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Simulations of a small protein in a specifically designed generalized ensemble
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We describe a variant of the generalized-ensemble approach that allows faster simulations for special classes
of proteins. We test this technique for an all-atom model of the 36-residue protein HP-36. The dependence of
various thermodynamic quantities on small modifications of the solvent representation is explored. Configu-
rations with a root-mean square deviation of less than 4 A to the experimentally determined structure are
observed.
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A fundamental problem in molecular biophysics is thehydrophobic core, HP-36 is well suited to probe the influ-
relation between the sequence of amino acids in the proteience of the chosen solvent approximation. We have conjec-
chain and its three-dimensionéBD) shape and function. tured in earlier worlk{7] that the accuracy of structure pre-
Computer experiments offer a way to study folding of pro-dictions can be increased for this peptide through
teinsin silico, but are hampered by numerical difficultiglg. modification of our implicit solvent. The test of this conjec-
For instance, all-atom models of proteins are characterizetlre is the second objective of the present HP-36 simulations
by a rough energy landscape, and the resulting slowing dowim our new generalized ensemble.
in the search of the conformational space limits the size of Our simulations of HP-36 rely on a standard force field
proteins that can be studied in low-temperature simulationsECEPP/38] (as implemented in the program packayevr

One way to alleviate this multiple-minimum problem is [9]), where the intramolecular interactions are given by

by means of generalized-ensemble algorithfi®y. An Eecepre = Ec+ ELy+ Eqg + Egor, (1)
example is the technique introduced in this article that 334,
promises a much faster sampling for an important class of Ec=> — 4, (2
proteins—namely, such that are built up solely out of ij  €Fij
a-helices(a fact that can be determined experimentally more A B.
easily than the 3D structureGeneralizations of this idea to ELy=>, (_1% - —g) (3
other classes of proteins are easy to envision. @p i Tl

It is a common practice to test a new algorithm for small C. D
and simple molecules such as the pentapeptide Met- Enug = 2 (r—l'% - j) (4)

enkephalin[3]. While simulations of these molecules are (i.j)
simple (the ground state and folding physics of Met-

enkephalin has been successfully studied at room tempera- Et0,=; Ul[1 £ cognix)]. (5)

ture by simple canonical simulatiorid]), they can be mis- Here,r;; (in A) is the distance between the atoiamdj, and
leading as the complexity of the problem is different for , is thel th torsion angle. The protein-water interactions are
larger molecules. For this reason, it is important to test th%pproximated by a solvent-accessible surface term following
performance of novel simulation algorithms for a sufficiently the common assumption that the free-energy difference be-
large and complex molecule. Here, we have chosen the 3fveen solvated and unsolvated groups is proportional to the
residue villin headpiece subdomain HP-36. As one of the fevgyrface area that is exposed to water. Within this approxima-

small proteins that have a well-defined secondary and tetjon, the solvation energi,, of a protein is given by
tiary structure and can fold autonomoudW, it is suffi- E ‘E oA (6)
sol — Ak

ciently complex and with 596 atoms large enough that nu- i
merical simulations become indeed a challefgje Here, A is the solvent-accessible surface area andhe
Proteins are only marginally stable. The free-energy dif-solvation parameter of thi¢h atom. For the present investi-
ference between the biological state and denatured states isgition we use the parameter set OONS of R
room temperature only=10—-20 kcal/mol. However, this  The energy landscape of proteins in such a detailed rep-
small free energy difference results from cancellations ofesentation is characterized by a multitude of local minima
Iarge(both energetic and entropiterms. It follows that the Separated by high_energy barriers. One way of overcoming
accuracy of the energy function is another limiting factor inthe resulting problem of slow convergence is generalized-
protein simulations. Of special importance here is theensemble simulations first introduced to protein science in
protein-water interaction as constraints in available computeref. [11]. These techniques rely on simulations in an artifi-
time often require the use of |mp|IC|t solvent models. Unlike cial ensemble designed in such a way that a Monte Carlo or
small molecules such as Met-enkephalin that do not form anolecular dynamics simulation will lead to a uniform distri-
bution of a prechosen quantity. For instance, in multicanoni-
cal sampling[12] the weightw(E) is chosen such that the
*Electronic address: hansmann@mtu.edu distribution of energie®(E) is given by

ij ij
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P(E) = n(E)W(E) = const, ) 80 F i, .

