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Abstract

Using the harmonic-approximation approach of the accompanying paper and AM1 energy
surfaces of terminally-blocked amino-acid residues, we determined physics-based side-chain-
rotamer potentials and the side-chain virtual-bond-deformation potentials of 19 natural amino-acid
residues with side chains. The potentials were approximated by analytical formulas and
implemented in the UNRES mesoscopic dynamics program. For comparison, the corresponding
statistical potentials were determined from 19,682 high-resolution protein structures. The low-
free-energy region of both the AM1-derived and the statistical potentials is determined by the
valence geometry and the L-chirality, and its size increases with side-chain flexibility and
decreases with increasing virtual-bond-angle 6. The differences between the free energies of
rotamers are greater for the AM1-derived potentials compared to the statistical potentials and, for

alanine and other residues with small side chains, a region corresponding to the 7 conformation
has remarkably low free energy for the AM1-derived potentials, as opposed to the statistical
potentials. These differences probably result from the interactions between neighboring residues
and indicate the need for introduction of cooperative terms accounting for the coupling between
side-chain-rotamer and backbone interactions. Both AM1-derived and statistical virtual-bond-
deformation potentials are multimodal for flexible side chains and are topologically similar;
however, the regions of minima of the statistical potentials are much narrower, which probably
results from imposing restraints in structure determination. The force field with the new potentials
was preliminarily optimized using the FBP WW domain (1EOL) and the engrailed homeodomain
(LENH) as training proteins and assessed to be reasonably transferable.
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1 Introduction

In the accompanying paper,! we described the theory of our recently developed method to
compute the potentials of mean force for the rotameric states and those for the deformation
of the virtual bonds of the united side chains as functions of their location with respect to the

Ci,---Cf---Cf,, frames (for the united side chain connected to C{). We used the AM1
semiempirical method of molecular quantum mechanics? to compute non-adiabatic energy
surfaces of two sample terminally-blocked amino-acid residues, alanine and valine (where
the energy was minimized with respect to all degrees of freedom except the angles A1) and
(2 for rotation about the C% --- C* virtual-bond axes and the y angles of the side chains
corresponding to the rotation of non-hydrogen atoms; the A1), 2(2) and y angles formed a
multidimensional grid). Use of a harmonic approximation enabled us to estimate the energy
values outside the grid points and, consequently, to compute statistical sums over the
sections of the energy surface corresponding to a given local geometry of a
Cl,---Cf---Cf,, triad plus the ith side-chain center (SC;). By comparing the PMF's
computed by using our harmonic approximation with those obtained by direct Monte Carlo
integration over the AML1 energy surfaces for alanine and valine, we found that the
harmonic-approximation PMF surfaces are more structured than the Monte Carlo surfaces
but preserve their essential features, while using the Monte Carlo method to compute the
PMF surfaces of all 19 natural amino-acid residues which possess side chains would be too
expensive. Consequently, in this work, we apply the AM1 semiempirical method? and the
harmonic approximation to compute the side-chain rotamer and virtual-bond-deformation
potentials of these 19 residues. Subsequently, we fitted analytical formulas to the potentials
of mean force and incorporated the new potentials into UNRES. We also compared the
determined potentials of mean force with the respective knowledge-based potentials
determined from the structures in the Protein Data Bank (PDB).3

This paper is organized as follows. In section 2, we describe the procedure for calculating
the energy surfaces, the analytical formulas for the potentials, and the fitting procedure. In
section 3.1, we discuss briefly the resulting side-chain-rotamer potentials, compare them
with the statistics-based PMF's derived from the PDB, and discuss the quality of fitting the
PMF's with analytical functions; the same discussion of the virtual-bond-deformation
potentials is presented in section 3.2. In section 3.3, we present preliminary results of
optimization of the force field with the new potentials as well as the new virtual-bond-angle
bending potentials determined in our recent work? using two proteins: the engrailed
homeodomain (PDB code: 1ENH; an a-helical protein) and the FBP-28 WW domain (PDB
code: 1EOL; a 37-residue B-protein). In section 3.4, we demonstrate how the new potentials
improved the stability of our mesoscopic MD algorithm® compared to the use of the
knowledge-based potentials. Finally, in section 4 we recapitulate the results and discuss
possible future extension of the treatment of interactions involving side-chain-rotamer states
in the UNRES model.

2 Methods

2.1 Calculation of the side-chain-rotamer and virtual-bond-deformation potentials

The UNRES force field is described in detail in our earlier work* 6-15 and also recapitulated
in the accompanying paper.! As stated in the accompanying paper,! the potentials of mean
force of the rotameric states of the united side chain of type X, Fx(6, Tsc), are functions of
the Cartesian coordinates of the unit vector of a side chain in a local coordinate system
based on three consecutive C* atoms (tsc) and the corresponding virtual-bond-valence angle
6 (Figure 1). The rotamer-energy contribution to the UNRES force field, Uyqt(0, Tsc) is
obtained from Fx(6, Tsc) by subtracting the potential of mean force corresponding to the
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virtual-bond-angle bending, Fx'(6) [see eq. (6) of the accompanying paper]. The virtual-
bond-deformation potentials, Upgng(bsc), are defined as potentials of mean force dependent
on the virtual-bond length bsc of a given side chain. The theory for computing the potentials
of mean force, mentioned above, from the sections of the non-adiabatic energy surfaces of
terminally-blocked amino-acid residues with the use of a harmonic approximation to
estimate the energy values outside the grid points, is presented in the accompanying paper.!
The energy surfaces are expressed in the angles of rotation of the peptide groups about the
virtual-bond C --- C* axes A(1) and A(?) (defined in reference 16 and also shown in Figure 2a
of the accompanying paper) and in the angles of rotation about the side-chain bonds, 1, 52,
..., X" (where n is the number of rotatable bonds in a side chain).

