability. And, indeed, it is sur-
because, for /the_ same statgthe complementary system  prising how “hydrophobic potentials ", constructed from
can assumé’, distinct states out of['o. Therefore, the  hydrophobic scales, in association with steric effects may

probability of occurrence of a local specific physical condi- mimic the protein process, as it will be considered in the
tion, such as a microscopic fluctuation specified by the statepext section.

« of the subsystem, depends on the number of accessible
states left to the complementary system. Dynamically, this
means that along a large enough time intervah which

a numbemd(r) of states are visited , stateoccurs®(7) x

I, /T, times. As the system as a whole is considered in . . .
macroscopic equilibriump, is then the ‘chance’ of occur- 3 Hydrophoblc induction and steric

rence of a specific local microscopic fluctuation specified constraints as two main ingredients
by the subsystem at state Eq.5 can be re-written by tak-

ing the natural logarithm of its both sides and after defining in the fOIdmg process
InT = S/kg, one gets

, The mechanisms and thermodynamics of the hydrophobic
Po = exp(-AS, /kp), ©) effect, as discussed above for oil/water mixing, are not eas-
whereAS;, = So — S; note thatl'y = >°,,, T',. The ily and directly applied to protein systems, although the hy-
amountAS’, is not the entropy of the subsystem; the cor- drogen bonding is at the root of both problems. Differ-
rect thermodynamic corresponding amount is obtained byently from single small nonpolar molecules, proteins are
the ensemble (or temporal) average= AS/, = Sy — S'. linear long heteropolimers with polar and nonpolar groups
On the other hand, the amoufif, can be seen as the en- mixed in the same chain. In spite of some characteristic be-
tropy of the whole system when the subsystem is considerechavior of oil/water mixing being qualitatively equivalent to
‘frozen’ in statea exactly as considered in Eq.3. Therefore, protein systems, its corresponding quantitative parameters
through this interpretation, Eq.5 may be used along with the are markedly distinct. Indeed, the molar amount of energy
master equation to get a prescription of the transition proba-contained in the changeSH andTAS, separately, in the
bility between two (consecutive) states of the whole system. exposure of nonpolar groups during the protein unfolding
p reaction is much higher than its corresponding amount in
Top= ?; = min(1, exp[(S, — S5)|/kB),  (7) oil/water mixing, as illustrated in Fig.4, for lysozyme [9];
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-3,07|-2.46]-2,44[-2,32|-1,68]-1,66-1,34-1,31]-0,98]-0,42|-0,35[-0,18] 0 [0,05[0,30|0,870,821,05] 1,35 1,37 [}
2.6[-1.9]-23]-1.9]-2.4]-15]-038] -1.6 [ -1.2[-0.67-0.52]0.64] 0 [-0.01]0.22]0.76]0.60[ 12 [0.57] 2.1 [}
HHHHHHHHHHHHH|N|N|P|P|P|P|P|P

Legend- *: experimental scale; T: theoretical scale; A;: hydrofobicity level of each aminoacid

Figure 3. Hydrophobic scales: there are many distinct scales determined experimentally; these two were choosen because there i
qualitative agreement between them and theoretical calculations.

and, for the case of proteins having only two states, namely
folded and unfolded, the work required for transition from
the native structure to the denatured conformation is given
by AG = AH — TAS, the unfolding free energy. But,
as already emphasized, the amo¥ is positive but sur-
prisingly small, producing questions such as: Why do glob-
ular proteins have to be only marginally stable?; or: Are
there any other hidden stabilizing mechanisms that are not
revealed by final state thermodynamic amounts? Indeed,
it can be observed that, in living cells, there is a continu-
ous process of production and degradation of most of their
constitutes. Many functional globular proteins are system-
atically produced and eliminated, in a wide range of time
characteristic (from fraction of second to days, or years).
Therefore, the fact that proteins are only marginally stable
structures seems to be important for the maintenance of the

