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Abstract—Cepacian is the exopolysaccharide produced by the majority of the so far investigated clinical strains of the Burkholderia
cepacia complex. This is a group of nine closely related bacterial species that might cause serious lung infections in cystic fibrosis
patients, in some cases leading to death. In this paper the aggregation ability and the conformational properties of cepacian chain
were investigated to understand its role in biofilm formation. Viscosity and atomic force microscopy studies in water and in mixed
(dimethylsulfoxide/water) solvent indicated the formation of double stranded molecular structures in aqueous solutions. Inter-
residue short distances along cepacian chain were investigated by NOE NMR, which showed that two side chains of cepacian were
not conformationally free due to strong interactions with the polymer backbone. These interactions were attributed to hydrogen

bonding and contributed to structure rigidity.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The Burkholderia cepacia complex (Bcc) is a group
of closely related bacteria that includes at least nine
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different species.' Some strains of the Bcc have been
recognised as opportunistic pathogens for cystic fibro-
sis (CF) patients.” CF is an autosomal recessive disor-
der caused by mutations of the gene coding for the
chloride ion-channel protein located in cell membr-
anes of exocrine gland and secretory epithelial.® The
consequence of the disease is the production of a vis-
cous mucus on the surface of epithelia, including
lungs.* Besides exocrine glands insufficiency, in lungs
this thick fluid impedes the mucociliary clearance and
favours the set-up of serious chronic infections by
opportunistic pathogens that are very difficult to eradi-
cate. Chronic airways infections and the accompanying
inflammatory response cause heavy lung damages,
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which are the major cause of premature death in CF
patients.*

Studies carried out on Pseudomonas aeruginosa, one of
the principal bacteria involved in CF lung infections,
revealed that infection was associated with a switch from
non-mucoid to mucoid phenotype characterised by over-
production of exopolysaccharide (EPS).> These biopoly-
mers have been recognised as important virulence factors
involved in a number of different mechanisms aimed at
escaping the host defence machinery. As a matter of fact,
EPS constitute the skeleton of biofilms that bacteria
build around their colonies.® Biofilms act as suitable
incubators for micro-organisms and, at the same time,
form a physical barrier towards chemical agents poten-
tially dangerous for bacteria’s life. In addition, other
relevant biological activities were recently recognised as
specifically associated with EPS throughout their inter-
action with components of the immunological system.
Herasimenka et al.” investigated the interaction between
different bacterial EPS and antimicrobial peptides
(AMP) of the innate immune system showing that the
formation of molecular complexes caused the inhibition
of antimicrobial activity, which impeded the lysis of the
bacterial membrane by AMP. Woods and co-workers®
found that bacterial capsular polysaccharides interacted
with the C3b component of the host complement system
thus impeding the binding of C3b on the bacterial surface
and blocking the cascade of events that eventually led to
bacteria’s death. Finally, Bylund et al.” recognised that
EPS inhibited neutrophyls chemiotaxis and scavenged
the action of reactive oxygen species, thus lowering the
efficiency of the host cellular response.

In our laboratory, the primary structure of EPS pro-
duced by several environmental and clinical strains of
the Bee has been investigated in detail.!*'* It was found
that different species of Burkholderia isolated from
expectorates of CF patients produced at least five differ-
ent EPS'*1%16 although the one named cepacian (see
Scheme 1 for the cepacian repeating unit) was synthes-
ised by the majority of the strains investigated. This
finding, together with those from different laborato-
ries,!”"'® suggested us to consider cepacian as the EPS
characteristic of the Bcc.

Previous investigation of the macromolecular and
conformational properties of protonated cepacian chain
in water proposed a rather rigid and extended confor-
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mation of the polysaccharide backbone with association
of even number of chains in a multistranded structure.'’
An explanation of the chain rigidity in terms of intra-
chain hydrogen bonding was later given by molecular
modelling studies.’® Because these characteristics are
relevant to understanding the role of cepacian in bio-
film formation and its interaction with other biomacro-
molecules, the study of the macromolecular properties
of cepacian was further pursued resorting to viscosity
and atomic force microscopy both in water and in
dimethylsulfoxide (DMSO), a solvent known to induce
disruption of polymer chain aggregation in polysaccha-
rides.”! In addition, an NOE NMR investigation in
water was carried out to determine the structural motifs
responsible for chain rigidity.

2. Experimental
2.1. Sample preparation

Cepacian was obtained from a clinical strain of Burk-
holderia pyrrocinia isolated at the Friuli Venezia Giulia
Cystic Fibrosis Reference Center (‘Burlo Garofolo Hos-
pital’, Trieste, Italy). B. pyrrocinia was grown as
described.'”> The EPS was purified by isopropanol
precipitation after removal of bacterial cells by centri-
fugation. After dialysis, the presence of protein and/or
nucleic acid contaminants was checked by UV
spectroscopy (260-280 nm). If necessary, the contami-
nants were eliminated by DNase, RNase and protease
treatment. The polymer was always used as the Na™
form. Cepacian de-O-acetylation was performed in
10 mM NaOH solution under nitrogen flux for 5h at
room temperature with magnetic stirring followed by
dialysis and neutralisation.