To evaluate Fx(6, Tsc), we computed the energy surfaces of all natural terminally-blocked
L-amino-acid residues as functions of A(), 1(2), and the y angles involving non-hydrogen
atoms by using the AM1 semiempirical method:;? these y angles will later be referred to as
the significant y angles (thus, there is no significant y angle for the alanine residue, there is
one for cysteine, valine, and sering, etc.). The side chains of aspartic acid, glutamic acid,
arginine, and lysine were taken in the neutral state to avoid overemphasizing electrostatic
interactions of the side chains with the peptide backbone, which would arise because of not
considering the electrostatic interactions with the solvent. Use of the ab initio approach was
prohibitively expensive and it was found in earlier works1: 17 that the AM1 method gives
qualitatively similar energy surfaces of terminally-blocked glycine, alanine, and proline to
those computed with the ab initio method. Glycine was not considered, because it does not
have a side chain. The grid sizes of dihedral-angle scanning and the numbers of grid points
of the 19 natural amino-acid residues which possess a side chain are summarized in Table 1.
For each grid point, a starting conformation was constructed based on the standard valence
geometry; the conformation was subsequently energy-minimized in all internal coordinates
except for the grid variables (1), 2@, 41 42, .- ). After minimization, the energy Hessian
was computed to enable us to use the harmonic approximation to compute the PMF's. We
used the MOPAC'9318 program to carry out these calculations.

2.2 Determination of statistical side-chain-rotamer and virtual-bond potentials

In order to assess how the side-chain-rotamer PMF's determined from the AM1 energy
surfaces of terminally-blocked amino-acid residues differ from the respective statistical
potentials, we determined the statistical potentials from the PDB structures. We took 19,682
protein structures from the PDB, 14,454 of which were X-ray structures with resolution 2 A
or less and 5,228 were NMR structures. The full list of the proteins is in Table S1 of the
Supplementary Material. To obtain statistical potentials as free as possible from the context
of the protein structure, we considered only the residues not involved in secondary structure
(helices and sheets). However, we observed little differences between the statistical rotamer
potentials corresponding to residues in regular secondary structures and those outside them,
respectively, and almost no differences between the statistical virtual-bond-deformation
potentials obtained from residues in and outside regular secondary structures, respectively.

We collected three-dimensional histograms in the angles o', f’, and 9, defining the
orientation of a C* --- SC vector with respect to the frame of three consecutive C%s (see
Figure 1, and also Figures 1 and 2 of the accompanying paper), and one-dimensional
distributions of the C* --- SC distances. Then, for a side chain of type X, the rotamer [Wq:(a
", ', 0)] and virtual-bond-deformation [Wyonq(d)] statistical potentials were calculated from
egs. (1) and (2), respectively.

J Comput Chem. Author manuscript; available in PMC 2011 April 30.
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where H(o', f', 0) is the normalized histogram at a given triple of angles «', £, and 6. The
grid in o', £, and 6 was 10°, R is the universal gas constant and T is the absolute
temperature; we assumed T = 298°K. The histogram value in eq. (1) is divided by sin o’
because the surface element in polar coordinates is equal to dS = sin a'da/'df".

Wheond (d) = — RT InH (d) @)

where H(d) is the normalized histogram at virtual-bond length d; the grid was 0.01 A.

2.3 Fitting analytical formulas to the AM1-derived potentials of mean force
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The energy of a side chain interacting with two neighboring peptide groups (Figure 1, and
also Figure 2 of the accompanying paper) depends primarily on the van der Waals
interactions between the atoms of the peptide-group centers and those of the side chain.
_—6 -6
Consequently, the simplest functional form could be composed of ‘IS(‘Pl and dscpz, where
dscpl and dscpz denote the average distance of the side-chain atom from the atoms of the

peptide group between C;" , and C{ or those between C{ and C7, ,, respectively, plus some
simple harmonic terms to account for the deformation of the real valence angles. These

average distances could be approximated by the distances between the UNRES side-chain

center and the peptide (p) centers connected to C{". However, such a simple formula does not
capture the complexity of the PMF surfaces of the side chains of terminally-blocked amino-
acid residues. Therefore, we assumed a more complex functional form which includes
inverse powers of dsc,,; and qSsz_ and pol_ynomials in the coordinates of tgc. The functional
form of U,q1(6, Tsc) assumed in this work is expressed by eq. (3).

i=1j=i i=1j=i i=1j=ik

3 0 ,
T x 21)‘--’?,7,+z > ZCSYETJW\)COSEI B2,

i=1j=i i=1j=i i=1j=ik=j

(3)

where (Fy, Iy, F3) are the Cartesian coordinates of Tsc; the a’s, b’s, and ¢'s, as well as x4, uy,
&1, and g5 are adjustable parameters, and dgc 01 and dSCpg have the sense of average distances
of the atoms of the first and the second peptlde group, respectively, from the atoms of the
respective side chain; they are computed from egs. (4) and (5), respectively.
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where dsc, dp/2, can be considered as average distances of the atoms of the side chain, and
of the first or the second peptide group, respectively, from the origin of the local coordinate
system (see Figure 1); however, the corresponding adjustable parameters, dp/, and dsc are
shifts of these distances from the midpoint between C* and C# and that between the two
consecutive C* atoms, respectively, as defined by egs. (6) and (7). The constant 0.1 has been

_6 6
introduced in the denominators of the expressions containing d_scpl, dscpl, d_scpg, and d.scpz in
eg. (3) to avoid problems with very small d's in fitting.

