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Putting proteins back into water
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We introduce a simplified protein model where the solviewaten degrees of freedom appear explicitly
(although in an extremely simplified fashijorUsing this model we are able to recover the thermodynamic
phenomenology of proteins over a wide range of temperatures. In particular we describe both the warm and the
cold protein denaturation within a single framework, while addressing important issues about the structure of
model proteins.

PACS numbes): 87.14.Ee

One of the main goals of statistical physics in the lastthe free energy differencAFg between denaturate and na-
decade has been to understand the “folding code”: how theive conformations of proteins has parabolic shape, with a
amino-acid sequence of a protdieoded in DNA, the “ge- maximum at temperatures of the order of-1%5°C, or
netic code’), uniquely determines its functionéfnative” ) lower, implying that at lower temperatures the native confor-
structure, or fold. Understanding the principles that drive amation is less and less stable. In some cases, evecotte
protein to fold to its native structure is of great conceptualdenaturationof proteins has been obtaing@l.
and practical relevance, since it could lead, for example, to The HP model is unable to deal with cold destabilization
high specificity drugs. since its low temperature state is compact and more and

Proteins are extremely complex structures: they are longnore stable down td=0: is a good description of cold
heteropolymers made of up to 20 different amino-acids spedestabilization and eventually denaturation relevant for pro-
cies, each of them with its own chemical, electrostatic andein folding? We think that the answer is affirmative for at
steric properties; the physiological solvent, an aqueous soldeast two reasons.
tion, and its characteristics play a fundamental role both in In order to describe protein folding with a simple model,
the dynamics and in the thermodynamics of folding. It isit is important to capture the essential physics of the process,
therefore not surprising that only in recent times statisticaht the temperatures at which it takes place. If the stability of
physicists have begun working on this problem, mainly aftemative conformations of proteins begins to decrease below
the introduction of the so-called HP moddl], where the 15—-25°C, it is unlikely, at least priori, that the physics
above mentioned richness has been reduced to a manageat#sponsible for such a behavior is not important around the
level. In the HP model, proteins are modeled as self-avoidingnaximal stability temperature, in a range relevantifovivo
polymers on a latticétwo or three dimensionplgreatly re-  protein folding. A further reason to believe that a good
ducing the number of accessible conformatid2$. The  model for protein folding should also agree with the cold
chemical and electrostatic properties of amino-acids haveéestabilization phenomenology is that, actually, there is no
also been simplified: indeed, it has been recognized that theear-cut distinction between the physics that stabilizes pro-
main force stabilizing the native conformations of globularteins, and the one that destabilizes them. In both cases a
proteins is thehydrophobicityof nonpolar amino acid§3]. reanalysis of the concept of hydrophobicity and of hydropho-
Consequently, the important properties of amino acids arbic hydration is necessary.
reduced to two: they are either pol@ons or dipoles, labeled Already Frank and Evan&/] identified the origin of hy-
with P) or nonpolar(H). drophobicity in the partial ordering of water around nonpolar

Hydrophobicity can be described as the tendency of hymoleculessuch as, for example, pentane, benzene and some
drophobic molecules to reduce as much as possible their suamino acids Water molecules tend to build icelike cages
face of contact with water: two hydrophobic molecules try toaround nonpolar molecules. Although a detailed analysis of
stick together in order to hide from water their mutual sur-these structures is, to our knowledge, still lackiagtually
face of contact. Consequently, hydrophobicity has been infecently some better understanding and consensus are emerg-
troduced in the HP model as an effective attractive interacing [8—11]), we can guess their energetic and entropic prop-
tion between H amino-acids. Then, the solvent degrees drties. Indeed, water molecules forming these cages are
freedom can be neglected. Here we show that such a simplirighly hydrogen bonded, much as in ice; consequently, their
fication can be removed, and water can be taken into adormation is energetically favorable with respect to bulk lig-
count, keeping the complexity of the model at a still man-uid water. Yet, the possible molecular arrangements in the
ageable level: the benefits are a better description of theages are a small number compared to all the disordered
protein phenomenologynamely, cold destabilization and molecular conformations typical of liquid water. The latter
eventually denaturatiof#,5]) and some insights on the struc- are energetically unfavorable with respect to bulk water be-
ture of the protein core. cause water molecules fail to form hydrogen bonds with hy-