Figure 4. Classical result of the enthalpy chang# of the con- biologic machl_nery_of life. BUt on the other_ hf"md' und_er
formational transition (denaturation) of lysozyme as a function of the same physiological conditions, how can distinct proteins
temperature . There is no difference in heat capacity (slope of thepresent distinct half-live within the same range of small ther-
enthalpy change as a function of temperature) upon denaturationmodynamic stability? A complex combination of factors,
induced by temperature (open circles) at constant pH; acid (filled such as sensitiveness for local chemical fluctuation, number
circles) at constant temperature; denaturation by temperature (opemf covalent cross-links, protein size and shape, etc., would
triangle) at constant concentration of denaturant guanidine chlo-ysually be evoked. However, among all these possible fac-
ride; and denaturation by guanidine_chloride_ (filled triangle) at con- tors, a good starting point for investigation seems to be the
stant temperature. For many proteins studied [9], the same lineargiq ¢ specificitiesf the chain because they are present in all
dependence\ H with the temperature was found, but with differ- proteins through their elementary constituents: the twenty
ent slopes for each protein. . . . . .

natural aminoacids presenting a rich repertory of sizes and
shapes. Therefore, one gets a simple but consistent propo-
sition in order to study the folding process: in the linear se-
guence of aminoacids of a particular protein, a stereochem-
ical instruction to thesolventshould be encoded, dictating
how and inwhat structure the protein has to be folded. In
the next topic, Monte Carlo simulation results of two models
are presented in order to analyze the consequence of consid-
ering the hydrophobic effect (entropic forces) and the steric
specificities (or constraints) as the two main ingredients in
governing the folding process.

600 -

500

400+

AH (KJ/ mol)

3004

2004

T T T T T T T

20 30 40 50 60 70 80

Temperature (°C)

compare it with Fig.1. The resulting balance for protein un-
folding free energyAG = AH — T'AS, although positive,

is surprisingly small. In addition, while in oil/water mixing
of small solutes, the temperaturgsin which the enthalpic
contibution is zero, and the temperatufgsn which the en-
tropic contibution is zero, are separated by at3odcC, they
are about nearly the same for protein [3]. In oil/water mix-
ing, as well as in protein systems, the entropic term is the
predominant one, that i§'’AS| > |AH|, from lower tem-
peratures up tdy, in that, by definition,—7T.AS = AH,
note that7, < 7. < T,. The value forl. varies from

protein to protein: it is about € for T4 lysozyme [11],
26°C for myoglobin [12], and about 2& for several other

proteins[3]. Such thermodynamic results certainly reinforce

3.1 Off-lattice model: the hydrophobic induc-
tion

the idea that the protein chain folding is driven by the sol- Entropic forces originated by the sequence of specific

vent's “entropic forces”; the enthalpic component only starts

to favor the folded structure for temperatués- 7;, when
the unfolding enthalpy chang® H becomes positive.
The stability of the native structure of single-domain

proteins is measured by the work required for its disruption,

residues of a protein are efficient for packing and inducing
the chain to visit the native configuration, but they fail to
provide it with enough stability [13]. In order to primar-
ily examine the exclusive efficiency and limitations of this
“modulated hydrophobic effect”, an off-lattice model is em-
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ployed, in that the stereochemical diversity of the 20 natural  (i)- moving a hydrophobic monomer:
amino acids is reduced totaree-letter alphabet, represent-

ing polar (P), hydrophobic (H), and neuter (N) monomers,
as depicted in Fig.3, at the same time that all geometri-
cal constraints were deliberately eliminated. Technically,
the chain-solvent system is represented as a pearl necklace
in the solution (the solvent is treated explicitly), in which T(a — B) = min{exp(—yoAng/kgT),1}; (9)
each monomer is represented by a hard-sphere of diameter _