For the virtual-bond-deformation potentials, which turned out to be multimodal for complex
side chains, we assumed a Padé-like functional form, as expressed by eq. (8)

n o\2
I [a 43 (bye = 1) }
=072 ’

Ubond (by.) = n 5
s [u 45y - b;.)'J

i=1j#i

(8)

where the a’s, b”'s, and k's are the adjustable parameters; the b”'s and k’s have the meaning of
“unstrained” bond lengths and force constants corresponding to given series of rotamers of a
side chain, and n is the number of terms in the expression. For n = 1, eq. (8) is reduced to a
conventional harmonic expression.

We used the Levenberg-Marquardt method? to fit the analytical expressions for U, and
Upond to the respective potentials of mean force. For each side chain, we tried several sets of
starting parameters, as well as starting from simpler functional forms and subsequently
adding the next terms, to achieve the best fit.

2.4 Optimization of the force field

To introduce the new Uqt and Upong, as Well as Uy, potentials determined in our earlier
work# with UNRES, we used the hierarchical optimization method described in our earlier
work10: 13, 20 and recently extended to optimization of force fields for canonical
simulations.# In this method, the force-field parameters are tuned to achieve foldability of
the force field for one or more selected training proteins. The idea of the hierarchical
approach is that partially-folded structures have free energies ordered according to the
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degree of native-likeness,10 understood in a discrete manner as the presence of given
secondary-structure elements and, further, their packing. Each set of conformations with the
same discrete degree of native-likeliness is termed a level. As a result of optimization, the
free-energy differences between levels approach those found experimentally for the training
proteins (if such data are available) or, at least, the target free-energy relations are
established qualitatively so that the native-like level has the lowest free energy below the
folding-transition temperature, the free energy of the native-like level equals the cumulative
free energy of all other levels at the folding-transition temperature, and the native-like level
is the highest in free energy above the folding-transition temperature.14

We optimized the UNRES force field with temperature-dependent terms corresponding to
the cluster-cumulant factors of order greater than 2, as introduced in our recent work.14 The
optimized parameters were energy-term weights with initial values taken from values
optimized using the 1GAB protein in our recent work,14 the well-depths of the Gay-Berne
potential for which the values determined from the PDBS were taken as the initial values,
and the coefficients of the second-order two-dimensional Fourier expansion of the local-
interaction energy surfaces of terminally-blocked glycine, alanine, and proline, for which the
values optimized in our earlier work!3 were taken as initial values.

We used two training proteins: the engrailed homeodomain (a three-helix bundle; PDB
code: 1ENH21) and the FBP WW domain (a three-stranded antiparallel s-sheet; PDB code:
1EOL22). The experimental free-energy profile of folding of 1EOL determined by
fluorescence spectroscopy by Nguyen et al.23 was used, while the free-energy profile of
folding of 1ENH was calculated by integration of the heat-capacity curve determined by
Mayor et al.24 The target function in optimization and the optimization procedure were
those described in our earlier work14 except that, for LENH, we added an additional term,
containing the difference between the ensemble-averaged radius of gyration and the
expected value of this quantity in the folded and in the unfolded state, to the optimized target
function. This prevented the optimized energy function from producing collapsed structures
at temperatures above the folding-transition temperatures. For the unfolded 1ENH, we took
the experimental value (20 A)24 of the radius of gyration. For the folded 1ENH, we took the
radius of gyration calculated from the coordinates of the respective NMR structure, which
was 10 A. There are no experimental data on the radius of gyration of unfolded 1E0L but we
assumed that inclusion of the data of one protein would suffice to prevent the energy
function from producing over-collapsed unfolded structures. The multiplexed replica
exchange (MREMD) method,2> which we recently implemented for UNRES, 26 27 was
applied to generate decoy sets. We ran 2 replicas per temperature at 32 temperatures from T
=250 Kto T =500 K (a total of 64 replicas). The results were subsequently processed with
the weighted histogram analysis method (WHAM)28 to compute ensemble-averaged
quantities, as described in our earlier work.14

3 Results and Discussion

3.1 Side-chain-rotamer potentials

The maps of U, computed from the AM1 energy surfaces, the fitted analytical potentials
[eq. (3)], and the corresponding statistical potentials [eq. (1)], of six selected amino-acid
residue types (Ala, Pro, Val, Phe, Glu and Arg) obtained for 8 = 90° and 0 = 140°,
respectively, are shown in Figure 2 and Figure 3, respectively. The residue types were
selected based on the number of significant y angles considered in this work (from 0 to 4;
see Table 1); additionally, proline was selected because of its great rigidity caused by the
presence of a covalent link between the backbone and the side chain. Similar plots for all 19
amino-acid residues are presented in Figures S1 and S2 of the Supplementary Material. The
coefficients of egs. (3 - 7) are shown in Table S2 of Supplementary Material.
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The following four general features of all rotamer-potential surfaces, regardless of the
method of derivation (AM1 or statistical), can be pointed out:

1. The “northern hemisphere” (0 < a’ < 90°) except the neighborhood of the
“Equator” is almost inaccessible. This is understandable, because small o’ angles
correspond to side-chain atoms overlapping with the backbone peptide groups (e.g.,

as in the ¢! conformation for L-amino-acid residues with side chains larger than
those of alanine, serine, and threonine).

