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Multifractal properties in the potential energy hypersurface of polypeptides and proteins are investigated.
Characteristic multifractal behavior for different molecular systems is obtained from(thespectra. The
analysis shows that the dimension of the phase space of the problem influences the accessibility to different
parts of the potential energy hypersurface. Also, we show that it is necessary to take into account the H-bond
formation between amino acids in the conformational-folding search. The present findings indicate that the
f(a) function describes some structural properties of a protein. The behavior d¢f dhespectra gives an
alternative explanation about the Levinthal paradox. Furthermore, the anomalous temperature dependence of
the Raman spin-lattice relaxation rates can be related to the perturbations in the secondary structures.
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It is well known that a molecular system has a great num-approach, only the covalent hydrogen bonded to oxygen or
ber of conformationgminima in the potential energy hyper- nitrogen are considered explicitly, while the €HCH,, and
surfacé [1—3), that increases with the number of degrees ofCHz groups are assumed to be an atomic unit. The energy
freedom in the molecular system. In order to solve this kindlypersurface is rather complex, and approximations in the
of problem, a new strategy to obtain information about conforce field are required to make such study tractable within

formational energies was proposgd], which encompasses our current numerical capabilities. Here, we use the follow-
both the evaluation of the classical force field and a gener'—ng approximation for the force field:

alization of the stochastic procedure called simulated anneal- _ E=EstE,+E,qw™ Eer, 1
ing [5]. Thus, the generalized simulated anneali@sA)  OF equivalently

[6], that is based on Tsallis statistiEg], was proposed, to 1 1

replaced the Boltzmann weights used in the former method E~= 2 % |<Srn(rfﬂ+r0)2”L 2 ; K¢n(1+cosmcpn+ ¢0)*)
The GSA procedure has been applied to a variety of prob-
lems such as genetic algorithf8], molecule optimization
using classical methodg!], or semiempirical methodg9], +2
the geophysical problerfil0], the traveling salesman prob- I RN Fi.j i , i
lem [11], and numerical data fittinfL2]. GSA proves to be WhereEs is the sulfur bond potentialz,, is the dihedral
the most effective simulated annealing methéd 1. In this ~ &ngle potentialE, q\ is the van der Waals potential, afd,

sense, GSA is a powerful algorithm to analyze potential eniS the Coulomb potential term. ThEs term is considered
ergy hypersurfacé4] because, in various cases, this kind of bond stabilizes the

In this Rapid Communication we are mainly interested topotential energy close to the native structure. The backbone

investigate the acceptability of the potential energy hypersurpond potential and the angular bond potential have their ideal

: : . values calculated by Corey and Paul[dg]. The bond origi-
face of the polypeptides and proteins as a function of t_h ated by these potentials were maintained close to these val-
system size. Our strategy amounts to couple a GSA routing

: ) es. Although these approximations in E@) smooth the
[4] with the THOR package, which has been developed t0 b&,yhersrfacé18], these potentials do not contribute substan-

a comprehensive and_ erx_ibIe _tool to investi.gate Macromoa|ly to the amino acid sequendprimary structurgobtain-
lecular structure of biological intere$t4]. This computa-  ing the tertiary structurénative structurg Therefore, these
tional code is based on tl@omosclassical force field13] bonds do not change the protein folding substantially.

with two available methods: molecular dynamijdd,15 and The search for miniméglobal and local or the scan of
stochastic molecular optimizatig®®MO) [4]. This approach the potential energy hypersurface consists in comparing the
enables to scan the conformational space in the regiongeometry obtained by GSA routine with the energy mea-
where the energies are close to local minima. On the othesured byTHOR. GSA builds up random geometry changing
hand, regions where the energy value is greater than the loctile dihedral angles(t) [4], as follows:

minima may be discarded in the stochastic procedure, so that (i) Fix the parametersq, ,), related to acceptance and
the regions of the Ramachandran njd] that are not al- visiting index. Start, at=1, with a high enough value for
lowed must be rejected in this procedure. These not-allowed (1) (temperaturpand cool as in Ref.6].

C12(i!j) - CG('vJ)
12 6

L a9

477808r i<j riyj

regions modify the hyper-surface acceptability. (i) Generateg,.; from ¢ (¢r1=¢i+Agy) using the
We apply this methodology to study proteins and Visiting distribution probabllltygqv as defined in Refl4].
polypeptides, using the force field presents inther pack- (iii) Evaluate the conformational energy valuety; . 1)

age. Furthermore, the conformational energy of the moleculasing the force field, Eq1) and accepting it according to the
is made up of a sum of bond and nonbond terms. In thigeneralization of the Metropolis criteridé].
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(iv) Calculate the new temperatuiigt) and go back to 15 e N I B e —

(i) until E(¢;) converges within the desired precision.
In Ref. [4] the procedure to build up a GSA routine is 1 ﬂ

reviewed. Recently, the SMO strategy has been applied tc
study helix folding where the Ramachandran map was usec
as constraintf19]. The SMO results are in close accordance
with experimental20] and theoretical21] observations. In
this paper, SMO was applied on various molecular systems
and, in the minimization process, H(¢,. 1) <E(¢,) these 0-97 /
/