D connected to its neighbors by ideal flexible strings with  (ili)-moving a solvent molecule:

defined lengthD + ¢, wheree ~ 0.2D. The 12.565 sol-

vent melecules are also represented by har_d_-spheres of the T(a — B) = min{exp[ro(2Ang — Anp)/ksT], 1},
same diameteb. The magnitude of the specific hydropho- (10)
bic levels{h;} is equivalent to the one used in the lattice
model, with each monomer of the chain having one of three
possible valueshp = +1, hgy = —2, or hy = 0. The
solvent-solvent interactiorg; 5., as well as the monomer-
monomer interactiong,, .. is a hard core-type potential.
The solvent-monomer interaction involves, additionally, the
hydrophobic energys .., = eg — nsh.,, Whereeg is an ar-
bitrary constanth,,, is the hydrophobic level of monomer

(hp, hg,or hy), andng is the number of solvent molecules
surrounding it. Note that the energy ,,, increases withn

if the monomerm is hydrophobic &,,, = hg), decreases

if it is hydrophilic (h,,, = hp), and is indifferent otherwise
(hm = hy). Each monomer in the HPN sequence corre-

sponds, one by one, to the polar/nonpolar attribute of theof gyration R against:zT , as shown by Fig.5, which was

35 amino acids of a real protein, and its corresponding 3- obtained by using the lasD® MC steps —representing one
D structure was specially chosen as a target conﬁgurationﬁfth of the total time windowt,,, namelyt, — 5 x 10°

. The polar/nonpolar attribute of each residue was Chose”MC steps that corresponds to a total of about 10° gen-
based on the scale proposed in Fig.2, and the configurag,aaq configurations. Three distinct regions are identified:
tional evolution is governed by Eq.7 above. The amount For kgT < 1.5 (region A ) the amountSDg depends
556“#3 = AS. — ASp |§_the system's entropic change strongly on the initial conditions. Far.5 < kT < 3.0
W|th respe(_:t to the transition between the distinct (frozen) (region B) the globule is well defined: the smaller value
chain configurations: and 5, and may be expressed by "o p . occurs atkyT — 1.5, and then increaes slowly
its corresponding chenges on eneegys, number of water up to kgT — 3.0. Finally for kgT > 3.0 (region C),
molecules bounded in the chaip, s, and molecule volume g1, - -hanges rapidly with the temperature until saturating
Va8, INthe formd S, 3 = (—deq g+ 1 0nq g —Pdva,g)/T; atkpT > 5.0

see ref. 15 for more details. In the present model, we set (;Fronk;B.T — 1.5, up tokgT = 3.0, the size of the
dna,3 = dva,s = 0 and, because only hard-core energies . i

are considered in the inter-monomer interactiditt,,s de- ¢ he initial condition: thermal fluctuations are already sig-

pends only on the change of the hydrophobic enérgy;. nificantly large to disrupt the non-optimized hydrophobic

Essentially, this c_hange depends on the reorganization Ofcontacts and so, independently of the initial conditions, the
hydrogen bonds in the layer of water molecules between

- chain always collapses into a compact globule-like confor-
the solvent bulk and the monomers surface[7], establish- .. AtkpT = 2.0, andkzT = 3.0, SD¢ is only about

ing a linear dependence on the accessible surface area qg% and 5% lager tha D¢ atkpT — 1.5, respectively

the res‘dPG,S- In this y\(ork, the am‘?m’ﬁ is estimated More detailed configurational behaviors are provided by
by associating a specific hydrophobic leyek 2+, for hy- contact maps of four real proteins and for their correspond-

T(a — B) = min{exp(270Ang/kgT),1};  (8)

(ii)- moving a polar monomer:

where Ang is the change of the number of solvent
molecules in contact with the monomer being moved, and
Ang andAnp are, respectively, the change on the number
of hydrophobic and polar monomers around of the solvent
molecule being moved. The Monte Carlo sampling tech-
nique, then, becomes straightforward: each new generatec
configuration is first checked with respect to the hard-core
constraints and, if no superposition is verified, the configura-
tion is accepted according B(«— (), which is calculated
by Egs. 8-10 above.

