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A computational method based on a corrected grid search algorithm has been developed to help in the
conformational analysis of crystalline polymers by X-ray diffraction. The program was designed upon the
difficulty of taking into account all the molecular arrangements that are initially compatible with the
experimental diffraction data of polymers, in particular when these consist of chemical repeating units with a
wide accessible conformational space. The strategy presented here has been incorporated into a computer
program named GEMOX. First, all the models fitting the experimentally determined axial repeat of the
chain and having the helical symmetry known for the polymer are rapidly created by computing their atomic
coordinates. Secondly, sterically hindered conformations are discarded using force-field energy criteria. For
this, a potential energy function containing both non-bonded and torsional terms has been incorporated in
the program. The ability of the method to provide a complete survey of the reasonable models for a given
system was tested for three well characterized polymers, all of them displaying a complex conformational
behaviour. Copyright © 1996 Elsevier Science Ltd.
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INTRODUCTION

Diffraction studies have played a key role in the three-
dimensional structure determlnatlon of crystalhne poly-
mers of both synthetic'? and natural’>™® origin. Since
macromolecules are unable to render monocrystalline
samples of the size required for the application of
standard X-ray diffraction methods, fibrous specimens
have been widely used in the conformational analysis of
polymers®. Due to the partially ordered nature of
polymer fibres, the amount of data obtained by
diffraction is usually limited and the molecular structure
cannot be accurately determined. Computational proce-
dures carrying out the refinement of the structure against
experimental information have been of great help in
removing ambiguities and attaining higher precision in
the analysis. Nevertheless, a large uncertainty exists in
selecting the starting models to be subjected to refine-
ment, a step which is crucial to achieving reliable results.

Two algorithms are usually employed in the refine-
ment of structures against fibre dlﬁ‘ractlon data: the
linked-atom least-squares (LALS) method and the
restrained least-squares (RSL) method®. Both methods
are based on the incorporation of stereochemical
information into the refinement procedure in order to
reduce the degrees of freedom of the system. Although
these methods have been successfully applied in many
cases, the reliability of the results is known to depend
heavily on the rightness attained in the initial description
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of the starting model. In order to overcome this
difficulty, several strategies have been adopted during
the last few years. In polymers with short chemical
repeating units (CRUs), a complete and systematic
exploration of the conformational spacg could be easily
performed to find all the possible models’. Conversely, in
compounds with CRUs of medium and large sizes, such
a search is rather difficult and scientists tend to resort
either to their chemical intuition' or to subsidiary
methodologles usually based on force-field calcula-
tions!' ™. Of course, the former procedure cannot
guarantee the quality of the results since an undeter-
mined number of possible conformations is unavoidably
omitted. On the other hand, the application of methods
based on force-fields-like molecular mechanics and
molecular dynamics entails vast amounts of computer
time. The long time period required to perform a large
trajectory drastically reduces the number of starting
structures analysed in practice. This, together with the
probabilistic problems inherent to the dynamical
approach, explains the scarce applicability of these
method to date.

In this work, we present a low-expense strategy for
building up the geometries of all the possible molecular
conformations compatible with fibre diffraction data of
polymers with medium and large CRUs. The method
takes advantage of the ‘equivalence principle’”, accord-
ing to which the polymer chains adopt regular con-
formations in the crystalline state, i.e. their conformation
is defined by a succession of structurally equivalent units.
The procedure combines the application of geometric
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contour conditions with the use of a simple energy
analysis in order to select the more favourable models.
Since no energy gradient needs to be evaluated, the speed
of this model generator to check conformers is several
orders of magnitude faster than that of molecular
mechanics or molecular dynamics. The methodology
developed here has been incorporated into a manageable
computer program, named GEMOX (GEneration of
polymer MOlecular models compatible with X-ray
diffraction data), which broadens its application to a
wide variety of users including those who are not
computational experts.

