PHYSICAL REVIEW E 68, 011903 (2003
Effective pair potentials between protein amino acids
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We present an effective potential describing the interaction between pairs of re@threses, in this cage
that belong to a protein. The effective potential is extracted from an experimental correlation function, by
means of the Ornstein-Zernike equation together with a closure approximation. It is found that the most
relevant features of the effective potential are consistent with the formation of two different secondary struc-
tures of proteins.
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I. INTRODUCTION II. EXPERIMENTAL CORRELATION FUNCTIONS

Our study is based on the analysis of proteins of high
molecular weight, each one containing more than 2000 resi-
dues. We selected structures of great extent provided that
only systems with a large number of elements are expected

tion to this problem is of outstanding value in molecularto attain thermodynamic equilibriufTE) (we recall that the

biophysics and biopharmacy. Furthermore, the developmerﬁ?z_equ.at'(.)n IS valid o_nly for systems in _T.E/Ve obtained
of new materials will be greatly facilitated. The problem of radial dlstr!butlon functlong(r) from aseries of 196 struc.-
protein folding has been studied with rather different ap_fturally distinct proteins of thg Protem Datg Bank. Our list
proaches. On one hand, Ising-like models allow us to enuincludes hydrolases(e.g., 1jyn, 1jz0, oxidoreductases
merate exhaustively all conformatiof. These models can (1cw3, 1geg, le7p atpaseslcow, 1e79, and groelglaon,
be enriched with pairwise contact potentig8$. Vendruscolo ~ 19r9, among others. Each selected protein contains at least
and Domany[4] demonstrated, however, that there is no se®0 alanines inside a volume of analysis,This requirement
of interresidue contact parameters able to predict alone thé necessary to obtain the complete relevg(r). More im-
native fold of a protein. On the other hand, Snewal. [5] portant, we assumed that all structures are in TE. For each
recently presented a successful comparison between a nprotein, we determined the positions of the centroids ofthe
merical simulation and experimental results of the proteinlanines located inside the sphere of voluvhéhe position
folding dynamics of a small proteifof 23 residues Using  and size of the sphere are such that big voids are minimized
an atom-based force field, they required a vast computationdihe corresponding number density is thea N/V. For the
effort. It would be thus desirable to combine the advantagewhole series, we found a variation jnof one decade, i.e.,
of the over mentioned approaches, i.e., simplicity and accuffom 1.8<10 4 to 9.5<10 * A=3. Pair correlation func-
racy. tions of individual proteins were computed on the under-
In this paper, we propose the use of an effective potentiastanding thatpg(r)4mr2dr is the number of alanines be-
to describe the prominent features of the protein folding protween two concentric spheres of radii and r+dr,
cess. Let us mention that, to the best of our knowledge, thigespectively, about a central alanifiel]. The spatial resolu-
relatively new method has provided a useful characterizatiotion dr was estimated to be 0.2 A, considering the uncertain-
of quite different systems. For example, the pairwise interacties in centroids’ coordinates.
tions among colloidal particlds$,7], as well as the quantifi- Although it is possible to provide accurate approxima-
cation of the interaction between pairs of magnetic flux linegtions to get the effective pair potentiaf'(r), the supplied
in type-1l superconductori3]. An effective pair potential is correlation function has to be determined with enough preci-
defined as the pair potential between “particles” which re-sion to minimize errors induced by statistical noise. Thus, to
produces the pair correlation involving these particles. Theémprove the statistics, we averaged the results from proteins
effective pair potential can be mediated by particles of otheof rather close number densities. In Fig. 1, we show two
species which can be experimentally observable or even notfiunctions g(r) of number densitiep,=(5.6+0.4)x 10 *
observable such as solvent molecules or dissolved ionand p;=(3.5+0.2)x10 % A3, which were obtained from
[9,10]. Although the method presented here is quite generathe average of 42 and 49 different pair correlations, respec-
we focus our attention to the effective potential betweertively. The following features can be noticed in the same
pairs of alanines that belong to the same protein. This effeciigure. First, both pair correlations present a series of three
tive interaction is extracted from an experimental radial dis-well-defined peaks of decreasing height, as a function of the
tribution function through the Ornstein-Zernik®Z) equa- distance. Beyond the third peak, there is no clearly defined
tion [11], together with an appropriate closure relation. Theshape until the asymptotic value is reached. The peaks of
resulting potential function predicts the formation of some ofboth functions have some resemblances and some differ-
the most important structural motifs that can be retrieved irences too. Quite remarkable, the position and shape of the
proteins. corresponding peaks are very similar. On the other hand, the

Understanding the mechanisms of protein folding is of
central importance in structural biology. The main problem
of protein folding is the determination of the protein’s native
structure based on their amino acid sequerdeThe solu-
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FIG. 1. Radial distribution functions between alanine centroids. F|G. 2. Total correlation functiomg(r) (solid line) obtained

