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Design of lattice proteins with explicit solvent
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Protein design is important to develop new drugs. As such, a knowledge of the correct model to use to
design novel proteins is of the utmost importance. Here we show that a simple model where the solvent degrees
of freedom arg'semjexplicitly taken into account performs better than other existing models when compared
to real data. Some consequences on the criteria to be used for protein design are discussed.
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. INTRODUCTION T, that is, usually, below 0 °C4]. This phenomenology is
not reproduced by most Hamiltonians used in protein fold-
Protein folding stands as one of the major interdiscipli-ing, since their native state is tie=0 ground state of the
nary challenges of the last 10 years, involving biology,model. The maximum, at intermediate temperatures, of the
chemistry, medicine, and physics. Not less important, espree energy and, eventually, cold denaturation, could be re-
cially for the development of new drugs, is protein designcoyered by introducing some dependency of the interactions
[1]. In protein design one chooses a geometrical conformagn temperature, but it would be quite an arbitrary one if not
tion, and searches some of the amino-a@ich) sequences gerived from some microscopic model.
that have it as a native state. The rationale behind this The paper is organized as follows: in Sec. Il we describe
s_cheme is that a protein designe(_j to interact with a particula{g protein model where the solvent (semjexplicitly taken
site of a target should have a given shape, to be geometrinto account; in Sec. Ill we present the numerical results of
cally compatible, and suitable amino acids on the surface tgne exact enumeration; Sec. IV is devoted to a discussion of

provide the right chemical properties. . the stability criteria for designable proteins and finally, in
To decide whether a sequen8das its native state on a gec, v, we try to draw some conclusions.

target structurd’, one has to be able to give a cdto all
possible structures when mountiBgn them. Thenl" is the
native state oSif C(S,I")<C(S,I'"), for any structurd™’ Il. MODEL DESCRIPTION
#I'. A suitable cost function, and the most intuitive one,

could be one of the Hamiltonians in use for protein folding. o-gloel(':ﬁ:l[gr?aspiaoéglr??ezveentlljS%t?oggggeérljzlgsgrﬁbzTgllglgﬂ d
Such Hamiltonians are usually a.a./a.a. contact interactiony y

of some kind, encoded in 2020 matricegthere are 20 natu- warm denaturation_ within the same framev_v{iﬁ_ﬂc The main
rally occurring amino acids of relevance for protein synthe-poInt of the model is that hydrogen bonds in liquid water can

i g i . be either formed or broken. The typical energies and degen-
sis, with just a few exception32]. Aithough 20<20 inter eracies of these two states depend on whether the hydrogen

action matrices are useful for real protein design, they are toBOnd is close to a nonpoldnydrophobia molecule or in the
complex to address general questions. Still, proteins can bg polanycrop

. o oo . ulk of water. Such a double bimodal description of water
designed with simpler Hamiltonians such as Hiie¢ Hamil- L .
i . ) . (better represented pictorially, see Fig.hHas been recently
tonian[1,3]. There, only two species of a.a. are defined, ei-. : ; ) .
ther hydrophobidH) or polar (P), and, in its simpler form introduced to fit experiments of solvation and rederived by
ydrop . POE: ’ ’ - P ' both simple and realistic models of wafé]. Both experi-
the 2X2 interaction matrix has elementgy=—1, eyp

. ; . . i i >Eqp>Eop>
= epy= €pp=0. When working on a two-dimensional lattice ments and simulations suggest k> Eap>Eop>Eos as

the simplifications introduced in both the a.a. alphabet and iirom Fig. 1, and - thatqgs>dap>dop>dos _(SUbSCripts:

the set of possible configurations allow fexhaustivedesign d=disorderedp=ordered:b=bulk, s=shell; shell sites are
for proteins of length up to 20 a.a. even on a desktop PC.
Although exhaustivity is not the goal of protein design, it can E
provide insight in the statistical properties of proteins. / ds s

Among the relevant statistical features, there are of course Edaps dan
thermodynamic quantities. In particular, it is known that the
free energy difference between unfolded states and the native E
state is positive below the warm denaturation temperature ob ‘b \
T, ensuring the stability of the native state; yet, this differ-
ence has a maximum around 20 °C for the “average” pro- Bulk Shell
tein, and then decreases for temperatures20 °C. Either
choosing suitable proteins, or, more generally, by supercool- FIG. 1. Bimodal energy distributions for bulk and shell water
ing or by applying a pressure, it is even possible to see thenolecules. The lower levels represent ordered groups of water mol-
cold denaturation of proteins in liquid water at a temperatureecules, the higher levels disordered ones.