METHODS AND RESULTS
Internal geometry of the chemical repeating unit, contour
conditions and helix geometry

GEMOX uses as input the internal coordinates of the
CRU. The Cartesian coordinates of both backbone and
side chain atoms are obtained by a procedure based on
the changes of the local coordinate systems using the
transformations:

1 0 0
G =]|0 cos¢ sing {1
0 —sing coso
cosff sinf 0

G- =1 —sinfl cosf 0 (2)

0 0 1

where G; and G-, represent the rotation along the
dihedral angle ¢ and the bond angle #, respectively.
Once the Cartesian coordinates of every atom contained
in the first CRU are determined, contour conditions are
applied using the same geometric procedure but taking
as starting point the atomic coordinates of the last three
atoms of the first CRU. This permits a polymer chain
with a regular conformation to be obtained.

Three helical parameters need to be defined for a
helical polymer composed of a sequence of identical
CRUs: p the radius of the helix, / the rise per residue
which is a constant axial translation height. and w the
frequency constant of rotation. These can be easily
computed from the distance (a) between the CRUs 7 - |
and /i, the angle (/) between the CRUs /i~ 1, i and
i + 1, and the dihedral angle (vy) between the CRUs /i — 1.
i, i+ 1and i+ 2. In order to determine o, 3 and ~, the
rotation and translation matrices along each CRU are
needed!®. All the molecular models generated by the
program can be adequately characterized using this
procedure.

Energy calculations

The GEMOX computer program allows the user to
accept or reject molecular models using a conforma-
tional energy criterion. The program generates polymer
chain models using the following procedure: every model
holds bond angles and distances within standard values,
so dihedral angles are the only internal coordinates that
are modified. Once the dihedral angles are set to specific
values, the whole CRU is reoriented to fulfil contour
conditions at both ends. A single point energy calcula-
tion is then performed taking into account the internal
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energy of the CRU / and its interaction energies with
those CRUs between / — N and i+ N, where N is the
number of CRUs that the user wants to consider in the
calculation. The conformational energy is computed by
adding both the van der Waals and the electrostatic non-
bonding contributions to the energy involved in the
torsion of the bonds. The electrostatic term tends to
favour models with strong electrostatic interactions like
hydrogen bonds, whereas with the van der Waals energy
function all the molecular models that are sterically
forbidden or have contacts that are too close are
discarded. Both electrostatic and van der Waals inter-
actions are calculated for all those atoms which are
neither directly bonded nor related by a bond angle. A
scaling factor of 0.5 has been incorporated when dealing
with 1-4 interactions in order to decrease their relative
weight.

The set of bonded and non-bonded parameters can be
calculated a priori according to different methodologies.
The PAQMD/AMI1 method'”'® has been demonstrated
to be a powerful strategy for computing torsional
barriers, whereas for fractional charges the electrostatic
method is highly recommended owing to its superiority
with respect to other methods'>?°. The use of electro-
static charges derived from Dewar’s semiempirical
wavefunctions?** is an efficient method for computing
the electrostatic charges of large molecules™.

Reliable modelling of the electrostatic interactions is
crucial for determining the molecular structure. Thus.
several works have concluded that the effect of different
dielectric constants on conformation is different depend-
. 24 .
ing on the molecular system under study~". Two different
expressions for the dielectric constant were considered in
GEMOX: (1) a distance-independent value, ¢ = , and
(it) a distance-dependent value € = xr, where « is a
constant value selected by the user and r is the distance
between two interacting atoms.

Helical symmetry

The helical symmetry of a polymer chain may be
expressed as the integer number of residues (1) contained
in the integer number of turns (¢). The fraction u/t is
equivalent to P/h, where / is the unit height and P is the
pitch of the helix. For a polymer with a fibre identity
distance ¢ the following relations apply:

U=N/t (3)
P=c/t (4)

Both helical parameters u and P are allowed to vary
within a tolerance factor in the conformational search.
Furthermore, in the case of adirectional polymers, like
those derived from retro-amino acids, several elements of
symmetry can be defined using both the number of
monomers required tc define a CRU and the symmetry
related to the torsional angles sequence. These are: screw
axis, glide plane and inversion centre. The program
allows both the use of symmetry relations between
different dihedral angles and for some dihedral angles to
be kept fixed at a certain value.