TR ERG = I NSTS
wheren(E) is the spectral density. A free random walk in the 50 1 3 € 00 a3
energy space is performed that allows the simulation to es- eyl % ‘;‘3 200 | f
cape from any local minimum. From this simulation one can | 28 300 e

. . . 2 I JP} - C . L L 1|
calculate the thermodynamic average of any physical quan- & 3o ] 200 400 600 8001000

tity A by reweighting[13]:

dx A(X)WH(E(x))e EX/keT : ;
_ 10  +——— Parallel Temperin bl
(A)r= (8) | - Our Ensemble i ,

f dx W(E(x))e EX/keT 200 300 400 500 600 700 800 900 1000
T[K]

20 +

Here, x stands for configurations a is the Boltzmann .
9 i FIG. 1. Average number of native contacts,c)(T) as a func-

constant. tion of temperature. Shown are both results of the parallel temper
While multicanonical sampling has been successfully apTng simulation of Ref[7] and such obtained by our approach. The

plied to polypeptides of up te=35 residueq14], it is not . : )
obvious that the method will succeed for the more importan{nset displays the corresponding values of the total eneEgyT)).

case of molecules that consists of 50-200 amino agius . . o )
size of stable domains in proteindhis is because the com-  AS in other generalized-ensembles—and unlike in canoni-
putational effort increases in multicanonical simulations with€@l simulations—the weights are rpriori known in simu-
the number of residues asN* [15]. In general, the compu- Iatpns in this new ensemble. Instead one has to determine
tational effort for generalized-ensemble algorithms scales a@Stimators. In the present study, 200 000 sweeps were needed
«X2 whereX is the variable in which one wants a flat distri- for the calculation of the weights by means of the iterative
bution. This is because an unbiased 1D random walk in th@rocedures described in R¢16]. All thermodynamic quan-
ensemble coordinate is generated. In the multicanonical afities are estimated from a production run of 400 000 Monte
gorithm the coordinate is the potential enen§yE. Since ~ Carlo sweeps that followed 10 000 sweeps for equilibriza-
EoN?, the scaling relation for multicanonical simulations is fion. The simulations start from completely random initial
recovered. Hence, a better efficiency may be obtained byonformations(hot starj and one Monte Carlo sweep up-
choosing a more appropriate ensemble coordinate than tia(€s every torsion angle of the peptide once. At the end of
energy. every tenth sweep, the total energy;, the ECEPP_/3 energy
The problem is to find such a coordinate as there exists neceprs, the solvation energis,,, the corresponding radius
single “order parameter” for folding. While it is possible to Of gyrationrg,, and the numben,, of helical (sheef residues
define an order parameter by means of the root-mean-squa®é€ Written to a file and stored for later analysis.
deviation(rmsd or the number of native contacts if the na- ~ While HP-36 is extremely difficult to study in regular
tive state of the protein is known, such an approach fails fofanonical simulationg6], we have shown in earlier work
the structure prediction of unknown proteins. However, forl7,17] that the thermodynamic and folding of this peptide is
special classes of proteins one can often define “order parardccessible to advanced methods such as parallel tempering
eters” that that do not requira priori knowledge of the [18,19. Related work can be also found in REZ0]. We first
native structure. One example is helical proteins—i.e., pro{fy t0 reproduce these earlier results with our specifically
teins that are built up solely out af-helices where the he- designed ensemble. For this purpose, we display in Fig. 1 the
licity (the numbemy, of residues that are part of anhelix) ~ average number of native conta¢tsc)(T) as a function of
is a natural choice for distingushing between low-energytemperatures. This quantity measures the similarity between
conformers. One can now devise a generalized-ensemble &@- protein configuration and the experimentally determined
gorithm that leads to &wo-dimensiongl uniform probabil- ~ PDB structure by counting the contacts that appear in both
ity distribution in energy and helicity. However, we found in structures. We define two residues as in contact if tgir
preliminary runs that a better convergence is obtained bjtoms are closer than 8.5 A. For comparison with experi-
constructing a newone-dimensionalensemble that is based mental data, we have taken the Protein Data Bank structure
on a combination of energ§,;=Eccepps*Esop and helicity ~ of HP-36 (PDB code 1vi). Likewise, the total energy