1.2 -

energy values were analyzed.
We performed an exhaustive potential hypersurface scans
ning with different initial GSA parameters, i.e.T, - }'
=[1,60000Q, gq,=[1.1,2.7 andgs=1.1. We have searched i
the minima(locals and globals ongsn the energy hyper- ./
surface for the following moleculesi) polyalaninegwith 5 g #
to 20 residues of alaning(ii) a Barnase fragmentiji ) frag- 0.3 j h
ments of the Insect Defensin@y) the complete Insect De- ’ 3 i
fensin A, and(v) cysteine-protease inhibitor Leupetine. |
The obtained results for the energy profiles associatec I
with the potential energy hypersurface shows that the local 0.0 ——— —
energy values has a nonhomogeneous structure, which ar 0.4 0.6 0.8 1.0 1.2
distributed over the hypersurface. Further on, different re- o
gions in the energy hypersurface present similar profiles,
when they are mapped using different scales. Different sys- FIG. 1. The f(«) spectrum for 5(squares and 13-alanine
tems present this behavior that, at first sight, seems to be (aircles.
statistically self-similarity one. This characteristic is typical
of fractal objects. In this context we were motivated to char- Polyalanine is a theoretical polypeptide probe to study
acterize the energy profiles using a multifractal formalismhelix folding [27—-31]. Figure 1 depicts the 5 and 13-alanine
[22]. This formalism is appropriated to describe self-similarf(«) spectrum, respectively, which shows a characteristic
local quantities that can be interpreted as measures. Thaultifractal behavior of the polyalanines. These results point
analysis was mostly developed to describe a broad class @it that the maximum of th&(«) spectrum decreases as the
objects generated by physical processes and characterized #iynension of the optimization problem increases.
normalized stationary distributiorimeasuresassigned upon The second system studied, Barnase, is a member of the
fractals set423]. In Ref.[24] it was shown that the fractal microbial ribonucrease family. In Ref32] the 85-102 Bar-
behavior in the proteins arises from the analysis of the stenase fragmenta B8-hairpin) is studied by molecular dynam-
reochemical properties of tetrapeptides segments of the prees. The authors obtained three different unfolded conforma-
teins. From molecular dynamics it was observed a universalons (C1, C2, and C3). We observed that alf(a)
fractal behavior due the temporal analy&2$). calculated for these conformations are very similar.
Multifractal properties associated with the energy profiles  The third system studied, Insect Defensin A, is a basic 4
can be obtained through the singularities of fife) spec-  kDa protein thatin vivo, is excreted in the hemolymph of the
trum as a function of the number of dihedral angles. One oflesh fly Phormia terramovadarvae[33,34). This small pro-
the most efficient algorithms to calculated th{ex) spectrum  tein presents one-helix and twoB-strands, stabilized with
was proposed in Ref26]. The implementation of this algo- three disulfide bridge$35]. This protein is an interesting
rithm requires one to define the normalized measuggs ( system because the existence of the three disulfide bridges.
=E;/Z;E;) and construct a parameterized family of normal-From the simulations we observed that this kind of bonds
ized measures ;= &Y=&"). The f(a) spectrum is ob- (Eg) does not change the multifractal behavior, which means

tained by varying the parametgrand evaluating some independence of tHéa) spectrum in relation to the
bond potential.
Z pmila)Inf pi(aq)] Note that all systems discussed above, present secondary
f(a(q))=lim | — : , ) structures &-helix or B-sheet as a minimum. To observe
0 Ine the influence of secondary structures in tt{e) spectrum
we analyzed a class of larger polypeptides. In this analysis,
2 wi(Q)in & we simulated polypeptides with 13 to 20 residues of alanine
) o ' and 13-23 fragment of the Defensin, which leadatdnelix
a(q)= ||m0 T ne I ) structures. On the other hand, tAesheet structures obtained

from the 85-102 fragment of the Barnase and 26-39 fragment

wheree = (1/2m)P andD is the number of dihedrals angles (Defensin present the sam& «) shape. In case af-helix
optimized. In the next, we discuss the results from variousstructure polypeptides, it was observed that a stable unfolded
systems analyzed using this formalism. conformation(a random coljl increases from 5 to 15 Kcal/
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i FIG. 3. The shape of thé(«) spectrum for some systems:
D ]!: IG'. Z'Tﬁzegéﬁé S?:ﬁg;?} O)bzeg/cet?u;fsmutﬁ;?;i;Or;ct:: 5-alanine(black squares 8-alaninie(black circles, leupetine(light
erensin. o @) SP a gray triangleg 18-alaningblack triangley «-helix of the Defensin

sharply than the random coll orieircles. (black diamondg and Insect Defensin Agray squares