2.2. Intrinsic viscosity

Intrinsic viscosity measurements were carried out with a
Schott-Geriite AVS/G automatic viscometer using a
Cannon-Ubbelohde capillary either with 0.53 mm inter-
nal diameter (high water-to-DMSO ratio) or 0.63 mm
internal diameter (low water-to-DMSO ratio) thermo-
statted at 20 °C. The polymer solution was always added
with a suitable amount of NaCl to a final concentration
of 0.005 M to avoid polyelectrolytic effects during poly-
mer dilution. Before measurements, solutions at high
water-to-DMSO ratio were filtered on a 0.45 pm Milli-
pore membrane, while those at low water-to-DMSO
ratio were filtered on a 3 um Millipore membrane.

2.3. Molecular weight measurement

Molecular weight measurements were carried out by
HPSEC coupled with both light scattering (MALS
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DAWN EOS, multiple angle light scattering, Wyatt
Technology Co., USA) and refractive index (Optilab
rEX, Wyatt Technology Co., USA) detectors. The data
were processed by means of the ASTRA software, Ver.
5.1.9 (Wyatt Technology Co., USA). Three columns in
series (TSK PW x 1 G6000, G5000 and G3000, 7.8 mm
ID x 300 mm length, Tosoh Bioscience) were used for
the chromatographic separation in water. For aqueous
solutions measurements, a 0.05M NaCl and 0.01%
NaNj3 solution was used to dissolve the polymer. Before
injection, the sample solution was filtered on a 0.45 pm
Millipore membrane. The columns were thermostatted
at 40 °C and a value of 0.141 mL/g was used as the spe-
cific refractive-index increment. For DMSO measure-
ments, another column set (TSK gel Super AWM, 2
column in series plus a guard column AW-H, 4.6 mm
ID x 150 mm length) was used. The sample solution
was filtered on a 0.45 um Millipore membrane, the
columns were thermostatted at 40 °C and a value of
0.085 mL/g was used for the specific refractive-index
increment. Both refractive index increments were mea-
sured on line by ASTRA software.

2.4. Atomic force microscopy

Atomic force microscopy experiments on cepacian aque-
ous solutions were performed spray-drying on a freshly
cleaved mica surface a filtered polymer solution whose
concentration was either 5 pg/mL or 30 ug/mL. For
experiments carried out in 10% water/DMSQO, a drop
of polymer solution (either 5 pg/mL or 30 pg/mL) was
allowed to dry onto a freshly cleaved mica surface for
3 days. The AFM apparatus was a Multimode Scanning
Probe (Veeco) coupled with a control device Nanoscope
IITa. The tips, purchased from Veeco, were made of
phosphorus-doped silicon.

2.5. NMR spectroscopy

NMR 2D-NOESY spectra were recorded in D,O at
50 °C on a Varian "W""YINOVA instrument operating
at 500 MHz using the standard Varian pulse sequence
and a mixing time of 0.1 s. '"H-chemical shifts were ref-
erenced to internal acetone (2.225 ppm).

3. Results and discussion

The structure of the repeating unit of cepacian (Scheme
1) is characterised by a backbone with (1—3) glycosidic
bonds, three short lateral chains and a rather high
degree of acetyl substitution (1-3 groups per repeating
unit, depending on bacterial strains) as determined by
NMR. Similar to other (1—3) linked carbohydrate poly-
mers, for example, schizophyllan and scleroglucan, pre-
vious studies on cepacian'® described the formation of

chain aggregates with definite stoichiometry. To further
determined the aggregation characteristics, the viscosity
of cepacian was investigated in water and water-DMSO
solutions where chains dissociation might occur, as
reported for schizophyllan and scleroglucan.”? The
viscosity behaviour of native cepacian at different
water-to-DMSO ratios is shown in Figure 1, where
intrinsic viscosity data are reported for both native
and de-O-acetylated samples. Due to the presence of
uronic acid residues in the polymer repeating unit, the
intrinsic viscosity was always measured in the presence
of 5x107*M NaCl to lower intramolecular electro-
static repulsions. Under these conditions, the lowest sol-
vent ratio used was 10% water in DMSO. On increasing
the DMSO content, the intrinsic viscosity of both native
and de-O-acetylated polymer solutions lowered; the
value of the intrinsic viscosity in 10% water-DMSO
was almost half that obtained in 100% water. The
de-O-acetylated sample showed viscosity behaviour very
similar to that of the native one, but characterised by
slightly higher viscosity values throughout the range
examined. As a matter of fact, in 60% water—-DMSO
solution the viscosity of the native (acetylated) polymer
already decreased of about 7%, while the de-O-acetyl-
ated one still retained the same value exhibited in
100% water.

