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Abstract—We present a computational conformational analysis of the exopolysaccharide of Burkholderia cepacia, which is believed
to play a role in colonization and persistence of B. cepacia in the lungs of cystic fibrosis patients. The repeating unit of the exopoly-
saccharide is a heptasaccharide with three branches, which cause significant steric restraints. Conformational searches using GLY-
GAL, an in-house developed software using genetic algorithm search methods, were performed on fragments as well as on the
complete repeating unit with wrap-over residues. The force field used for the calculations was MM3(96). The search showed four
favored conformations for an isolated repeating unit. However, for a sequence of several repeating units, the calculations indicate a

single, well-defined linear conformation.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction B-p-Galp-(1—2)-a-p-Rhap
1

In the last two decades Burkholderia (previously known i
as Pseudomonas) cepacia has appeared as a human patho- [3)-B-D-Glep-(1—3)-a-D-GlepA-(1—3)- a-p-Manp-(1—]
gen, causing several outbreaks, mostly among cystic
fibrosis (CF) patients.' T T

Cescutti et al. recently reported the primary structure 1 1
of the exopolysaccharide produced by a clinical isolate o-o-Galp p-o-Galp
of the bacterium Burkholderia cepacia.’ In their
study Cescutti et al. determined that the repeating It was apparent that the elucidation of the 3D struc-
unit of the exopolysaccharide is a highly branched ture of this saccharide would be of interest to allow a
heptasaccharide: rational design of glycoconjugate vaccines. Furthermore

this system was a challenge for the available software
for conformational analysis of oligosaccharides. The

* Corresponding author. Tel.: +46 (0)31 773 34 54; fax: +46 (0)31 present paper presents a prediction of the three-dimen-
823758; e-mail: nyholm@medkem.gu.se sional structure of the repeating unit, as well as a model
T Contributed equally to this paper. of several repeating units of the exopolysaccharide.
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2. Methods

The notation used for torsion angles is the heavy atom
definition with @ defined as O-5-C-1-O-C-X and ¥ as
C-1-O-C-X-C-(X+1). In the (1—6) linkage, the extra
angle o exists and is defined as O-C-6-C-5-O-5 and
the @ and ¥ are then defined as O-5-C-1-O-C-6 and
C-1-O-C-6-C-5, respectively. The conformational
search was primarily performed in the @/¥ (or &/¥P/w
if required) conformational space of the glycosidic link-
ages. The conformational space was investigated both
using systematic search and a genetic algorithm search.
In both cases the energy calculations were carried out
with the molecular mechanics MM3(96) program*®
using a dielectric constant (&) of 80.

Systematic search using MM3(96) calculations was
performed on all the disaccharide substructures con-
tained in the polysaccharide. The systematic searches
were performed with 15° step size of the @, ¥, and in
the case of the (1—6) linkage also w, resulting in
24 x 24 = 576 sampled points and 24 x 24 x 24 = 13,824
calculations in the case of the (1—6) linkage. In order
to account for the possible conformations of the pri-
mary hydroxyls, the two favored conformations of the
C-5-C-6 bond were selected for each residue in the sys-
tematic search. The sampled points were then used as
the basis for the adiabatic energy maps.’

The genetic algorithm search was carried out using the
GLYGAL® program, which is an in-house developed soft-
ware implementing several genetic algorithm (GA)
search methods. GLYGAL was used to carry out extensive
calculations on the heptasaccharide. The searches were
first performed on different fragments of the molecule,
ranging in size from trisaccharide to hexasaccharide. A
complete study of the whole repeating unit was then
performed.

In order to study the connection of two repeating
units, and especially the interactions of the (1—6)-linked
Gal, another complete search was performed for the
octasaccharide formed by one repeating unit without
the (1—6)-linked Gal but including the upstream Man
and (1—6)-linked Gal.

All the GA searches were performed using a parallel
Lamarckian GA [cf. Ref. 9] implemented in GLYGAL.
The investigations started from completely randomized
structures and minimized the main glycosidic linkages
and the pendant groups, namely C-5-C-6 linkages and
hydroxyl groups. Some of the secondary minima needed
independent minimization in order to obtain a complete
minimization of the hydroxyl groups. Finally the con-
formations of structures with two, three, four, and eight
repeating units were investigated.

In total approximately 50,000 structures were sam-
pled in the different searches using the GLYGAL pro-
gram. All calculations were performed on five
computers with dual 2200+ MHz AMD processors

using a Linux cluster (CSOL HOBORG). During the
searches the a-D-GlcpA carboxyl group was protonated,
but preliminary studies with MM3 showed no signifi-
cant conformational differences between the charged
and the protonated forms.