2. The low-energy regions (located in the “southern hemisphere”) are shifted towards
negative B’ angles; this feature results from the L-chirality of the natural amino-acid
residues. Residues with small side chains (e.g., Ala and Val) populate the region
with negative g’ almost exclusively, while those with large and flexible side chains
(e.g., Arg) also populate regions with positive " around the “South Pole” (o' =
180°).

3. The spread of the low-PMF region depends on the number of y angles; it is
narrowest for Ala which has no y angles for which non-hydrogen atoms at the end
of the side chain rotate, and it is very broad for arginine, which has four y angles
for which heavy side-chain atoms rotate. Additionally, the rotamers of proline are
confined to a very narrow region centered at o’ = 105°, ' = —150° because of a
covalent constraint.

4. The low-PMF region becomes narrower when @ increases from 90° to 140°; this is
because the position of the CP atom depends on the angles A() and (2 more
weakly with increasing values of 6.

The AM1-computed U, surfaces of valine (Figure 2c and 3c; left panels), phenylalanine
(Figure 2d and Figure 3d; left panels), glutamic acid (Figure 2e and Figure 3e; left panels),
and arginine (Figure 2f and Figure 3f; left panels), as well as those of all residues with at
least one y angle governing the motion of non-hydrogen atoms (see the left panels of Figures
S1 and S2 of Supplementary Material), contain many submaxima and subminima within the
major minimum basins. As we concluded in the accompanying paper, this substructure is
likely to be an artifact of applying the harmonic approximation to estimate energies outside
the computed non-adiabatic AM1 energy surfaces. This assumption is supported by the fact
that the respective statistical potentials (Figure 2 d — f and Figure 3 d - f, right panels) are
smoother than those obtained from our procedure of grid summation over AM1 energy
surfaces aided by use of the harmonic approximation (see the accompanying paper). As
shown in Figure 2 and 3, the substructure disappears in the fitted analytical approximations
to the U, surfaces, preserving the basins of the major minima. Fitting the analytical
expression given by eq. (3) in the middle panels of Figures 2 and 3, therefore, acts as a
smoothing procedure, eliminating the artifacts of applying the harmonic approximation
(which we had to apply because of the prohibitively high computational cost and huge
estimated amount of wall-clock time to compute the respective PMF's by Monte Carlo
simulations of terminally-blocked amino-acid residues with the AM1 Hamiltonian).

The fitted U, surfaces are generally in good qualitative agreement with the corresponding
statistical potentials. However, for alanine (Figure 2a and Figure 3a), it can be observed that
the low-PMF regions in the statistical potentials are narrower than in the corresponding
fitted PMF's. The narrowing of U, basins is even more apparent, if we compare the Uyq;
surfaces determined by direct Monte Carlo simulations shown in Figure 4 of the
accompanying paper! and the statistical potentials. The only basin remaining in the
statistical rotameric potential of the Ala residue corresponds to large values of o', while the
large basin present in the AM1-derived potential for & = 90°, which is centered at about o’ =

105°, disappears. The basin around a’ = 105° corresponds to the neighborhood of the ¢
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conformation, which has an energy only 1.67 kcal/mol above the global minimum (CZq in
the AML1 energy surface of terminally-blocked Ala) but is virtually inaccessible for L-Ala
residues in proteins because of interactions with neighboring residues with larger side
chains.

In contrast to alanine, the surface of the statistical rotamer potential of proline (Figure 2 b,
right panel) contains a broader basin than that of the AM1-derived potential (Figure 2 b, left
panel). The angle «’ spreads from 70° to 130° while it stays around 120° for the AM1-
derived potential. This difference can be attributed to greater distortion of the pyrollidine
ring in the context of long-range interactions than in an isolated terminally-blocked proline
residue.

For phenylalanine (Figure 2d and 3d), as well as for other residues with two y angles
(Figures S1 and S2 of Supplementary Material), the statistical potentials have more
pronounced and more divided rotamer basins. The statistical potentials of these residues
exhibit three major basins of rotamers at around (o’ = 150°, ' = —150°), (o’ = 150°, f’ =
15°), and (o’ = 100°, B’ = —70°), respectively. The appearance of these three basins reflects
the threefold potential of rotation about the C*—CP bond (the ! angle). On the other hand,
the basins are more differentiated by the free energy for the AM1-derived potentials
compared to the statistical potentials. For & = 90°, the first basin is the largest and has the
lowest free energy. A plausible explanation of this observation is that the A(}) and 1) (as
well as the @ and ) angles are smaller than 90° in absolute value for § ~ 90° (see, e.g.,
Figure 5 in ref. 16 and, because of the L-chirality of the natural amino acids, A is negative.
Therefore, for the first rotamer, the atoms of the backbone closest to those of the side chain

are the amide nitrogen and amide hydrogen located between the C” | and C;" atoms, which
form a group small in size and, therefore, not conflicting with side-chain atoms, as
illustrated in Figure 4a as a sample conformation marked in red.

In the second rotamer (Figure 4a, orange drawing), the side-chain atoms are close to the

carbonyl oxygen atom of the peptide group located between C;" and C7,, which results in
closer contacts between the backbone and side-chain atoms and, therefore, in both a
narrower basin of this rotamer and a higher free energy compared to that of the basin of the
first rotamer. In the statistical potential, the energy of the second rotamer is not increased
much at the minimum, while it is increased by more than 2 kcal/mol in the AM1-derived
potentials (Figure 2d); this observation can be explained by the influence of long-range
interactions which are implicitly present in the statistical potentials. In the third rotamer, the
side-chain atoms point towards the backbone (Figure 4a, green drawing) and are, therefore,
close to the backbone atoms, which is manifested as more pronounced reduction of the size
of the basin of the corresponding minimum and energy increase of the basin corresponding
to this rotamer; again it is more pronounced in the AM1-derived potentials (Figure 2d).