Energy

E

os > dos
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those in contact wittH a.a). This explicit (or semiexplicij 20 . . . .
description of the solvent allows us to introduce a protein 181
model where there is no need to introduce effective solvent- 161
mediated interactions, nor arbitrary temperature dependen- b
cies.

Proteins are described as self-avoiding wd&AW) on a lez_
two-dimensional square lattice. Sites not occupied by amino V. 10
acids are occupied by groups of water moleculesre we J sk
introduce some coarse graining in the modtie water de- 6k
grees of freedom are represented by Potts-like variables al
that takeqys+dgs (dop+dqgp) Values for shell(bulk) sites.

Given a protein ofL amino acids, with the sequenc® 2r
=ay,a,, ..., (a;=P or H), the energy of the protein is 00
then

- - ~ FIG. 2. Specific hea€y (out of scalg and(ng) for the protein
E= E [EosSi,ost Eds(1= 6 09) ]+ ZH [Eobdj.obTEdn(1l  shown in the insetgyp="500, Ggp=2000, Gos=1, Gqs= 10000,
(i,H) U.H) Egpb= —Eop=1, Egs= —Eos=2.

~5i on)], 1 _ _ -

j.ov)] @ that have a unique state with a minimumyT") among all
where the first sum is over the water sites that are neare$te possible conformations. We c&ll| } the corresponding
neighbors of someél a.a. and the second is over all the bulk set of native structures. The uniqueness of the native state is
sites; 3 =1 if 0;=0, ... gos— 1, O Otherwise, and analo- @ requirement to ensure that the folding to the correct con-
gously for?i .. Due to the similarity with theHP model formation is not hlnder_ed by the competltlon_of different,

(T : hermodynamically equivalent, states. Increasing the length

and to the explicit presence of water, we refer to this mode}

s thek P model W stands for wator Statng fom B, 01 ' OB o 1816 20 ot st st use o
(1) we can write the partition function of the system as P 9

: . o . putation time. Yet, we can use the information about the
(va(/ﬁi)chzggrgsbl;) ’ c\gvggi:jeefécsi, Fa)s I;zsrgirélg%nolzggifﬁ compactness of the native state to reduce the number of con-

weigh associated to a single conformatibp figurations that we should check. Indeed, we find that all the
' sequence$S/ } (L<18) have native statdd’| } with perim-
eter limited by some .« ; tentatively, we use only confor-
mations withp<21 for the exact enumeration far=20. We
find Ng =37 933 sequences that are good proteins, finding
their native states oy ,,=5440 with perimeter up to
Spmaxz(_,: 20. To check if we have left apart some good pro-
teins, we tried to extrapolate the number of sequences in
{S)o} using the data fot. =10, . . .,18. Considering that the
wo related sets of walks on a lattice, i.e., the Hamiltonian
walks and the self-avoiding walks, have both an exponential
growth, we used an exponential fit for our data. The extrapo-
aI_ated curve overshootbls,, by 1%, which is compatible
with the approximation of the curve fdr=18 (Fig. 3). We
can conclude that, even if in principle there could be other
apequences inS5t that we did not find or degenerate com-
petitors that we did not consider, still they should not repre-
ent a significative modification of the set. The number of

Z(S,I')=(qope ™ PFob+ gqpe ™ AEav) (M)

X (Qose™ PRos+gqee PR, (2)
whereng(I") is the number of water sites nearest neighbor:
of someH a.a. anchy(I") is the number of bulk water sites.
From the partition function we can calculate all the thermo
dynamic quantities. In particular, the specific heat and th
thermal averagén,) as a function ofl point to two different
denaturations, since th@, shape contains two well-defined
peaks(see Fig. 2; details are given in the following secjion
Between the two peaks proteins have few contacts with w
ter (they are in a compact statend the most probable con-
formation is the one with the minimumg(I") contacts H
a.a. are hidden in the core of the protein, as for real globul
proteing. Above and below the two temperatures proteins
swell and the number of water-protein contacts increases. S

the HPW model captures within a single framework both
warm and cold denaturations.