The molecular graphics was produced using Sybyl 6.8
(Tripos Inc.). Solvent accessible surfaces were created
using the MOLCAD module of Sybyl.

3. Results and discussion
3.1. Systematic search

The MM3 adiabatic energy @/%¥ maps for all the disac-
charide structures, occurring in the repeating unit
(including one wrap-over residue) were the starting
point for predicting the 3D structure of the molecule.

The linkage o-D-GlcpA-(1—3)-a-D-Manp (Fig. la)
has one elongated energy minimum, showing flexibility
in respect to ¥ (between 90°-180°). The map for the
linkage o-p-Galp-(1—2)-0-D-GlcpA (Fig. 1b) shows
the global minimum at @®/¥ = 90°/180°. The map for
the linkage B-p-Glcp-(1—3)-0-D-GlcpA (Fig. 1c) has
one clongated energy minimum with flexibility with
respect to ¥ (between 60°-170°). The map for the link-
age o-D-Rhap-(1—4)-a-p-GlcpA (Fig. 1d) shows a single
constrained global minimum at @/¥ ~ 80°/—170° and a
secondary minimum region at ®/¥ = 100°/75° with a
3 kcal difference from the global minimum. The barrier
between the two minima is due to a steric clash between
H-1 of the Rhap and H-3 of the GlcpA.

The map for the linkage B-p-Galp-(1—2)-a-p-Rhap
(Fig. le) shows the global minimum at &/¥ =~ —80°/
160°. Summing up the information given in the maps
for the linkage B-p-Galp-(1—6)-0-pD-Manp (Fig. 1f 5 3)
we see that the two main minima are found at &/¥/
o ~ —80°170°/—60° and at @/¥/w ~ —80°/170°/60°.
The linkage o-pD-Manp-(1—3)-B-p-Glcp (Fig. 1g) has
one elongated energy minimum, showing flexibility with
respect to ¥ (between 90°-180°).

3.2. Genetic algorithm search

The searches performed using the GLYGAL program
enabled us to define the conformational preferences of
larger structural elements of the polysaccharide. The
investigation of the whole repeating unit showed a fairly
constrained structure, with the exception of the Gal-
(1—6)-Man linkage. This flexibility allows the structure
to assume two favored conformations (Fig. 2 and Table
1) with an energy difference of only about 0.1 kcal. An-
other alternative conformation was found for the link-
age o-D-Rhap-(1—4)-0-D-GlcpA, which can assume a
second minimum around 100°/68°. The energy value
for this conformation in the isolated repeating unit is
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Figure 1. Adiabatic @/¥ energy maps for the glycosidic linkages for the different disaccharide substructures of the repeating unit (plus one
downstream residue) of B. cepacia. Contour levels are shown at every kcal/mol with blue for low-energy regions and red for high-energy levels. (a)
The a-D-GlcpA-(1—3)-a-D-Manp linkage; (b) a-D-Galp-(1—2)-0-D-GlepA; (c) B-p-Glep-(1—3)-0-D-GlepA; (d) a-D-Rhap-(1—4)-a-D-GlcpA; (e) B-D-
Galp-(1—2)-a-p-Rhap; (f) the B-p-Galp-(1—6)-0-D-Manp. f; for the &/, f, for the /¥, and f; for @/w; (g) o-pD-Manp-(1—3)-B-b-Glcp. The white
dots show the torsion angle values of the global minimum for the repeating unit according to GLYGAL, the black dots shows the position of the major
secondary minima of the repeating unit.

about 1 kcal higher than the global minimum. Other o-D-Manp-(1—3)-B-pD-Glcp. We observed that minimi-
possible minima were explored in the elongated low zations started from different parts of the low-energy
energy ¥ valleys of the mainchain linkages B-p-Glcp- regions in the disaccharide maps converged smoothly
(1-3)-0-p-GlcpA, o-D-GlepA-(1—3)-a-pD-Manp, and to the global minimum.
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Figure 1 (continued)

Figure 2. The two best conformations obtained with GLYGAL for one repeating unit of the heptasaccharide of B. cepacia. Letters a, b, and ¢ denote
the mainchain residues B-p-Glcp, o-D-GlcpA, and a-pD-Manp, respectively, while d, e, f, and g denote the residues a-p-Rhap, B-p-Galp, B-p-Galp, and
a-D-Galp, respectively, existing in the branches. The f* residue in red thin lines indicates the conformation of the (1—6)-linked Gal of the secondary

minimum. Hydrogen atoms are not shown for clarity.