In the last fifteen years there has been a growing body oflrophobic amino acids. Therefore the free energy of forma-
evidence for the so calledold destabilizationof proteins:  tion of a cage Ecage— Fro cage AF) is a balance between an
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FIG. 1. Bimodal effective models. Pan@): MLG model, with -
bimodal energy distributions both for bulk and shell water mol- _ FIG. 2. Specific heat, monomer-monomer contacts and number
ecules. The lower levels represent ordered group of water molof water sites in an excited state for the protein shown in the inset;
ecules, the higher levels disordered ones. The order of energies add 1+ K=2, andq= 10.
of degeneracies, as obtained from experiment&is> Ey,>E,),
>EOS andqu>qdb>qob>qos (ds:disordered she”os:ordered G|Ven a prO'[em OfN amII’IO aCldS, W|th the Sequence
shell, db=disordered bulkpb=ordered bulk Panel(b): the sim- 81,8z, ...,ay (8=P or H), the energy of the protein is
plified bimodal energy distribution, with just two free parametérs, then
andgq, since we can také as energy scale.

enthalpy gain/loss and an entropy loss/gain: ordered cages E=> [ 38,0t K(1=dg,0)] (1)
give an enthalpy gainAH<0) and an entropy lossAS (LH)

<0); the scenario is the opposite for disordered states. All of : . —
the above arguments call for a model able to reprodate where the sum is over the water sites that are nearest neigh

least qualitatively such a rich phenomenology. bors of someH amino acid. Starting fronil) we can write

The model we propose here borrows two of the simplifi-the partition function of the system as
cations from the HP model: proteins are still modeled as
heteropolymers on a lattice, made of just two different ZNZZ Zn(C), 2)
amino-acid species: polé®) and nonpolafH). Then, weput C
proteins back into waterevery site of the lattice that is not
occupied by the polymer is occupied by watiergeneral, by ~ WhereZy(C) is the partition function associated to a single
a group of water molecules that can be arrangegl state$. conformationC:
Water is described using the Muller-Lee-GraziaihMLG)
two-states moddlFig. 1(a)] [8,9], that Silversteiret al. have Z\(C)=qMO[(g—1)e A+ e MmO, 3)
recently shown to be consistent with a molecular model of
the water-amino-acid systefil]. The energy of eaclH where the dependence on the water degrees of freedom has
amino acid depends on the states of the water sites it is iheen explicitly calculatech,(C) is the number of water sites
contact with: as a simplifying assumptigsee Fig. 1b)], we  nearest neighbors of sorkeamino acidng is the number of
say that out of the possible states of a water site, one can bebulk water sites.

singled out to be a cage conformatilabeleds=0), ener- We deal with model proteins of length up =17 on
getically favorable with energy-J(J>0), and the remain- the square lattice, and compute the partition function, and
ing q—1(s=1,...,g—1) states are energetically unfavor- all the thermodynamic quantities and averages by exact

able with energyk >0 (they represent the disordered statesenumeration of the 2155667 different conformations. We
of reduced hydrogen-bond coordinatiohVe stress that the show the results for the particular sequence
term (un)favorableis always with respect to bulk liquid wa- PHPPHPPHPHPPHPPHH We choosel=1 (actually,

ter. Water sites that are not in contact wkhamino acids bothK and the temperatufgé can be normalized with respect
(that is, bulk water sites do not contribute to the energy to J), K=2 andq=10° (a better determination of these
(whereas they would have an energetic description accordingalues could come from molecular dynamics and structural
to the MLG model, that yet has five free parameters, tocstudies. We take the Boltzmann constakg=1.

many for a simple theoretical modeP amino acids do not In Fig. 2 the specific heat, , and the average number of
interact with water so that their energy is always 0: such anonomer-monomer contacts)., are shown. The low-
crude approximation is made with the idea that hydrophobictemperature peak in the specific heat coincides with a jump
ity is the leading effect stabilizing the native conformation of of n.: at lower temperatures the protein is swollen, and
proteins. Some better description of the water-P interactiomaximizes the number of water-H contacts, in agreement
would be welcome, but such an ingredient is unnecessary fawith cold denaturation. The number of contacts, begins

our present purposes. decreasing coinciding with the high-temperature peak of the
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FIG. 4. Two different conformations of the same sequence dif-
fering only for a reorganization of the core amino acids.

dependence: they even change sign, a signature of the rich
-20 ' ; : physics behind the water-protein system. At high tempera-
' T ' tures we find that botAHY andASY, saturate TAS grows
linearly, thereforeA S saturateg as experimentally observed
FIG. 3. Free energy, enthalpy, and entrg¢pinesT) differences  [5]. Some particular care should be paid to the low tempera-
_between qlenatured conformations and the native(s_hew_n in the_ ture behavior OfAHR and TASB. Indeed,AHB goes to a
inset of Fig. 2, for the same parameter values as in Fig. 2. Sinceqqnsiant value, which is consistent with a lower bound for
TAS grows linearly at high temperatureSS saturates. the energies, and’ASﬁ tends to O withT. Experiments
. o ) should be made beloil, to assess such a behaviatthough
specific h.eat, that therefore coincides with the usue_ll warm, recent model suggests such a scerfd@d). We find there-
denaturation phenomenon. Betwe®p and T,, there is @  fore that our model reproduces qualitatively the known calo-
region where the most probable conformation is the one refimetric data of protein denaturation over a broad range of
resented in the inset of Fig. 2: as it can be seen, it is compagsmperatures.