Firstly, in following analysis of the simulation results,
the global chain behavior of the packing process is presentec
through the standard deviatidhD of the average radius

globule can be thermodynamically defined, independently

?rophoblc m?nomerhs;{ :I —o for poler (r)]nes, ang = 0 ing models, as shown in Fig.6. Owing to severe topological
for neuters, for each solvent contact; the amount< 0 g jifications introduced by the model used here, two pre-
is measured in units ofgT’; the valuey, = —1 was used

cautions were taken before configurational comparisahs: (
the inter-monomers distancés;(center of mass), for pro-
tein and model, were properly translated and re-scaled to fit

in this work. Therefore, each new generated configura-
tion, say configuratio, is obtained from a previous con-

figuration « by trying to change the spatial coordinates of the same interval from zero to one, thatliss d; ; < 1, and

a specific chain’s monomer or a solvent melecule, which (ii)- black regions in the maps correspond to all distances
are chosen randomly along the MC simulation. There aredij satisfying0 < d;; < 0.3, that is, distances up to 30%

three possible situations to be considered with respect to the)f the largest distance (for each case: model and protein)
chancel' (o — ) in accepting the new configuratigh and as white regions for distances3 < d; ; < 1.
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oo VWIGQ ROYRS FDOYS AGKKL VGKAT GKCTN GREDC ~ Therefore, the main virtues of the chain-solvent interac-

HPN petiern: HHHINP PHPPN  HPHPN. HHPPH HNPHP NPHPP  NPHPH tions, governed by the hydrophobicity of the residues, are

W0 T T T the efficiency to compact the chain maintaining the globule

\ j malleable, and, once packed, the capability to induce the
1 : chain through conformations near the native state, but with-
out providing configurational definition to the globule. In
the next topic, dealing with a lattice model, the same type
of configurational induction by the hydrophobic effect is re-
produced, but with an additional remedy: the introduction
of steric interaction specificities.

0,84

3.2 Lattice model: steric constraints and its
thermodynamics implications

— i i i The intrachain contact energy; between a pair of residues
01000204 06 08 10 i andj, used in most lattice simplified models, obey the so
Log(kT) called segregation principlge; ; —e;;—¢e;; > 0. A particu-

lar class of potentials, denominated hydrophobic potentials,
dius of gyrationR¢ againstcgT. The protein 1-tsk sequence (one ha}s t.he property of Satlsfylng marginally the segregatlon
letter symbol) and its HP pattern are shown at the top. The physi- Pinciple, through the equal sign, thats;; j —ci; —¢j; =

cal system as a whole, is represented by a single linear cham of 0. Such potentials are based on a hydrophobic scale for
units, surrounded by2, 565 solvent molecules confined in a cubic  the aminoacids{h;} and, in general, the effective inter-
box. The beads of the chain, as well as the solvent molecules, aremonomer potentials are written ag; = h; + h;, that is,
hard-spheres of the same diameter, but the monomer-solvent interg linear combination of the hydrophobicity level of each in-
gction erenQS additionally on the hydrophobic attribute of each teracting monomer [14]. The interaction potential obtained
Interacting pair. by this way has an important property: the energy change

The contact map for each model corresponds to a particulaP®Ween two chain configurations is exactly equivalent to

configuration chosen among ten of them, taken from the Iastf[hat obt.ained fro'm considering thg exclusive challin-solve.nt
quarter of the simulation time. interaction [15], in that all lattice sites are occupied by ei-