ny as ensemble coordinate: (Eioi(T)) is shown in the inlet. Both results from simulations
q= \,'E§0t+ cnﬁ. 9) with our new ensemble and from the parallel tempering runs

of Ref. [7] are presented in Fig. 1. The latter results rely on
It is obvious that the reweighting technique allows one agaira total statistics of 3 000 000 Monte Carlo sweeps—i.e.,
to calculate thermodynamic averages over a large range @hore than 7 times larger than the statistics in the simulation

temperatures from a single simulation: with our new ensembles. We observe that values of both
(nne)(T) and(E;,(T)) agree with each other within the error

fdx A(x)w‘l(q(x))e‘E(X)/kBT bars for both sets of simulations. Hence, simulati(_)ns in our

(A)y = (10) new ensemble reproduce successfully the numerical results

. CEOkT of earlier work obtained by a different method. This demon-
f dx w(q(x))e Xk strates that our technique is indeed suitable for simulations of
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TABLE I. Original OONS parameter set and its modification

M-OONS.

Atom type OONS M-OONS
C aliphatic 0.008 0.028
C carboxyl,carbonyl 0.427 0.447
C aromatic -0.008 0.012
N -0.132 -0.132
O carboxyl,carbonyl -0.038 -0.038
O hydroxyl -0.172 -0.172
O charged -0.038 -0.038
S -0.021 -0.021

suggested that this approximation can be improved by en-
hancing the weight of nonpolar atoms in the OONS param-
etrization[10] used in our simulations. Since our new en-
semble allows for much faster simulations than previously
possible, we are now in a position to probe this earlier con-
jecture of Ref.[7]. As we do not intend to determine the
“optimal” parameter set, we restrict ourselves to a single
(and not optimizey variation of the OONS set. For this
modified parameter set, dubbed M-OONS, the parameters for
nonpolar atoms are raised by an arbitrary small value
=0.02:5,=0;+A0;. Values ofg; for the modified parameter
set M-OONS and the original OONS set are listed in Table I.

M-OONS is used in a simulation of HP-36 with the gen-
eralized ensemble given by E(). As an example of our
results we display in Fig. 3 the solvent-accessible volume as
() a function of temperature. This quantity is a measure for the
compactness of configurations. Data for both the original pa-
Jameter set OONS and the modified set M-OONS are shown.
he corresponding values for the helicity are drawn in the
inset. The differences in volume and helicity are small at
high temperatures. However, the two solvation parameter
helical peptides and proteins with 30—40 residues. Since fosets lead to very different results at low temperatures: both
this class of molecules our new approach is approximatelyolume and helicity are lower for the modified set M-OONS
one order of magnitude computationally more efficient tharthan for the original OONS set. AT=300 K, the average
other generalized-ensemble methods, we plan now to apply olvent accessible volume of HP-36 configurations in the
to larger helical molecules such as the B domain of protein A

FIG. 2. Low-energy structur¢a) of HP-36 as obtained by a
simulation with the OONS solvent-accessible surface term. Th
configuration appears at=300 K with 90% frequency. The re-
maining 10% resemble the PDB structyfeii) shown in(b).