Program structure

The general flowchart of the program is displayed in
Figure 1. GEMOX uses as inputs: (1) user information
and directives about the search procedure; (ii) the
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Figure 1 Flowchart of the GEMOX program

molecular connectivity, bond lengths and bond angles of
the CRU; (iii) the helix pitch derived from X-ray
diffraction data; and (iv) the torsional and non-bonded
force-field parameters. The program also makes use of
the molecular symmetry, which drastically affects the
speed of the search procedure. Furthermore, the dihedral
angles that are to be kept fixed during the whole process
must also be specified at this step.

The program generates all the molecular models
compatible with a given helix pitch using a corrected
grid search procedure. This implies a systematic varia-
tion from 0° to 360° for all the considered dihedral
angles. Since the number of molecular conformations
thus obtained is usually very large, even when medium
size CRUs are considered, acceptance or rejection of a
model becomes a complex task. In order to facilitate the
selection, two conditions must be fulfilied by all the
accepted molecular models. These are: (i) the difference
between the experimental and computed values for the
helix pitch must be smaller than a threshold value;
(ii) the model must be energetically allowed. Thus, for
each model the conformational energy is computed. The
calculation of the torsional, electrostatic and van der
Waals energies for a particular model is an easy task
since all the force-field parameters are inputs of the
program.

The reliability of the results obtained in a standard
grid searching procedure depends largely on the size of the
grid stepzs. When a very small grid step is used, good
results are obtained but at high computational cost.

GEMOX molecular modelling program: J. J. Navas et al.

l p=p2

GRID SEARCH [**

Figure 2 Flowchart of the corrected grid search algorithm used in
GEMOX

Conversely a large grid step renders a poor sampling of
the conformational space. In order to carry out an
efficient search we have employed a modified grid search
procedure, in which two grid steps named p; and p, are
adequately combined.

Figure 2 shows the flowchart of the subroutine used in
the program for sampling the conformational space. At a
first stage the program uses a small grid step (p,) to
generate the molecular models. Since we are only
interested in conformations energetically favoured, the
energy is calculated for each generated geometry. If the
conformational energy is greater than a threshold value
(E,) the program assumes that an unfavoured zone of the
conformational space is being explored and the grid step
is changed to a large value (p;). The new grid step is used
until an energetically favoured model is found. Then, the
program turns back to the small grid step p, in order to
perform an efficient sampling. For each energetically
favoured model the helix pitch is computed using a
geometric criterion. If the difference between the experi-
mental and calculated values is smaller than a tolerance
factor the model is saved, otherwise the model is rejected.
The combination of two grid steps with energy and
helical symmetry criteria renders a sampling more
convenient than a systematic grid search procedure
from both computing time and efficiency points of view.
Pilot calculations indicated that a very small change in
the dihedral angles may induce a large variation in the
helix symmetry. Therefore, the change from p, to p; must
be performed only in energetically unfavoured zones, i.e.
those in which the energy criterion has not been satisfied.

Test cases

The structures of poly(L-alanine)™ =, poly(a-isobutyl-
B-L-aspartate)'! and nylon 2/ 12%" were used to test the

6,26
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Figure 3 Schematic representation of the chemical repeating units of
poly(L-alanine) (A), poly(«-isobutyl-i3-L-aspartate) (B) and nylon 2/12 (C)

search procedure, since these three polymers have been
refined previously using both the LALS method and
energy calculations. A schematic representation of the
monomeric units for the three polymers studied, with
expression of the notation used in each case for the
dihedral angles is displayed in Figure 3. Calculations
have been performed on a Silicon Graphics RI-4000. In
all cases the large grid step was kept fixed at p; = 10°,
whereas p, was varied within different ranges depending
on the system under study. An energy cutoff of
0.0 kcal mol™' was applied. The tolerance accepted for
the helix pitch was 0.1 A in ali cases. Conformational
energy maps for poly(L-alanine) and nylon 2/12 were aiso
generated with GEMOX using a grid of 15°.