III. NUMERICAL RESULTS

designable conformationd’|} as a function of their length
grows with a connective constaniqy.s~1.74, close to
pmpw=1.47 typical of Hamiltonian walks(SAWs have
Msaw=2.63), which, together with the perimeter data, con-
firms that native states are compact.

We tackle the design problem by exact enumeration. The Thermodynamic quantities for the sequence$3f} are

cost function of sequenc& mounted on structurd™ is
C(SI')=—TkgIn[Z(ST")/Z(9)], that is the partial free en-
ergy of configuration’. Then it is easily seen that the
smallerng(I"), the lowerC(S,I"). Given the se{S,} of all
the possible sequences of lengthand the sefl", } of all the
possible conformations, we look for those sequeni®$

easily computed. The parameter values of the model were
chosen considering some qualitative criteria. We used large
numbers for the degeneracy valugs,, dqp, anddys (dos

=1 being fixed, since the absolute multiplicity is irrelevant
This choice is reasonable since every site contains some wa-
ter molecules, so that the total number of states per site will
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FIG. 3. Number of sequenceds, (they axis is logarithmig. FIG. 4. Percentag@y of H monomers of the sequences of
The black dots represent the values found by exact enumeration f?r o oIFH
- ength L=16. The inset shows the result of the FSSP database
sequences of length=10,...,18. The line is the extrapolated

; ) sequences, using the Eisenberg and Cornette hydrophobic scales.
curve, whereas the cross is the number of sequences in the se?q ' 9 9 ydrop

{<S§01} created checking only the configurations with perimeger pens because, for larger values lofhigh designable con-

figurations are present, reducing the ratio of needed struc-
tures, and creating larger fold families.
be the number of states aine single hydrogen bond to @ pesign according to some model should be tested against
power that is theotal number of hydrogen bonds present in as much of the known protein phenomenology as possible, at
the site. On the other hand, since the energy parameters haygst qualitativelyHPW proteins already recover the correct
no units, we fixed the latters with a symmetry criterion, inthermodynamics, compactness, and Struc(gegregation of
order to decrease their degrees of freedom, so Eig&  a hydrophobic coneof real proteins. Some more information
—Eob=E and Eqs= —Eqs= 7E. A better determination of comes from sequence statistics. We look at two basic indica-
these values could come from molecular dynamics and strugors, namely, theH amino acid concentration and the so-
tural studies, but anyway the results are rather robust tealledrun test In Fig. 4, in the inset, we have reproduced the
changes of the parameters, as already pointed out in the likydrophobic content of a sample of proteins chosen from the
erature[5]. The results do not change significatively by FSSP databasdfold classification based on structure-
changing the energy parametévéth and without the sym-  structure alignment of proteing7]). The two curves corre-
metry constraint moreover, they are robust in a range of spond to the Eisenberg and Cornette sci8&sthey are well
various order of magnitude of the degeneracy parametergpproximated by binomial distributions with mean values
(which is reasonable since a large change in gfeecan  around 55-60 %. Since according to these scales the number
correspond to even a slight change in the number of statesf hydrophobic a.a. species is 11 and 12, respecti&hyo
for a singleH-bond, due to the power raising and 60%, binomials peaked around those values are typical
In Fig. 2, already described above, we have chosen thgf random sequences. For a two-letter alphatfetaad H)
particular sequencePPPPPPHPPPHPPIWHHHHH  random sequences are peaked around 38Roproteins, in-
and the parameter valueg,,=500, qq,=2000, dos=1,  stead, are peaked around 60%. On the other hand, the distri-
Qgs= 10000, Eqp=—Eqp=1, Eqs= —Eos=2. We have set bution of HPW sequences is nicely approximated by a bino-
the Boltzmann constarkg=1. We tried various other se- mial around 50%: theHPW model does not introduce any
quences and lengths, and the results are always qualitativeljas toward more hydrophobic sequences then pure chance
the same, with slight changes in the peak height and widthwould do, in apparent similarity with real proteins. The sec-
and with some small,, and T, variations. ond test we mentioned, the run test, has been introduced in
As already known from real data, and compatibly with the context of proteins by White and JacdB$ Sequences
protein design according to other models, we also find thaire reduced to binary strings ¢fs and Ps. Then, every
not all the compact structures have the same designabilitgeries of consecutivels (or Ps) is counted as aun. As an
with some of them more designable than others, in qualitaexample, the strinddHHPP contains two rungHHH and
tive agreement with theuperfold(or fold familieg concept:  PP), and the stringHPHPH contains five rungeach single
many proteins with different sequences share the same nativetter counting as a ronThe run test analyzes the distribu-
fold. Indeed, we find that 62% of all sequence§8j,} have tion of proteins according to the number of runs they contain.
their native state on just the 17% of all designable configuin Ref.[9] it was found that, according to the run test, real
rations(those that are native states of 11 sequences or moreroteins are statistically indistinguishable from random se-
the highest designable structure attracts 147 sequencesgjuences. Although we do not want to dwell into the implica-
most proteins find their native fold on a restricted number oftions of this result, it is important to stress that this is a part
structures. Moreover, as the protein lengtgrows, the num-  of the phenomenology of real proteins and as such it would
ber of sequences per native structure increases: the ratl®e auspiciable to recover it through models. In Fig. 5 we
(Ng, /Ny ) is proportional thrL, with u,=1.12. This hap- show the run distribution for proteins of length=16 de-
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04— T T T T T T T T T T T se{S/} such thatps>0.5 forTe[T.,Ty].
I o ] This means that a new definition oétive state has to be
O-O HPW 3 introduced. The Boltzmann weight of the native state
03 o Random Seq. | 7 Z(s,Tha), for a given sequencee{S/}, has to be larger