The simulated and real protein maps can not be concly-ther monomers or solvent molecules. The model studied

sively compared given the severe geometrical changes imere is composed by a single protein-like chain constituted

posed into the model. However it is possible to see spe-PY IV = 27 monomers, which are effective residues taken
cific propensities (even though somewhat distorted) in eachffom a repertory of stereochemically different elements; the

model's map, resembling the corresponding real protein’s '€Sidués occupy consecutive and distinct sites of a three-
map. First, it is helpful to recognize the distinct configu- dimensional infinity cubic lattice; the interactions are as-

rational peculiarities of the simulated maps, and that they sumed to occur between nearest-neighbor pairs of residues
are exclusively due to its distinct HPN patterns. So, hence-through a set of contact enerdy;; = h; + h;} and.
forth one is ready to look for the similitudes between the St€ric constraintc; ;}. Together, the set of hydrophobic
protein’s map and its corresponding model's map. Note '€velS{%:} and steric interactional specificitigs; ; } of the
that several contacting residues in the real protein (black re-r€Sidues, constitute a 10-letter alphabet, as shown in Fig.7.
gions of Fig.6) have corresponding contacting pairs in the The strength. of the mteracﬂqr{&,-} are expressed in units
model system; many of them presenting a relatively high ©f £57’ (arbitrary energy units). , ,

frequency of contact along the simulation. Although the ~ Compact Self-Avoiding (CSA) configurations, charac-
globule is very compact, it preserves great malleability, in- {€rized by their corresponding relative contact ordeare
dicating that the chain is not pinned in any particular con- US€d as native or target structures [13]. The sequence of
figuration . The resemblances between proteins and model€Sidues assigned to each structure is determined through a
maps are recurrent, appearing and disappearing from time tPeCific “syntax” that emerges from the constraifts, }

time along the simulation; the chain-model configurations @nd from the application of the “hydrophobic inside” rule;
shown in Fig.6 were selected for visual purpose only to il- S€€ Ref.15 for details.

lustrate our arguments. They have, indeed, a short lifetime,

but even WiFh similarity alternations bet_ween _model’s results 30 1 Heat capacity and configurational activity

and the native structure, many contacting pairs of monomers

last along the whole simulation time. When the chain is In this paper, we consider the analysis of heat capacity
compacted in a globule conformation, an continuous suc-and configurational activity for a particular structure, fea-
cession of swelling, shrinkage, and twisting of the globule tured by its relative contact ordgr = 0.2381, in order to
takes place; the chain rambles through the compact configthoroughly discuss the effect of steric constraints in select-
urational sub-space, eventually visiting configurations that ing folding pathways and on the overall globule stability;
present more resemblances with its respective native conthe monomer’s sequence for this case is [CBCIA ECBCE
figuration. More detailed results and comments about thisADHRH DAECB CEAIC BC]; see alphabet’s details in
model will appear soon elsewhere. Fig. 7.

Figure 5. The behavior of the Standard Deviati®P of the ra-
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1c49 1dih

Monomer number

i )
. ~3
5 10 15 20 25 30 35 5 10 15 20 25 30 35 5 10 15 20 25 30 35 5 10 15 20 25 30 35
Monomer number

Figure 6. Contact maps for four globular proteins, namely 1c49, 1dh1, 1r00, and 1tsk. The spatial scales were properly translate
rescaled in such that distanags; fit the ranged < d;; < 1 (real protein and models). Black and white regions mean distances smaller o
equal to 0.3 and larger than 0.3, respectively. Real proteins and models are to be compared by columns. See text for details.
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Figure 7. Steric specificities and hydrophobic level for a 10-letter alphabet, nafiRiA, H, B, G, F, |, E, D, G. The lines connecting
pairs of letters indicate the residues allowed to be first-neighbors in the cubic lattice.The hydrophobic level for each “residue” is indic
at the top of the Figure. When the chain is in the native configuration , those monomers making zero, one, two, and three contacts wi
solvent are chosen, respectively, from the cla§sds 2; or 3.