Poly(i-alanine). Two different crystal forms are
known for this polypeptide: the a-helix” with 47 residues
in 13 turns and the 3-sheet*®, which is an almost extended
conformation made of 2/1 helices. The repeat chain
lengths of these forms are 70.3 A and 6.89 A, respec-
tively. Force-field parameters for alanine were taken

(a)

Figure 4 Molecular conformations of the standard a-helix (a) and the a-helix modelled by GEMOX (b)
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Figure 5 Potential energy surface E = E(¢,1) of poly(L-alanine).
Dihedral angles of the minimum energy regions labelled in the map are
shown in Table 1

Table 1 Low energy regions as calculated by the GEMOX program
for poly(L-alanine)

Region ¢ Y AE“
ag ~60 ~60 0.0
Cs 180 180 2.2
ol 60 180 8.6
ar 60 45 10.1
) —60 180 14.6
al 180 —60 14.6
o 180 60 19.3
Creq —60 60 20.0
Cran 60 -75 2.4

“Torsional angles and relative energies in degrees and kcalmol™!
residue ™, respectively

Table 2 Torsional angles” obtained by different methods for poly(a-
isobutyl-3-L-aspartate)

Form Method? w ¢ £ Y

Hexagonal MM 180.0 151.3 -59.1 118.1
MD 175.0 157.2 -54.1 114.8
LALS 180.0 151.3 -59.1 118.1
GEMOX 180.0 159.0 —63.0 120.0

Tetragonal MM 160.0 144.8 -65.8 136.0
LALS 180.0 144.2 —86.9 148.5

GEMOX 180.0 143.0 —-85.0 150.0

9 Torsional angles in degrees
b MM, molecular mechanics; MD, molecular dynamics; LALS, linked-
atom least-squares

Table 3 Torsional angles® obtained by different methods for nylon 2/12°

GEMOX molecular modelling program: J. J. Navas et al.

from AMBER libraries®®. The corrected grid search algo-
rithm found both the a-helix (¢, 9 = —57.4°, —47.5°) and
the extended (¢, v» = —138.8°, 134.7°) conformations for
P values ranging from 1° to 7°. The a-helix was the low-
est energy model found for all these values of p,. This
must be attributed to the presence of strong intramolecu-
lar hydrogen bonding interactions, which are taken into
account by the potential energy function of GEMOX. A
comparison between the standard a-helix and the helical
structure found by GEMOX is shown in Figure 4. It is
worth noting that the difference between the two con-
formations is almost negligible. On the other hand, the
extended conformation uses neighbouring chains to
form hydrogen bonds. Although this structure is
included within the set of accepted models, this con-
formation is slightly unstabilized with respect to the low-
est energy model. For p, larger than 7° the procedure is
similar to a standard grid search algorithm, and there-
fore the exploration of the conformational space
becomes rather crude. The dihedral angles calculated
by GEMOX are reproduced within a maximum margin
of error of 10°.

In order to prove the reliability of the potential energy
function implemented in GEMOX, we computed the
conformational energy map for poly(L-alanine). Results
are shown in Figure 5 and Table 1. As can be seen, the
lowest energy region corresponds to a right-handed a-
helix (ag) with ¢,¥ =~ —60°,—60° which is clearly
stabilized by intramolecular hydrogen bonding inter-
actions. The second region of minimum energy corre-
sponds to an extended structure usually referred to as Cs
(intramolecular, five-membered hydrogen bonded ring)
in conformational studies of peptides, which is around
2kcalmol ™! residue™ less favoured than the ag. Other
zones energetically accessible are located around the
structures named o/ by Pople and co-workers® and the
intramolecular seven-membered hydrogen bonded rings
(Cyeq and C;,). These conformations have been
characterized as local energy minima in the potential
energy surface of the N-acetyl-N'-methyi-L-alanylamide
at the ab initio HF/3-21G and HF/6-31 + G* computa-
tional levels?® confirming the goodness of our results.