For 8 = 140°, the basins of all Phe rotamers have almost the same size and free energy in the
statistical potential (Figure 3d). However, in the AM1-derived potentials, the second rotamer
has the lowest free energy and the third rotamer is next in free energy. This is because the
angles A and 42 are greater than 90° in absolute value and, therefore, the carbonyl group

of the peptide unit located between C;”, and C;" is closest to the side-chain atoms in the first
rotamer (Figure 4b, red drawing), while the (smaller) amide group of the peptide unit

located between C; and C7, is the closest in the second rotamer. The lack of a remarkable
free-energy difference between the three rotamers in the statistical potential, as opposed to
the AM1-derived potential can be explained by the influence of interactions farther than
within a single terminally-blocked residue; these interactions are manifested in the statistical

potentials but not in the AM1-derived potentials.
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The rotamer structure of the U free-energy surfaces of glutamic acid (Figure 2e and 3e)
and other residues with three significant y angles (Figures S1 and S2 of Supplementary
Material) is much more diffuse because of greater flexibility of the side chains. However,
the dominance of the first rotamer for @ = 90° and of the second rotamer observed for
phenylalanine for 6 = 140° is still observed for Glu (Figure 2e and 3e). For residues with
four variable dihedral angles, arginine (Figure 2f and 3f) and lysine (Figures S2 and S2 of
Supplementary Material) there is effectively one large basin with low free energy.

3.2 Virtual-bond-deformation potentials

Representative virtual-bond-deformation potential (Upong) curves, obtained from the AM1
energy surfaces together with fitted curves described by eq. (8), and the corresponding
statistical potentials for valine, isoleucine, and arginine, are shown in Figure 5. The force
constant of the harmonic potential for deformation of the virtual C* --- C% bonds bordering
the peptide groups was calculated from eq. (33) of the accompanying paper,! using the
Hessian matrix calculated in this work with the quantum-mechanical ab initio method with
the 6-31G** basis set for energy-minimized trans-N-acetyl-N’-methylacetamide. The
equilibrium length of 3.8 A of this virtual bond was kept from our previous work.® The
Upong curves for all 19 natural amino-acid residues are shown in Figure S3 of the
Supplementary Material. For illustration, we chose the residues representing unimodal (Val),
bimodal (lle), and more than bimodal (Arg) potentials. The coefficients of eq. (8) for all 19
natural amino-acid residues with side chains and of the trans peptide bond are summarized
in Table 2. When fitting, we assumed no more than three terms in eq. (8), which
corresponded to the number of dominant basins of minima in Upgng €ven for most structured
curves; we assumed that the substructure could very well be an artifact of applying our
harmonic-approximation-based procedure (see the accompanying paper) to compute the
respective PMF's. Moreover, too rugged Upong potentials could cause problems in
integrating the equations of motion because of high forces coming from these potentials
between the minima. It can be seen from the left panels of Figure 5 that, in spite of using a
minimal number of terms, the fit is quite good even for the most structured PMF surface of
arginine; the greater free-energy differences arise only in the higher-energy regions.

It can be seen from Table 2 that the number of terms in eq. (8) is not directly related to the
number of significant y angles. The potentials are unimodal not only for Ala, Pro, Cys, Ser,
Thr, and Val which have zero or one significant y angle and where the distortion of the C* ---
SC virtual bond length means distortion of the valence geometry but also for Asn, Asp, His,
Phe, and Tyr which have two significant dihedral angles. The reason for this is that variation
of the second dihedral angle (x2) involves rotation of a rigid fragment about an axis which is
equal to or close to its symmetry axis and, consequently, does not change the location of the
side-chain center. The Ile, Leu, and Trp residues, for which the variation of 2 changes the
location of the side-chain center, exhibit clear bimodal Uonq potentials (see Figure 5b for an
example). Residues with more than 2 significant y angles have three major basins in the
Upond potentials (see Figure 5¢ for an example).

The regions of minima in the statistical potentials exhibit a V-like shape, which is most
apparent for unimodal potentials (see the right panel of Figure 5 for an example). The V-like
shape occurs even for alanine where the C® --- SC bond is half of the C®—CP bond and the
shape of its free-energy (effectively the potential-energy) curve could be expected to reflect
the Morse potential curve near the equilibrium distance. The regions of minima in the
statistical potentials are also much narrower compared to those derived from AM1 energy
surfaces. The narrowing of the basins of minima certainly is the effect of applying restraints
on bond lengths and bond angles and on some of the dihedral angles (or distances related to
the bond and dihedral angles) in the refinement of X-ray or NMR structures.3% 31 The V-
like shape of the statistical potentials should therefore be regarded as the effect of long-

J Comput Chem. Author manuscript; available in PMC 2011 April 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Koztowska et al.

Page 10

range interactions, which result in the distortion of bond lengths and bond angles. On the
other hand, the number and positions of minima in the AM1-derived potentials correspond
quite well to those in the statistical potentials.