Initially, using only inter-monomers contact potential markable transformation on the shape of the heat capacity
just ase; ; = h; + hj, the heat capacity curve is broad and curve. To follow details of such alterations, some aspects
its peak occurs at aboiétz T = 0.9, as shown by open cir-  of the configurational activity as function of temperature are
cles in Fig.8. This behavior reveals that, as the temperatureshown in Fig. 9. Thusy is defined as the average number of
modifies, the system exchanges relatively small amounts ofcontacting first-neighbor monomers, normalized by the total
energy with its surroundings. But, if appropriate steric con- number of contacts for any CSA configuration , which is 28,
straints are introduced:;jj = ¢, + ¢, the heatca- so0 < ¥ < 1. The behavior with temperature, when
pacity curve changes drastically (solid circles): two dis- the total number of contacts (native and non-native) is con-
tinct temperatures stand out, namely that corresponding tosidered, is represented Wy, for the system without steric
kpTmax~ 1.5 andT,, < Tp.x; the temperaturé,,,,, corre- constrains (open squares in Fig. 9), andihyfor the sys-
sponds to the peak of the heat capacity, andgf, ~ 1, tem with steric constraints (solid squares), hereafter denom-
where perturbations are observed (single solid circle out ofinated asunconstrainedand constrainedsystems, respec-
the curve in Fig. 8). Such fluctuations’Bt have a singu- tively. ¥, decreases smoothly as the temperature increases
lar meaning because the simulations always started with than the interval0.5 < kT < 3.0, whereasV¥ . presents an
chain in native structure (except for some checking runs), accomplished sigmoidal shape. Steric constraints effect in-
which corresponds to unfolding-like computational experi- dicate that part of the conformational space, corresponding
ments. For details, see ref. 13. to globular-like conformations, was significantly affected:

The change on the chain’s configurational space, im-the number of configurations that link the distended chain
posed by the steric constraints, is the cause for the re-
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capacity curve. Such peak indicates that the chain’s inter-
[—@— With constraints nal energy and entropy exhibit a jump, rapidly changing its
80 O Without consiraints corresponding amounts for temperatures aliot Ty .x.
Now, let us consider the behavior of the average rela-
60 | tive number ofative contactsor constrainedr™ and un-
Constrainecﬂlqﬁmsystems. For the unconstrained one, a rela-
tively low value for the average native contacts is observed
for most temperatures, as shown in Fig. 9 (open circles).
But for low enough temperatures, when the globule is very
compact, namely fow, > 0.8, the average number of na-
tive contacts is significantly enlarged, Wit quickly ap-
proaching¥,, but still o™ < w,. A close look at the
— T T———T—T—T———T— configurational evolution along the simulation showed that,
05 10 15 20 25 30 35 even though very compact, thatis, > 0.8, the globule
Temperature shows significant malleability: the amouit,” oscillates
Figure 8. Heat capacity as a function éfs T (arbitrary energy intermittently between .15 and 80%, whereas the instanta-
units) for the system with constraints (steric specificities) and with- N€0us¥,, changes continuously from 60 to 100%.
out constraints, solid and open circles, respectively: the remarkable ~ Now, for the constrained system, the number of native
change on the shape of the curve indicates that the chain’s configucontactsxp@ (solid circles in Fig. 9) closely followsb ..
rational activity is substantially distinct for each system. Note that (solid squares). Fof' < 7)., almost all contacts are na-
atkpTi, = 0.93, for the system with constraints (solid C'rdfes)’ tive, that is, the conditio®{™ = ¥, is practically satisfied:
the amountC/kp depends on the_lnltlal conditions (see text); for but for t ¢ hiah 9 fth
most of all other values df the discrepancy between the results PUt Ven for temperatures as highasl” > 2 most of the
for independent simulations is smaller than 3%. contacts are native contacts, as displayed by Fig.9. This re-
sult should be understood as an effect of steric specificities:
for kgT > 1.5 the radius of gyration for the constrained
system is significantly larger than that for the unconstrained