than the sum over all partition functions of the excited states:

)

Z(S-Tnat,T)>{FEc} Z(S’Fexch)]

ex Te[T. Tyl

This is a completely new criterion in protein design; indeed,
it is automatically satisfied blP proteins. Once their native
(groungd state is guaranteed to be unique, there will always
be a temperature below whigh,>0.5. In theHPW model,
instead, the native state, even having the lowest cost function
value, can result unfavorable compared to phase space re-
gions of high cumulated probability, usually related with a

) . . high degeneracy of the first excited states.

signed using both thelP andHPW models. AgainHP pro- Proteins in{S/} have slightly sharper transitions than
teins are d|fferen_t from random sequences, with a preferenctﬁa]ose belonging tdS,} but that did not satisfy overall sta-
Igirniegu:{:lcgzr\g% r]sq;?i?/awntsc; %yh?oﬁfaqumﬁég}n bility; they also pass the H percentage test, but not the run
e uengcesThe WO sets of>c/jata o eF;helﬁ (percentage and test. Indeed{S/} proteins have a run distribution that is
rur?tes) allow us to give an interpr%tation of the ng behav-qUite different from the distribution for random sequences.
L : : : . ..~ Here we would like to preserve the statistical features of
lor. sequences with a h'.gﬁ dgnsny have a high probability sequences as an indicaﬁnr of the model validity. Hence, we
of having longP runs. Since in théiP model that we con- try to revise the uniqueness and overall stability criteria to

sidered there are nblP and PP interactions, these long nderstand if it is possible to relax them, so to recover the
runs would be free to fluctuate, giving rise to degeneraté] POSS '
god sequence statistics.

native states. Therefore, the resulting designable sequenc% . o : .

have fewerPs and many runs, so to lock thes [10]. The Protein folding is a dynamical process tak|r_19 place at

HPWmodel, instead, does not need such a selection since, apme temperature betwedg and_TW : _Unlquen_ess is usually
invoked to ensure that the folding is not misled to a target

an effective level, it introduces al$déP interactions that for- structure different from the native one. Actually. chances are
bid large fluctuations of any long run. To check that this is . - Actuaty,
extremely good for correct folding even in the presence of

L?odneitfjt:;eHcl:Daze&jvgla(t%I;o V\?:ilgl?ﬁgrg:%?)n Swvn';hirier?;cd_mc%élmosh degenerate competitors, if the basin of attraction
’ (the funne) of the correct native state is much larger than

tloges 6H?o:si_r§l:|(l)ét:HtT1: ;;Q%’nzpﬁcngf: &év;(?fe(:cr]talseefigrerac that of the decoy. We can easily envision the extreme case
Babdald E : ; :
tions coming out of thadPW mode). Indeed. we find that where the native state has a very large basin of attraction,