The solid line corresponds to the average of a series of 42 proteingom the average of 196 correlation functions and characterized by
with mean number density,=(5.6+0.4)x10"* A~3, while the p=(43+14)x10* A3 The corresponding Debye-structure
dotted line represents the average of 49 correlation functions witl,yction ho(r) (see textis also plotteddashed ling
p=(3.520.2)x10" 4 A3,

acid sequence. In facg=3.6+0.1 A is the position of the
h¥st maximum, in other wordsa is the most likely distance
etween two consecutive alanines. Because a protein is a
I;i)olymeric chain, it is interesting to compalng(r) with the
correlation function describing an ideal-polymer chEis],

corresponding heights are not the same. Such a discrepan
could be related to a many-body effect, but this is not th
case. The most dilutg(r) (of number densityp,) has the
highest peaks, contrary to the regular behavior of the know
correlation functiong11]. Moreover, the mean distance be-
tween centroids of neighbor alanined=p 3 indicates 5
that the correlations between pairs of alanines have the be- hp(q)=2[exp(—v)+v—1]/v?, 1)
havior of a dilute systengfor all the proteins in studyd

>10 A, which is a distance well beyond the third peak  where Fip(q) is the Fourier-transformed Debye-structure
The above mentioned differences in heights could be exfunction,uERSqZ/G, R, is the size of the polymer, arglis

plained in terms of statistical fluctuations. More important, if jna \wave vector magnitude. The parameter found in(Eg.
these pair correlation functions show the behavior of a dilutgs hosen to be in accord with the identified variables of

system, then it is possible to average the 196 functions, 10 g (1) a5 explained in the following lines. If we suppose that
good approximatiortlet us recall that the whole protein is @ ha ideal chain consists dfl, noninteracting segments of

compact object, but it has the additional contribution of thelengtha then[13] Ry=aN2. The volume occupied by the
19 remaining amino acids, so from the point of view of the. o 0 3 — 3
ideal chain is approximately Ry, thus p=Ny/Rj

alanines this is a rather dilute systermhe resulting average S - X Noft
is denoted agg(r), and it is characterized by a mean num- =& “No °. These two conditions permit the estimation of
ber densityp= (4.3+1.4)x 104 A~3. For convenience, our Ry, which is used to compute the corresponding Debye-
results are expressed in terms of the total correlation functio ”“C“%re function of_Eq(_l). In the real space, t_he function
he(r)=ge(r)— 1, which is also one of the functions in- p(r) is also plotted in Fig. 2. As shown in this flguhb(.l’)
volved in the OZ equation. As expected, the experimentaf:onverges to Zero much faster thh@(r).. The comparison
he(r) plotted in Fig. 2 preserves the main characteristics on both correlation functlpns also con_flrms that a stru_ctural
the functions of Fig. 1, with an appreciable decrement inroperty of folded proteins clearly differs from the ideal

statistical fluctuations. Otherwise, the correlation functionCh"flI_'E be;av;p{lj.t tione'" b derstood as th
he(r) could be especially useful to test and eventually im- ir € te netic :th'r; 3rrac lon r(lri)nﬁ?rlll iu:in(ter? o?in ash ?n
prove some of the existing atomic force field modgelg]. pair potential that dresses a ally noninteracting chain,

This task, however, requires extensive numerical simulagiving as a r_esult a structure identical to the experimental
' ' one. From this starting point, and neglecting interprotein cor-

tions. . . :
1ons relations, we suppose that the microstructurégfr) is de-
termined by the OZ equatidril],
Ill. THEORETICAL BACKGROUND
~ Let us now prov_lde some insights of t_he physical proper- hE(r):Ceff(r)+;j d3rrcefrhe(r=r'D), (@
ties of the correlation functiohg(r). For instance, and ac-

cording to the sequence of atoms, it is possible to verify that
the first peak is related to the probability of finding two wherec®'(r) is the effective direct correlation function thus
centroids of alanines, which are consecutive in the aminalefined. The Fourier space version of E2), namely,
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Bw(r), our calculation ofu®’(r) takes into account any
Bu(r), HNC possible dependence on at least approximately.