Poly(a-isobutyl-3-1-aspartate). This L-aspartic deriva-
tive is a stereoregular poly(8-amide) with an alkoxycar-
bonyl group attached to the [-carbon atom of the
repeating unit. This compound adopts two crystal forms,
hexagonal and tetragonal, made of 13/4 and 4/1 helices.
The repeat chain lengths are 4.95A and 19.9A
respectively!!. The energy cutoff was increased to
0.5kcalmol™ in the analysis of the tetragonal form,
since helices with a 4/1 symmetry are only possible
through some distortion of the peptide bond. (In order

Form Method € ¢ P 2 vy I vio vy v

1 LALS 180.0 180.0 180.0 180.0 180.0 180.0 180.0 180.0
GEMOX 180.0 180.0 180.0 180.0 180.0 180.0 180.0 180.0

11 LALS 78.0 —144.2 107.0 179.0 —-178.0 174.0 —165.0 —108.0
GEMOX 95.0 -142.0 140.0 180.0 180.0 180.0 180.0 —140.0

“ Torsional angles in degrees

® Dihedral angles from v, to vy are considered to be constant and equal to 180°

“LALS, linked-atom least-squares
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to obtain a central hole of 2.5A in the w-helix a distor-
tion of the peptide bond is required.) GEMOX found
the structures of the hexagonal and tetragonal forms
for p, values in a range from 1 to 3. A comparison of
the conformational angles obtained for both forms
from LALS, molecular mechanics, molecular dynamics
and GEMOX calculations is presented in Table 2.
Results indicate the capability of this procedure to gener-
ate molecular conformations at a reasonable computa-
tional cost.

Nylon 2/12.  Several members of the nylon 2/n family
have been investigated by means of X-ray and electron
diffraction’” ™3 We select nylon 2/12 as a test case

a

Figure 6 Potential energy surfaces £ = E(¢, ) (a) and E = E(vy. 1)
(b) of nylon 2/12. Crystal forms of nylon 2/12 are labelled in (a). Both
maps were computed considering the dihedral angles fixed at the values
found for form 1
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since it is the copolyamide 2/n with the largest CRU
studied so far. Furthermore, its conformational prefer-
ences have been examined with the LALS methodology.
Two crystal forms were found for nylon 2/12. Form I is
made of fully extended chains arranged in hydrogen
bonded sheets similar to the a-form of nylons. Form 11
consists of a hexagonal array of six-fold helices inter-
molecularly linked in a crystal lattice of a=4.79A
and ¢=112.8A, with a residue height of 18.8A.
GEMOX calculations have been performed using the
following symmetry restrictions: ¢; = ¢, and ¥, = .
The torsional angles w; and v; were kept in frans confor-
mation. The molecular models of form I are found using
p» values in the range from 1 to 7, whereas form II was
located considering p, values ranging from 1 to 3. A com-
parison of the LALS and GEMOX values is shown in
Table 3. Figure 6a shows the potential energy surface
E = E(¢,1) for nylon 2/12, which indicates that both
crystal forms are energy minima. On the other hand, the
map E = E(v;,v,), which is shown in Figure 6b, suggests
that this potential energy surface is flat, allowing a large
number of possible conformations for the methylene
groups.

CONCLUSIONS

GEMOX is a program designed to generate all the
molecular models for a polymer which are compatible
with a certain set of X-ray diffraction data. It must be
stressed that this program has been developed in order to
provide people working with fibre diffraction with a tool
making the structural analysis of macromolecules easy
and rigorous. We do not recommend GEMOX for
finding the best molecular model; this should be done
preferentially by LALS and/or energy calculations.

The application of GEMOX is justified in the analysis
of the conformational space of polymers involving a
large CRU, where many feasible molecular models
would be unavoidably omitted. The program uses a
corrected grid search algorithm in which both experi-
mental diffraction data and conformational energy
criteria are taken into account. Test calculations have
been performed on three representative systems — poly-
(L-alanine), poly(a-isobutyl-G-L-aspartate) and nylon 2/12
- which illustrate the usefulness of the program. The
results indicate the existence of an important number of
molecular models compatible with the diffraction
patterns for the three compounds. The best solution for
each case, i.e. the conformation resulting from refine-
ment against X-ray data using LALS or energy calcula-
tions, is of course included in the set of filtered models.
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