. o and there is a competitor that is like a golf hole in the free
HP2 proteins perform better thgiﬁP ones on both statistical energy landscape. Clearly, this decoy will almost never be
tests, confirming the above interpretation. Anyway, only

. X found by the dynamics, and this protein could be retained by
0,
Zggm.g’g A]ei;he'l:lhp's? _ps)rgteénti iﬁgizgﬁ?ﬁa?;\évvmfﬁ natural selection, whereas, the same protein, using the strict
) vice v - IS IS due , X . criterion given by Eq(3), would be discarded: although the
introduces a richer effective interaction hierarchy than

simple two-body interactions independent of the confthe Boltzmann weight of the competitor plus that of the other
rele?/ance of mgny-bo dy interactiopn terms. and of some co n{_1on-native states can be larger than that of the native state,
text dependence, has been recently pointed il 14). he competitor's weight should not be taken into account

because, dynamically, it will almost never be found. There-
fore, Eq. (3), with the exclusion of the competitor in the
IV. OVERALL STABILITY CRITERION rhgright-hand sidg could be satisfied. The method used in
the present work gives us no information about the shape of
Proteins belonging to thgS|} set have been selected to the energy landscape, since only thermodynamic quantities
satisfy the criterion of uniqueness of the native state. Yet, ire considered. A detailed study of the structure of the con-
is not the only request that has to be imposed on proteingiguration space, and of théynamical accessibilitof the
Indeed, the native state has to be stable against other stategitive state and of its thermodynamic competitors is needed.
at equilibrium it should be the most favorable one, meaningrhis could lead to a further definition ofative state. Se-
that the probabilityps to occupy it, between the two transi- quences with a unique native state could be retained even if
tion temperatured, andT,,, should be at least larger than Eq. (3) is not satisfied. This happens in the case where the
1/2 (1/2 being the value at the denaturation transifioNst  probability to dynamically fold in a thermodynamic competi-
all the sequences ifS/} satisfy this criterion, and a second tor is negligible. Such a new criterion would produce a new
set{S/} has to be generated by selecting all those sequenceet{S"} of goodsequences, which might keep the statistical

FIG. 5. Number of runs, of the native sequences with length
L=16.
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properties of the set of sequend&;} (the one found using reproduce the same property on a 3D lattice we need a rea-

only the uniqueness criterigrthe latters being in agreement sonable surface or volume ratio of the structures, which can-

with the ones calculated on real proteins. Work is in progressiot be achieved with sequences of length below 20.

in this direction, where a dynamical approach to folding andVloreover, HPW compact native states are not, in general,

design is needed, the simplest being Monte C&W€) dy-  easily embedded in simple volumes, such as squai@sor

namics(which is not, anyway, the real folding dynamics  cubes(3D), so that a full SAW enumeration is still necessary.
We are presently working on a MC approactHBW protein

V. CONCLUSIONS folding and design that will allow us to look at 3D longer
proteins, and to their related issues. 3D longer proteins
We have approached the protein design problem using ghould also tell us whether sequence statistics, that can

model where the solvent degrees of freedom appear expliGyrely be used as a phenomenological indicator of a model's

itly, and we have elucidated some of the problems of proteiralidity, is already meaningful in 2D or, on the contrary,

design, and folding, by a comparison with part of the knownjooking at 3D will change the picturéhe HP model in 3D

phenomenology of proteins: thermodynamics and sequencgnd for longer proteins could satisfy the tests or could retain

analysis. It turns out that such reference to real data is usefighe 2D pathologies Design according to thelPW model is

to discriminate between models. Also the design Criteriq’noreover necessary to build a database to explore the rel-

themselves come under scrutiny, suggesting that a much regvance of three- and many-body effective interactions on the

evant role in protein folding should be given back to dynam-physics of protein when the degrees of freedom of the sol-

ics, and to a careful study of the structure of the phase spaggnt are traced outL5].

(the possible conformations and the way they are connected

to each other by the dynamidd.6]. On the other hand, exact ACKNOWLEDGMENTS
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