.......... Bwir) IV. DISCUSSION

14 As shown in Fig. 38u®’(r) has a rather unusual form. It
consists of three sharply defined potential wells and two bar-
riers of distinct shapes, all of them have magnitude of the
order of kgT. This specific combination of barriers and
wells, however, predicts the existence of two of the most
¥ important structures found in proteins. Although these struc-
-2 : tures can be reconstructed with a simplified model, system-
atic numerical simulations will be reported elsewhgtd].
0 2 4 6 8 10 12 14 Our model of polyalanine is based on the geometrical rela-
r(A) tions between the characteristic lengths extracted from the
curve of Bu®(r). These characteristic lengths are the posi-
FIG. 3. Effective potential between pairs of alanings®'(r)  tions of the potential energy minima which, in principle,
obtained through the HNGsolid line) and the PY(dashed ling  shoyld lead to a global minimum. We recall that the position
approximations_. The potential of mean forgav(r) is also dis-  f the first minimum ofﬁueff(r) is directly related to the
played(dotted ling. preferred distance between two consecutive alaniadsf
course, the maxima dfig(r) correspond to the minima of

Bu(r)

1) = he(q) @ ,Buffff(r) or Aw(r)]. The backbone of our polyalanine is
q 1+;F15(Q)' defined as an initially freely jointed chain consisting Nof

links (a link connects two alanine centrojdevery one of
lengtha. Each one of the two remaining minima gti®"(r)
provides an extra condition that determines the specific
structural motif, assuming that the positions of these two
minima fix the distancé, between the alanindsandi+2
of the sequence.
effr .\ _ _effry +17+beff In caseA, we select the minimum of the second well, i.e.,

U1 =he(r) = ¢ ~Infhe(r) + 1]+ b7H(r). (4 b,=5.2+0.1 A. Thus, according to distancasandb,, the
with b®ff(r) being the effective bridge functiog=1/kgT,  two pairs of alaninesi(i + 1) and {+ 1, +2) make an angle
wherekg is Boltzmann’s constant, ariflis the absolute tem- 6,=(92.5=6.0)°. At this point, the interplay of the barriers
perature. In general, bridge functions are very complex an@nd the second well has a very important role in the arrange-
therefore some approximations have to be done at this levement of the following alanines. An eventual trans conforma-
Takingb®'(r)=0 leads to the hypernetted ch&HNC) clo- tion of the alaning +3 would be frustrated by the second

allows the determination o€®''(q), which is transformed
back to getc®’(r). In order to complete our scheme, it is
necessary to supply an additional condition. A general ex
pression relatingi®''(r), hg(r), andc®f(r) is [11]

sure[11], while the Percus-YevickPY) expressiorf11] barrier, because of the high potential energy between ala-
ninesi andi+ 3. On the other hand, the alanin¢ 3 can be
Butt(ry=In{1—ce(r)/[hg(r)+ 1]}, (5)  favorably found in a cis conformation at a distance identical

to b, of the alaning, as a consequence of the presence of the
is another useful approximation. In Fig. 3, we exhibit thefirst barrier and the second well. For the same reason, it is
effective potential between pairs of alanines obtainedyuite likely to find the alaniné+4 at the same distands,
through both, the HNC and the PY closure relations. It carof the alaninei. The arrangement of amino acids just de-
be noticed that both approximations conduct to basicallyscribed is consistent with the 4-turn pattern defined by Kab-
identical results. Therefore, a unique effective pair potentiakch and Sanddi5]. Of course, at least two 4-turns are nec-
will be considered from now on. As a reference, we also plotessary to form a minimal helix15]. Thus, defining anx

the potential of mean forcl1], defined by helix with our parameters requires 4:0.3 residues per turn
with a pitch=b,.
Bw(r)=—Infhe(r)+1], (6) For caseB, the distance between alanineandi+ 2 is

_ now equal to the minimum of the third well, i.ebg=6.2
which is identical topu®'!(r) only in the limit p=0. Asit  +0.1 A. The angle between the two pairs of residuies (
can be observed in Fig. Bu®'(r) and Bw(r) are qualita- +1) and {+1,i+2) is §5=(118.9-9.0)°. Contrary to case
tively very similar with only a noticeable difference: the in- A in this case the cis conformation of the residue3 is
teractionBw(r) has always lower values thgu®'/(r), asa restrained by the second barrier. The resititi@, however,
consequence,Bw(r) tends to zero more slowly than can be found in a trans conformation of lower energy, be-
Buc'(r). Such a difference could be related to an accentucause the distance between alaninesdi+3 corresponds
ated sensitivity of the interaction potential to variationgpf to a distance beyond the second barrier. Therefore, the ala-
in comparison with the reported behavior of the measuredhine i +4 is also likely to appear in a trans conformation
correlation functions. In contrast to the oversimplified with respect to its previous neighbors. Such an open arrange-
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ment of amino acids is the characteristic®$tructureg 15], two closure relations and the potential of mean forééore-
even if the pattern just described can be identified only withover, despite small quantitative differences, the salient fea-
a B strand[15]. tures of the full interaction curves are preserved within the
studied approximations. Let us finally stress the importance
V. CONCLUSIONS of the experimental correlation function which was deter-
] o o mined without an explicit identification of the secondary
In conclusion, our simplified model indicates the appearstrycture of the alanines that belong to the proteins under
ance of two characteristic lengths in the formationaoénd analysis.

B secondary structures. The characteristic lengths, as well as
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