The GA search on the octasaccharide (the most favor-
able conformation is shown in Fig. 3) showed a fairly

constrained minimum energy conformation, which
matched completely the global minimum energy struc-
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Table 1. Favorable @/¥/w conformations of one and two repeating
units of B. cepacia

Linkage One repeating ~ Two repeating

unit @°/P°(/w°) units P°/V°(/w°)
a-D-GlepA-(1—3)-a-pD-Manp  90/165 90/165
a-p-Galp-(1—2)-0-D-GlcpA  63/-177 63/178
B-p-Glep-(1—3)-0-D-GlcpA  —75/155 —75/155

a-D-Rhap-(1—4)-0-D-GlcpA  82/—142% or 82/—142
100/68
B-p-Galp-(1—2)-a-D-Rhap —88/150 —88/150
B-p-Galp-(1—6)-0-pD-Manp —79/175/65% or  —75/177/65
—79/—-178/—64
o-D-Manp-(1—3)-B-b-Glep  — 84/169

% Global minimum.

ture of the repeating unit. The (1—6) Gal branch is not
allowed to assume its secondary minimum due to strong
interactions with the residues of the downstream unit.
According to the GA runs the octasaccharide conforma-
tion is very stable. With respect to the primary and sec-
ondary hydroxyls, the calculations on the repeating unit
and the octasaccharide converged on the gzR conforma-
tion (for definition see Ref. 7) for all residues with a pri-
mary hydroxyl group. The rhamnose also had an R
arrangement of the secondary hydroxyls and the w tor-
sion of the GIcA converged to —55° (124°). In order to
investigate the effect of a lower dielectric constant, com-
parative GA calculations were carried out on the octa-
saccharide at ¢ =4 and &= 15. The result showed no
significant conformational differences as compared to
the calculations at ¢ = 80.

Further evaluations with ¢ = 80 were done for two,
three, four, and eight repeating units. The results closely

matched the values obtained in the GA search on the
octasaccharide. The final @, ¥, and o torsion angle val-
ues obtained with GLYGAL for two repeating units are
shown in Table 1. In particular it is noted that the
(1—6)-linked Gal is not free to rotate in structures con-
taining two or more repeating units. These calculations
confirmed the previous results and indicate strongly that
longer chains of repeating units assume a linear, fairly
stiff conformation (Fig. 4).

3.3. Implications regarding molecular properties

In a recent study by Sist et al. calculated the stiffness
parameter based on intrinsic viscosity data'® for the exo-
polysaccharide of B. cepacia to be 0.059, which is inter-
mediate between alginate and carboxymethyl cellulose,
which are considered to be semi-flexible polymers.'!
The results of the present conformational analysis do
not allow a quantitative prediction of the chain stiffness,
since the dynamics, especially the interactions with the
surrounding water, is not addressed. However, the re-
sults of the present conformational analysis can explain
the results by Sist et al. in a qualitative manner. More-
over, mapping of the lipophilicity on two repeating units
shows a hydrophobic region on the Rha residue and the
crevice downstream of the (1—2) Gal of the same
repeating unit. However, this hydrophobic patch is less
pronounced in the deprotonated form (Fig. 5).

It is expected that the present results will be of interest
in the development of glycoconjugate based vaccines
against B. cepacia. The repeating unit has four different
favored conformations and appears less suitable as a

Figure 3. The global minimum conformation obtained with GLYGAL for an octasaccharide of the B. cepacia exopolysaccharide frame-shifted with
respect to Figure 2 (see text). Letters a, b, and ¢ denote the mainchain residues B-b-Glcp, a-D-GlcpA, and a-pD-Manp, respectively, while d, e, f, and g
denote the residues a-p-Rhap, B-p-Galp, B-D-Galp, and a-D-Galp. Capital letters indicate the upstream residues: F for f-p-Galp in the branch and C

for a-pD-Manp. Hydrogen atoms have been omitted.
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Figure 4. Global minimum conformations of one, two, and eight repeating units of the B. cepacia exopolysaccharide. Mainchain is shown in green,
Gal-Rha branch in cyan, Gal (1—6) branch in red and Gal (1—2) branch in violet.

(@)

(b)

Figure 5. Solvent-accessible MOLCAD surface of two repeating units of the exopolysaccharide of B. cepacia color coded according to lipophilicity
(blue hydrophilic, brown hydrophobic, and green intermediate). (a) Protonated form, (b) deprotonated.

hapten. However, as shown in these studies, an octasac-
charide fragment (Fig. 3) has only one favored confor-
mation and appears interesting as a hapten for vaccine
development.
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