C/k
40+

10 ——T—— one [16], as depicted in Fig. 10. So, in average, many chain
o coecs contacts are local contacts, but such contacts are restricted
sl (@ raveemane by the steric constraints that favor the native ones because of
> ot concrinie the design of sequence. This result also indicates that steric
= 0o contss constraints work as a folding guide, inducing the chain to
8osl frequency in the ative native contacts, even at higher temperatures afpyeg.
° As a remarkable result, we point out that at the peak of
.% uunﬂf‘ﬂgﬂﬂ heat capacitykgTin.x ~ 1.5, the average number of na-
5 04r tive contacts approaches 50%, tham'é") ~ 1/2; Fig.9.
;.g Therefore,T;,.« can be seen as the temperature that sepa-
§ o2t rates two distinct behaviors of the configurational activity:
below T},,.x, the configurational activity —limited by steric
constraints and relatively small thermal fluctuations— de-
0.0 AL LAALLLLSODDLNNLLLAN DL fines a compact globular shape for the chain (> 1/2),
05 10 15 20 25 30 and quickly becomes denser for smaller temperatures, as
Temperature for increasing temperatures abdlig,, the chain’s globular

. ) _ _ . _ shape is destroyed because, at this moment, the distended
Figure 9. The chain configurational activity as a functiorkgfl .

Solid and open marks refer to the system with and without con- Conflguratlons are statistically more significant. .
straints (steric specificities), respectively. The solid and open Finally, we analyze the relative frequen®yat which the

squares @ andO) represent the normalized average number of chain is found in the native state. Itis the ratio= o™ /¢
total contacts for the unconstrained () and constrained¥(.) between the numbes(™ of times the chain was found in
system, respectively; the solid and open circlesd o) repre- the native structure, and the total numlgeof configura-
sent the normalized average number of native contacts for the contions. For the unconstrained system, the native configuration
strained ™)) and unconstrainedi(’) system, respectively; and  can eventually be visited, but it is unprovided with enough
the solid and open trianglesd( and A) are the relative frequency stability, that is,®, < 102 for all temperature§” > Tj;
in the native state for the constrainebl.) and unconstrainedi,) open triangles in Fig.9. However, the fact thl is not
system, respectively. exactly zero has an important meaning; it suggests that the
hydrophobic-type potentials, suchas = h; + h;, are ef-
configurations from the most compact ones is severely re-ficientin compacting the chain and reaching the native state,
duced, which explains the sharp peak observed in the heaglthough they fail to sustain it properly in that state. Howe-
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4 Coments and conclusion

In the present work, the hydrophobic effect and classical
thermodynamic results of protein folding / unfolding are
used as evidence to proposetropic forcesandsteric con-
straints as two basic ingredients for the folding process;
these premisses emphasize water aspthéagonistof the
folding process. The entropic forces, or hydrophobic ef-
fect, are originated from the versatility of water molecules
in re-arranging themselves, as well as their surroundings, in
order to minimize the loss of hydrogen bonds. The combi-
nation of chemical specificities (polar, nonpolar and neuter

10 20 30 4,0 5.0
Temperature

residues) and steric interactional specificities of the residues
(size and shape), encoded along the chain, are employec
here in two simplified (lattice and off-lattice) models; the

Figure 10. The radius of gyratioRs as a function ofkpT. results from Monte Carlo simulations are compared against
For the constrained system, at low temperatures correspondingoroperties of real proteins, such as its native structures and
to kpT S1.3, Rg is reduced with respect to the unconstrained characteristic thermodynamic fundamental behavior. First,

system owing to the synergism between energetic (local) minima [atti - . -
and topological restrictions. But, abowgT — 1.3 the Boltz- an off-lattice model is employed to estimate the effective