mol the conformational energy in relation to the global mini-|lem increases. This behavior helps the protein in order to
mum (an a-helix). In case ofg-sheet fragment of the De- search the native state. The evaluation of the potential energy
fensin(26-39 fragmenyt it results that the global minimum is hypersurface, using the procedure proposed, shows that the
an unfolded conformation, i.e., a random coil. However, theshape of thef («) spectrum depends on the degrees of free-
B-sheet conformation increases the conformational energgiom of the problem. This result points out that the ability to
~0.8 Kcal/mol only. Despite the--helix ands-sheet differ-  populate the potential energy hypersurface depends on the
ent energetic behavior the shape of ffe) spectrum main-  dimension of the problem. Therefore, as the hypersurface
taining as a function of the secondary structure existenceéncreases with the number of degrees of freedom in the sys-
The last system studied, Leupeptine, is a potent cysteingem, these polypeptides present a poor capability to populate
protease inhibitor. This short polypeptide presents no seahis hypersurface. Initially this result seems to be contradic-
ondary structures and has a great mobility. For these reasomsry but, if we take into account the Levinthal parad@%]
we investigated its multifractal behavior. We found that the(namely, that a polypeptide chain can find its unique native
f(a) spectrum from Leupeptine is larger than those for poly-state in spite of the astronomical number of configurations in
alanines. The(«) spectrum maximum obtained from Leu- the denatured stateit helps with understanding the protein
peptine is wider than that one obtained for 9-alanine that haflding, because the hypersurface presents a great number of
the same optimization dimension, because its great mobilityregions that are not allowed . Thus, according to our simu-
As it was observed, a commo@nd more fascinating lations, the proteins adopt conformations only in the allowed
feature of the analyzed systems is a multifractal spectrum ofegions by thef («) spectrum. We recall that this result is in
energy which can be taken as their basic signatures. Figureatcordance to protein folding pathways because these path-
shows the typical behavior for all systems that we analyzedways make inaccessible a great number of regions in the
It can be observed that the shape of fifer) spectrum de- potential energy hypersurface. On the other hand, we observe
pends on the secondary structure formatiinrdepends on that if we analyze the multifractality as a function of time
the number of H-bondsMoreover, if a secondary structure (Monte Carlo stepthe f(a) spectrum always presents the
was obtained in the simulation, the shape of the) spec- same shape and its maximum is close to 1. Thus, we find a
trum is sharper than in the opposite situation. In the simulauniversal multifractal behavior, but this behavior does not
tions of the Defensin, it was observed that the disulfideallow us to analyze the intrinsic properties of the protein
bridges do not change the shape f¢ixr) spectra, which hypersurfaces.
means that the multifractal behavior is independent of bond In summary, we investigate the multifractal properties of
potential. the potential energy hypersurface of the proteins. The simu-
Figure 3 depicts the main characteristic of all systemdations show that thé(«) spectra depend on the number of
discussed here, using the geometdihedral anglesanaly-  H-bonds. This result is more precise than one obtained by
sis. This figure shows that the maximum of ti{er) function ~ Ref.[37] using a lattice model, since in the present paper we
decreases as the dimensigeal of the optimization prob- performed simulations using a more accurate model for pro-
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tein. The results for the lattice model indicate that the systenTherefore, the behavior of the anomalous temperature depen-
is fractal and that dimension depends on the number oflence of the relaxation rates can be related to the behavior of
H-bonds[37]. Using a more precise model we have observedhe secondary structures that changes the shaffexpfspec-

that, when the system analyzed has H-bondsf {lag spec- tra.

trum shape is different in comparison to those systems that |n relation to the f(«) spectra as a function of the

do not produce H-bonds. Therefore, the H-bond formatioryolypeptide size, it was shown that the proteins adopt con-
induces differences to th§«) spectra shape. We want to formations in the potential energy hypersurface only in al-
stress that the shape of thew) spectra does not depend on | \yed regions from thé (a) spectrum. Thus, the potential
the GSA parameters. These parameters are used only to M@Rergy hypersurface presents allowledd not-allowed re-
the energy hypersurface. Their choice does not alter the majfyons ‘that depend on the protein size, i.e., the number of
conclusions of this paper significantly. _ degrees of freedom in the molecular system. This behavior
On the other hand, as the secondary structusebdlices  ghows an alternative explanation for the Levinthal paradox,
and B-sheets depend on the environment, a protein tertiary since a great number of possible configurations must be in
structure(native structuredepends on this too. Then, a so- ipe not-allowed regions, making the number of allowed con-

lution on the aqueous solvent may perturb the protein tertiaryigyrations decrease and restricting the protein to navigate
structure and, therefore, change the multifractal response. Asyer the folding routes only.

it was shown, the multifractal response-behavior changes by

perturbing the secondary structures. This feature seems to be M. A. Moret and E. Nogueira, Jr. wish to thank D. Fuks,
related to the anomalous temperature dependence of the R Pereira, and R. F. S. Andrade for suggestions and very
man spin-lattice relaxation rat¢f26,38, because an ionic useful discussions. This work has been supported by CNPq,
strength solution changes the temperature dependenc€APES, and FUJB, of Brazil.
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