The minima at the largest C* --- SC distances (corresponding to fully-extended side chains)
in the bimodal and multimodal statistical Uponq potentials of the polar and charged residues
(Glu, GIn, Arg, and Lys) have the lowest free energy. For the AM1-derived potentials of
these residues, the free energy of the minima corresponding to more folded side-chain
conformations is lower or only slightly higher than that of the extended conformations. The
lower free energy of the minima corresponding to the extended side-chain conformations in
the statistical potentials can readily be explained by better exposure of these side chains to
the solvent when they are in extended conformations.

3.3 Optimization and tests of the force field

The initial and optimized energy-term weights (optimized using the 1ENH and 1EOL
training proteins, as described in section 2.4) are summarized in Table 3, while the
coefficients of the Fourier expansion of the energy surfaces of terminally-blocked amino-
acid residues and the well-depths of the Gay-Berne potentials of side-chain interactions are
summarized in Tables S3 and S4, respectively, of the Supplementary Material. We carried
out 12 consecutive iterations of optimization obtaining a force field with folding-transition
temperatures of T = 327 K for 1ENH, the experimental value?* being Tf = 325 K and Tf =
331 K for 1EOL, the experimental value?3 being Ts = 339 K. The average structures of the
dominant clusters of 1ENH and 1EOL below the folding-transition temperatures are shown
in Figure 6a and b, respectively. Cluster analysis was carried out using the single-link
method32: 33 and the average structures were determined and cluster probabilities calculated
as described in our earlier work.1* The ensemble-averaged RMSD below the folding-
transition temperature is about 6 A for both proteins and the RMSD's from the averaged
structures are 5.6 and 4.7 A for IENH and 1EOL, respectively. Thus, the force field is a low-
resolution force field for the training proteins. However, although further optimization using
the procedure described in ref. 14, which is based on one starting set of energy-function
parameters, resulted in gradually improved force-field resolution for the training proteins,
this improvement was achieved at unacceptable expense of force-field transferability. We
are now working on an improved optimization procedure, which is based on extensive
search of energy-function-parameter space, and preliminary results are promising.34
Therefore, because the main purpose of this work was the design and parameterization of
physics-based side-chain-rotamer and virtual-bond-deformation potentials, we leave detailed
force-field optimization to our future work.

We tested the transferability of the force field with 9 proteins of various structural classes:
1BDD, 1GAB, 1LQ7, 1KQY, 1CLB (a), 1E0G, 1PGA (a + f), 116C, and 1BK2 (). Low-
resolution native-like structures forming the most probable or the second most probable
cluster were obtained for 1BDD, 1GAB, 1LQ7, and 1EO0G. The average structures of these
proteins obtained in simulations, superposed on the respective experimental structures, are
shown in Figure 6¢ — f, while the ranks of native clusters, RMSD values, and the
probabilities of the most native-like clusters are summarized in Table 4. For 1PGA, the
native structure of which is composed of two S-hairpins forming a four-stranded S-sheet and
a middle a-helix packed to it, the second cluster contains the middle helix and the C-
terminal g-hairpin, while the N-terminal S-hairpin remains unfolded (Figure 6g). The
simulated structures of the remaining proteins of the test set: 1KOY, 1CLB, 116C, and 1BK2
exhibited wrong secondary structure. Nevertheless, this first attempt at optimizing UNRES,
with the old knowledge-based Up, Uyqt, and Upgng terms, replaced with physics-based terms,
has resulted in a force field of predictive power comparable to those derived by us earlier
with knowledge-based local potentials.13: 14 Therefore, implicit consideration of protein
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context in the knowledge-based local potentials, which could be expected to result in better
geometry and orientation of side chains, does not seem to be important.

3.4 Effect of introducing the new U,q; potentials on the stability of mesoscopic dynamics
with UNRES

In the implementation of earlier versions of UNRES, which contained old knowledge-based
Uyt potentials, the stability of the MD integration algorithm was a problem.® The reason for
this was that the old U, potentials were expressed as logarithms of sums of Gaussians in
the angles a’ and ', which resulted in discontinuity of the forces and, thereby, instability of
the integration algorithm.5 We minimized this problem by introducing a variable-time-step
(VTS) algorithm5 and, subsequently, modifying the reversible reference system propagator
(RESPA) version35 of the multiple-time-step (MTS) algorithm36 to obtain the adaptive
multiple time step (A-MTS) algorithm.37 However, we noted that changing only the
functional form of U, to one with a stable Cartesian gradient will provide a real solution of
the problem. The functional form introduced in this work and expressed by eqg. (3) does not
contain explicit polar angles «’ and g’ and, consequently, does not generate unstable
gradients of Uy

To compare the stability of the algorithm with old and new U, we ran 1,000,000
microcanonical MD steps on decaalanine, starting from an a-helical conformation, as in the
test of energy conservation performed in our earlier work.37:38 The integration-time step
was 4.89 fs (0.1 mtu; molecular time units5), which gives a total of 4.89 ns trajectory length.
For the run with the old knowledge-based U q:, we used the force field optimized in our
earlier work4 on 1GAB, while, for that with the new potentials, we used the force field
optimized in this work (section 3.3). The total energy of the system is plotted as a function
of the number of steps for the run with the old and new U, potentials in Figure 7a and b,
respectively. As can be seen from Figure 7a, the energy rises by over 1,000 kcal/mol after
400 MD steps for the old potentials, while it only oscillates about a value close to the initial
value for the new potentials (Figure 7b). Thus, introduction of the U, potentials of eq. (3)
eliminated gradient instability, as expected. It should be noted, however, that this
improvement was achieved by changing the functional form of U,; rather than by a physics-
based origin of the new potentials. The U,y of eq. (3), fitted to statistical potentials, would
also generate a stable gradient.