mann factor becomes systematically less influential and so theN€SS of entropic forces in producing a malleable globule and
steric constraints considerably affect the original configurational driving the chain through configurations that intermittently
space, swelling the globule. As the steric specificities do not allow approach the native conformation. Then, a lattice model is
many of the local contacts, this effect persists everifer co. used to show that contact energy based in pure hydropho-
bic potentials may be efficient, indeed, in packing the chain
and in finding the native structure, and also to confirm that
this kind of energetic interaction fails to provide configu-
rational stability to the globule. A heuristic set of steric
ver, if appropriate steric interactional specificities are intro- specificities is then added to the hydrophobic potential and
duced, they work as a type of topological labyrinth for the it is shown that such steric interactional specificities help
native configuration . This configurational barrier increases to select folding pathways and improve the overall stability
15 efficiency asf’ decreases MoMia, and o the relative - condition of the globule, in the native structure.  Through
frequency®. in the native state (solid triangles) assumes comparisons between two sets of Monte Carlo simulation
significant values, reaching 10% abagT = 1; numeri- results, it is shown that suitable steric specificities dramati-
cally @, is at least five orders of magnitude larger thian cally change the system’s configurational activity. This ef-
Note that just aff},, the value®, is smaller than the curve  fect has the following consequence#—(it transforms the
tendency should suggest, which agrees with the commentsriginal broad curve of the heat capacity, obtained using a
above, regarding heat capacity. pure hydrophobic-type potential as pair contact energy, into

. a peaked and symmetric curve; anig- it significantly in-
The same effect on the heat capacity was observed for P y gt sig y

X - creases the frequency in which the chain stays in the native
all CSA target structures,_ charac_terlzed by dlstln_ct contactState in five or more orders of magnitude.
ordery and other topological attributes of the native struc-

ture, simulated through unfolding (and also some folding) 1 he results presented here suggest that the folding prob-
computational experiments lem of small globular protein can be thought as a process

in which the mechanism to reach the native structure and
Results qualitatively equivalent to those described herethe requirements for the globule stability are uncoupled. In
were observed for many CSA target structures studied[17].this view, the stereochemical code, expressed through the
These target structures used in the unfolding (and also somédydrophobic pattern and the steric interactional specificity
folding) computational experiments were selected in order of each residue, provide the governing mechanism through
to cover the entire range of topological attributes, as con-which the chain reaches the native state, which must then
tact ordery. It was observed that the temperatufg.. be considered as a special and unique state. Once in the
of the peak of heat capacity, as well as its value% at. native conformation, the steric specificities of the residues
change withy. As a rule,T},.x Slightly increases withy, also work as hindrances, topologically trapping the chain in
but other topological characteristics also may be influential, its native conformation, as it was shown in this work. How-
such as the number of structural patterns resembling secever, the native state is indeed very special; other energetic
ondary structures. Yet, with respect to the constrained sys-ingredientes, not added explicitly in the present model, start
tem discussed here, the time to reach the native state for théo act exclusive and cooperatively in the direction that max-
first time is smaller thafl},,.., quickly becoming larger as  imizes the stability conditions for the globule: At the native
the temperature deviates above or bellow it. conformation, most of the intra-chain hydrogen bonds are
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protected from the medium and, as the competition with the [7] M. Daune,Molecular Biophysics - Structures in moti@x-
solvent is minimized, they effectively contribute to the glob- ford University Press, New York, 1999.
ule stability; additionally, the overall steric complementari- g

) " ) _ [8] M. Karplus and E. Shakhnovich inProtein Folding ed.
ness of the residues increases the internal contact area (in-

by T.E. Creighton, W.H.Freeman and Company, New York,

creasing the dispersion forces), at the same time that it re-  (1992), cahpter 4.
duces the external contact with the solvent, also producing a 1 . . . . .
net contribution for the stability of the globule. 81 P. L Privalov in: Protein Folding ed. by T.E. Creighton,

W.H. Freeman and Company, New York, (1992), chapter 3.
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