with a hydrophobic core, out of reach for wateve also The hydrophobic effect is often modeled through attrac-
checked that thisativestate is unique, in that its Boltzmann e effective HH interactions. Within our framework. we
weight is the largest above.). We have analyzed the be- ¢onsider a system of twhl amino acids in solution and we
havior of different protein lengths and of d|ffer¢nt sequencesgompare the partition function of the system when the two
and we have always found the same qualitative behavior of mino acids are in contacZ,., with the one when the two
C, andn.. Our model is therefore able to describe, within a5mino acids have no mutual contads. The effective at-

single_ framework, b_oth cold a_nd warm denaturation._ More+ractive interaction is defined as=T In(Z./Z,) (€ is positive
over, it shows a native state with a mostly hydrophobic corej atractive, with this definition The T— o limit is

Although the ratio betweeii; and T,, in Fig. 2 is un-
physical, using the full MLG model it is possible to come 5
closer to real values: the price to be paid is the larger number o £
of parameters to adjust. In this paper we address the physical e(T—=)=2K q (K+J) @
principles responsible for the thermodynamic behavior of
proteins on a broad range of temperatures: we believe th
the differences between the bimodal model and the ML
model (and other possible more refined modaisvern the
details of the behavior more than the essential features.

We next compare the free energy, enthalpy and entrop

?{{aerz:'uorﬁ. 40;]”;(3 dfglec(ijmgu?;];’]OaUI(’:(;nrr?daerlisV:l)Irghisth;ZieffiféﬁlTotr:]: to a definition of an attractivelH interaction. Indeed, such
= ’ P 'an interaction can be meaningful only for amino acids sur-

'csr:r;(;?eltticlzl Zgzgufgtigﬁzn?”\:\é P::;O?edzr;a;urseigq sl';ats 'Sr(;?(in(igfounded by water molecules, but it cannot be defined in the
: ’ pie app ore of proteins, where water is absent. As a consequence, in

tion, we consider as denaturate those conformations with Fhe absence of some true interactions between amino acids,
most 4 monomer-monomer contaggspolymer of 17 mono- the hydrophobic interaction alone is not able to favor ther-
MErS over a square lattice has at most 9 monomer'monomﬂjiodynamicaIIy the native state against different compact
contacts. The native state has 8 monomer-monomer CoNgi,iaq ohtained by reordering only the core of the protein. As
tacts. ) D D an example, the two conformations in Fig. 4, corresponding
InDF|g. 3 we ShowF penawrar Fraive=AFN, AHR and 4 the sequencB PHPPPPPPPR®HHHP have the same

TASy. They coincide qualitatively with the ones from ex- propapility to occur in our model, since they hide and expose
periments[4,5]. We point out the presence of two tempera-q water the same number of H amino acids.

tures below and above whichFg<0: the denatured state of  Therefore this model suggests that it is improper to define
our model protein is more stable than the native state. Beinteractions of hydrophobic origin inside proteins, and that
tween these two temperatures, instedBg>0, and the na-  the detailed structure of the cores of proteins should be sta-
tive state is the most stable. In the same temperature rangsiized by other mechanisms. Indeed, in the biochemistry
whereAFR>0, AHY and TASY have a strong temperature literature the debate is still strong whether the hydrophobic

And is attractive for large values df it is the usual hydro-
hobic effective interaction. Yet, th&@=0 limit is e

= —2J, repulsive. A meaningful effective interaction should

at least include such a temperature dependence. Actually, the

¥trong temperature dependence=a$ not the only limitation
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interaction alone is able to enforce the full native state of In conclusion, we have introduced a model of proteins in
proteins or other interactions should also be taken into acwater that is able to reproduce the known features of proteins
count [12]. Effective interactions can be safely defined (namely, cold destabilization and warm denaturation, a na-
whenever they substitute some nonchanging environmentive state with a mostly hydrophobic core, and the correct
When a protein is folding, its amino acids find instead anfree energy, enthalpy and entropy of foldingVe also
ever changingnvironment that depends on water and on thechecked our results for different protein lengths, sequences,
other amino acids. Even the reliability of two-body effective parameter values and even implementing the full MLG
interactions vs many-body ones is an open issue still to benodel for the description of water. Although some details
settled. It is therefore intrinsically difficult to define effective may change, the overall behavior is consistent and robust.
potentials of some general validity between amino acids: ouMoreover, lattice models are intended to be only qualita-
model points out such a problem for hydrophobic interactively instructive, whereas a quantitative description can be

tions. given only by more detailed off-lattice models.
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