4 Conclusions

In this work, we determined and implemented in the UNRES force field new physics-based
side-chain rotamer (U,qt) and virtual-bond-distortion (Upong) potentials, which replaced the
knowledge-based potentials® 7 used in the earlier MD implementations of UNRES.5: 14
38 39 We demonstrated (section 3.3) that, after initial optimization, the force field with the
new Uyt and Upgng potentials as well as with the new virtual-bond-angle-bending (Up)
potentials introduced in our earlier work,? is reasonably transferable producing low-
resolution stable native-like structures which form the most probable or second most
probable clusters of conformations in unrestricted MD simulations of 4 out of 9 proteins
outside the training set; for one more protein of a + f structural type (1PGA) the
conformations of the second probable cluster capture part of the native structure. We are
currently working on large-scale optimization of the force field based on extensive search of
parameter space.34 Replacement of the old formulas for Uy, Which contained explicit polar
angles,” with new ones [eq. (3)] expressed in the local Cartesian coordinates of the C* --- SC
virtual-bond vectors, eliminated the persistent problem of the instability of the gradient of
Uyt in MD simulations observed in earlier version of UNRES MD which implemented the
old Uyt potentials.>
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The Uyt potentials determined from AM1 energy surfaces and the statistical potentials share
many features, namely, location of the low-free-energy regions on the “southern
hemisphere” of the («’, £') angle space, large bias towards negative 5’ angles, reduction of
the low-free-energy region with increasing angle 0, increasing spread of the low-free-energy
region with the number of significant side-chain y angles, and the appearance of three
distinct major basins of minima corresponding to rotamers about the C*—C? axis for residues
with two significant y angles. These general features result from the chemical structure and
L-chirality of natural amino acids and are, therefore, independent of whether a residue is
isolated or placed within a protein. However, the effect of protein context results in
remarkable differences between the AM1-derived and statistical potentials. For alanine and
other residues with small side chains, there is a well-defined minimum for o' close to 105° in
the Uyt surface calculated at @ = 90°, which contains contributions from the region of the

¢! conformation, while this minimum does not appear in the statistical potentials (Figure

2a). The ! conformation has energy only 1.67 kcal/mol above the global CZq minimum; it

is also relatively low in energy in the ab initio energy surfaces of terminally-blocked L-
alanine.! For valine, which has a larger side chain, this minimum does not appear in the
AM1-derived and statistical potentials.

As we demonstrated in the accompanying paper,! including solvation at the mean-field level
does not eliminate the minimum at o', close to 105°. Moreover, backbone peptide groups are
largely dehydrated in folded proteins.? We can, therefore, conclude that residues

surrounding alanine force this residue to avoid the ] conformation by forcing its peptide
groups to assume the angles of rotation resulting in low local-interaction energy of the
neighboring larger residues. Long-range interactions between the peptide groups of alanine
and those of residues farther in sequence might also contribute here, because they influence
the angles of rotation of the peptide group. However, because we derived the statistical
potentials from the parts of PDB structures not involved in regular secondary structures,
which minimizes the number of backbone hydrogen bonds between remote residues, the
interactions within the nearest neighbors are, probably, the main source of context
contribution to the statistical U, potentials. The nearest-neighbor and long-range backbone
hydrogen-bond interactions probably also account for much less pronounced differences in
the free energy of different rotamers of side chains with two significant y angles compared
to AM1-derived U, potentials, in which the rotamers are significantly differentiated by free
energy (Figure 2c and 3c). This suggests that, in order to reproduce side-chain orientations
correctly, it will be necessary to introduce cooperative terms between the rotamer states and
backbone-local interactions. Possible candidates for such correlation contributions are the
additional torsional potentials involving C* --- SC virtual bonds such as, e.g., potentials
composed of terms accounting for the energetics of rotation about the C* ---C* ---C* -+ SC,
SsC---C#---C%*---C% and SC---C* ---C* ---SC virtual-bond axes. Work on these potentials is
currently underway in our laboratory.

The Upong potentials introduced in this work are qualitatively different from their harmonic-
only predecessors introduced in the first version of UNRES MD.® For larger side chains, the
Upong surface is definitely multimodal, which is reflected in the new potentials. The number
and positions of minima in the AM1-derived potentials correspond to those in statistical
potentials. However, the regions of minima in the statistical potentials are much narrower
than the AM1-derived potentials and are V-shaped and not parabolic-shaped or Morse-
curve-shaped, which is most likely the effect of applying restraints on bond lengths and
bond angles in X-ray or NMR-structure refinement. To fit the region of a minimum in
statistical Upgng €ven for simple residues such as alanine or valine, a force constant
exceeding 1000 kcal/(molxA2) is required, which is clearly unphysical. Consequently,
protein structural data do not appear to be a good source of data to derive virtual-bond-
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deformation potentials. Artifacts from restraints certainly influence other local statistical
potentials (such as the U,qt and Uy in UNRES) and it is, therefore, not clear how significant
is the influence of restraints in structure refinement on the results of simulations with
statistical potentials derived from protein structural data. Physics-based potentials which are
free from such artifacts appear more reliable in this regard.