[21]. 10500 ——————
As already observed in Ref7], the native structure as — 3%‘&3 }Hﬂﬁﬂﬁﬁﬁiﬁ

deposited in the PDB isiot the dominant structure af 10000 f fﬁ{ *m*

=300 K in simulations with our energy function but appears . __%%4**“ .

at this temperature only with a frequency of about 10%. In- 9500 | S L

5
X

stead 90% of the configurations resemble at this temperature

&5 pif :
the structure shown in Fig(&. For comparison, we showin = 9000 propreifis X#; 3 1321,

Fig. 2(b) also the PDB structure of HP-3&vii). Both types 8500 e A gg [¥e e

of configurations have at room temperature similar average g 15} % 1
energies[7]. Hence, withouta priori knowledge of the ex- 8000 | 2 {ﬁﬁ%%%%_
perimental structure it is not possible to identify the native 0 ——

structure as it is in our simulations not the global free energy 7500 . . . 200 400 600 800,1000,
minimum at this temperature. This is in contradiction to the 200 300 400 500 600 700 800 900 1000
experimental results of Ref5] and indicates severe limita- TIK]

tions of our energy function. It was conjectured in Rt FIG. 3. Average solvent accessible volufw(T) as a function

that the low frequency of nativelike configurations is due toof temperature for both the OONS parameter set our modified
the poor approximation of the protein-solvent interaction byM-OONS set. The inset displays the corresponding values for the
the solvent-accessible surface term of ). It was further  average helicityny)(T).
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structure in simulations with the original OONS parameter
set.

The remarkable improvement in the accuracy of structure
“predictions” to rmsd values below 4 A over previous work
[6,7,17 that was restricted to rmsd values of 5.8 A indicates
that the OONS parameter set underestimates the hydrophobic
effect [16]. Already a slight increase in the parameters of
nonpolar atomsgdecreasing the helix propensity and increas-
ing alignment of hydrophobic residuekeads at room tem-
perature to results that are more comparable with the experi-
mental structure than the original OONS solvent. We remark
that the modified parameter set M-OONS leads also in
simulations of the human parathyroid hormone fragment
PTH(1-34) to configurations that are closer to the experimen-
tally found structurg22]. More simulations are necessary to
determine the optimal solvent parameter set and to probe
whether the above result is restricted to helical proteins or is

FIG. 4. Low-energy structure of HP-36 as obtained by a simu-more general. However, such an investigation goes beyond
lation with the modified solvent-accessible surface term M-OONSthe scope of this Brief Report.

This configuration appears @t=300 K with 99% frequency. In summary, we have introduced a generalized ensemble
that allows efficient simulations of proteins with only

OONS simulation is(VOON$=899356)A3 and the average @-helices as secondary structure elements. While less general

heIicity(nS°N5:0.85(5), indicating a high frequency of ex- than other search algorithms, the gain in efficiency could

tended and almost completely helical conformations as thgPen a way to an |mp'r0ved understa}ndlpg of the fold'mg
one displayed in Fig. @). Simulations relying on the modi- process for these proteins. As an application we have simu-

fied set M-OONS lead at room temperature to more compac!?ted the 36-residue protein HP-36 and demonstrated that the
[(VM-0ONS = 860535)A3] configurations with reduced helic- accuracy of our implicit solvent can be improved by increas-

ity [<nM'°ONS>=O.6&3)], and 99% of the observed configu- ing the weight of no-polar atoms. Configurations within 4 A

. o . to the experimentally determined structure are observed.
rations resemble now the one shown in Fig. 4. The high

similarity of this configuration to the PDB structure reflected  Support by a research grant from the National Institutes of
in a main-chain rmsd of only 3.8 .0 A if all heavy atoms  Health No.(GM62839 is gratefully acknowledged. Part of
are countey] which is much smaller than the correspondingthis article was written while visiting the University of Cen-
rmsd values(8.1 A for main-chain atoms, 9.2 A for all tral Florida in Orlando, FL. | thank the UCF Physics Depart-
heavy atomgfor the configuration of Fig. @), the dominant ment for kind hospitality.
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