Finally, the harmonic approximation introduced in our earlier work?* and developed further
in the accompanying paper! appears to be a relatively fast and inexpensive tool to derive
local coarse-grained potentials, and enables us to compute the respective energy surfaces at
the quantum-mechanical level. If the PMF's were derived from Monte Carlo or molecular
dynamics simulations, the use of molecular quantum mechanics would be impractical and
the all-atom energy would have to be calculated with an all-atom force field, which is far
less accurate. The harmonic-approximation method enables us to scan the entire energy
surface of a system under study using a relatively small number of significant variables and
treat the contributions of the other, rigid, variables in an approximate manner. It can,
therefore, be applied generally to derive the local-interaction potentials for coarse-grained
systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Illustration of the local coordinate system of a virtual-bond side chain. Dot-dashed lines
indicate the virtual bonds. The C{" atom is at the origin of the reference system, the x axis of
the reference system is the bisector of the virtual-bond angle 6, the y axis lies in the plane of

the three C* atoms, is perpendicular to the x axis and directed from C{" to C7, . All three axes
(x, y, and z) form a right-handed reference system. rsc is the vector pointing from C{ to the
geometric center of the side chain. The angle o' is the planar angle between the bisector of

the § angle and the C* --- SC vector and the angle £’ is the angle of clockwise rotation of the

C*--- SC virtual-bond axis about the bisector of the & angle from the plane of the three C*

atoms, taking the position of SC in the plane closer to C7, | (with positive y) as reference (£’
=0°).
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Fig. 2.

Side-chain-rotamer potential surfaces plotted in the angles o and g’ (cf. Figure 1) of selected
amino-acid residues: Ala (a), Pro (b), Val (c), Phe (d), Glu (e), and Arg (f) computed from
the respective non-adiabatic AM1 energy surfaces, using the harmonic-approximation
procedure described in the accompanying paper? (left panels), fitted to the AM1-derived
surfaces using eqg. (3) (middle panels), and derived from the PDB as statistical potentials
(right panels) for the virtual-bond-valence angle & = 90°. The “South Pole” (o’ = 180°) is the
point in the center of each panel, and the “North Pole” (o’ = 0°) is in the middle of the left
and of the right vertical side of the rectangle. The parallels (lines of constant ') are the
distorted circles centered about the “South Pole” (except the parallel corresponding to «’ =
90°, which is a square centered at the “South Pole™) and semicircles centered about the
“North Pole”, except those corresponding to o’ = 90° (the “Equator”) which constitute two
half-squares. The meridians are the lines intersecting the parallels and running between the
“North Pole” and the “South Pole”. The parallels and the meridians are each spaced 15°. The
horizontal half-line going from the center of each panel to the right corresponds to g’ = 0°
and that going from the center to the left corresponds to ' = 180°; 8’ increases when rotating
clockwise about the “South Pole”. For all residues, the data to calculate the statistical
potentials were taken from residues not involved in regular secondary structures. The free-
energy color scale is shown in the small left-bottom panel.
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Fig. 3.

Side-chain-rotamers potential surfaces plotted in angles o’ and g’ (cf. Figure 1) of selected
amino-acid residues: Ala (a), Pro (b), Val (c), Phe (d), Glu (e), and Arg (f) for virtual-bond-
angle 6 = 140°. See Figure 2 for detailed description. The data to calculate the statistical
potentials were taken from residues not involved in regular secondary structures except
proline for which all data were taken because of the small number of proline residues with ¢
~ 140°.
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%%
A

Representative rotamers of the Phe side chain for (a) 6 ~ 90° and (b) € ~ 140°. The rotamers
of the side chain referred to in the text are color coded: red — rotamer 1, orange — rotamer 2,
green — rotamer 3. The drawings were done with MOLMOL..2% The colors of the rotamers
have been chosen to match their free energies, as shown in Figures 2d and 3d, middle
panels.
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Fig. 5.

The Upgng curves of the side chains of selected amino-acid residues: Val (a), lle (b), and Arg
(c). Left panels: the potentials of mean force calculated from non-adiabatic AM1 energy
surfaces with the use of the harmonic-approximation procedure described in the
accompanying paper? (filled circles) and by fitting eq. (8) to these surfaces (solid lines).
Right panels: the corresponding statistical potentials (solid lines).
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Fig. 6.
Stereoscopic views of the C* traces of the average structures of the most native-like clusters
of the proteins studied obtained in MREMD simulations with the UNRES force field
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incorporating the physics-based Uy, potentials introduced in ref. 4 and the physics-based Uy
and Upgng potentials introduced in this work (grey thin sticks) superposed on the C* traces
of the corresponding experimental structures (black thick sticks): (a) 1ENH, (b) 1EOL, (c)
1BDD, (d) 1GAB, (e) 1LQ7, (f) 1EQG, (g) 1IPGA. For 1PGA only the fragments
encompassing the middle helix and C-terminal g-hairpin (from residues 20 to 56) are
superposed. The RMSD's between the computed and the experimental structures are listed in
the paye column of Table 4. The drawings were done with MOLMOL.2°
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Plots of total energy vs. number of MD steps in microcanonical simulations of decaalanine
with the time step Jt = 4.89 fs in a run with (a) old Uyqt, Upgng, and Uy, potentials and (b) and

with the new potentials.
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Table 3

Initial and optimized energy-term weights (eq. 1 of the accompanynig paper?)

weight? initial final
Wsc 111088 1.19736
Wsc, 152281  1.99420
wel 0.74945  1.42017
PP
wV/ DWW 011371 020092
PP
Wy 110857 0.99918
Wrot 0.16147  0.26686
Wior 1.95687  2.91850
Word 162540 1.31081
@) 024313 0.13636
corr
(4) 034502  0.04075
corr
@) 174649 2.87486
turn
Wt 0.61716  1.76570
turn
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