The decrease in solution viscosity observed at low
water-to-DMSO ratios has two explanations: either it
is a result of dramatic solvent-induced conformational
transition or it is due to dissociation of a multistranded
structure. To discriminate between these two possibili-
ties, the molecular mass of the polymer in water and
in DMSO was evaluated by use of high performance size
exclusion chromatography coupled to a multi angle laser
light scattering detector. The measurements were carried
out on both native and de-O-acetylated samples and the
data are reported in Table 1. The molecular mass values
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Figure 1. Intrinsic viscosity of native (M) and de-O-acetylated (@)
cepacian in water—-DMSO solutions as a function of water percentage.
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Table 1. Molecular masses of native and de-O-acetylated cepacian in
water and in DMSO

Polymer and solvent M, (kDa) M, (kDa) M,/M,

Native cepacian in water 1660 £50 1280+ 60 1.3
De-O-acetylated cepacian in 1520 £30 1160 =60 1.3
water

Native cepacian in DMSO 1082 £+ 30 65065 1.7
De-O-acetylated cepacian in 1015 4+ 30 602+70 1.7

DMSO

correlated well with the viscosity data and indicated that
cepacian forms aggregates in water. In addition, the
molecular species present in water were dimeric with
respect to those present in DMSO. Native and de-O-
acetylated polymer forms identical types of aggregates
in water and in DMSO; the de-O-acetylated sample
exhibited a molecular mass slightly lower than that of
native polymer due to the removal of acetyl groups.
The similarity of the molecular masses also confirmed
that the deacetylation reaction did not cause any signi-
ficant degradation of the polymer. The number-average
molecular mass (M,) in DMSO was almost exactly half
of that determined in water. However, the weight-aver-
age molecular masses (M,,) obtained in water solution
did not show twice the value of those measured in
DMSO, due to the larger contribution of high molecular
weight fractions in the evaluation of M. It is worth not-
ing that the polydispersity index (M,/M,, see Table 1),
increased in passing from water to DMSO; this is
expected as water contains associated species whereas
DMSO contains largely dissociated species. When disso-
ciated in DMSO, the polymers consist of a broad disper-
sion of small to large chains. However, the random
association of the mixture of the small to large polymer
chains are less likely to be comprised of chains of similar

molecular mass thus resulting in a population of dimers
characterised by a narrower polydispersity.

Further details of the association ability of cepacian
chains were obtained by means of atomic force micro-
scopy (AFM). AFM experiments on native and de-O-
acetylated cepacian were carried out using samples from
both aqueous and DMSO solutions. Two microimages
obtained for the native polymer in water at different
concentration are shown in Figure 2. The image at low
concentration (5 pg/mL, Fig. 2a) shows individual
molecular species of native cepacian characterised by
an eclongated polymer conformation with occasional
ramifications. A few bent molecules were also detected.
The image obtained at high concentration (30 pg/mL,
Fig. 2b) shows the formation of a network due to multi-
ple contacts between polymer chains. The statistical
analysis of the thickness of the polymeric species, mea-
sured normal to the surface of the mica substrate,
pointed at a large number of thick chain segments and
a few thin segments. The average lateral dimension eval-
uvated on the totality of the chains considered was
102+15A. A typical vertical thickness measurement
is shown in Figure 3.

A microimage of cepacian chains obtained starting
from a 5 pg/mL concentration in 10% water-DMSO is
shown in Figure 4. In general, the definition of these
images was lower than those obtained from water solu-
tions. Nevertheless, the network of polymer chains is
well discernible and the average thickness of the objects
can be measured by statistical analysis. Contrary to the
images obtained for low concentration cepacian in
water, no isolated molecules were detected from DMSO
solutions. This observation might be explained taking
into account a slow evaporation of DMSO from the
mica surface with respect to pure water, and a different

Figure 2. AFM images of native cepacian recorded in non-contact mode after spray-drying onto mica surface. (a, left) Polymer concentration 5 pg/

mL in water. (b, right) Polymer concentration 30 pg/mL in water.
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Figure 4. AFM image of native cepacian recorder in non-contact
mode after evaporation on mica of a drop of a 10% water/DMSO
solution. Polymer concentration 5 pg/mL.

polymer interaction with the mica surface in DMSO.
These two factors probably resulted in the migration
of EPS molecules towards the central part of the evapo-
rating droplets, thus giving rise to a local increase of the
solute concentration. The average polymer chain thick-
ness obtained in DMSO was 6.1 £ 1.5 A.

The cross-section value obtained in DMSO was
almost half of that measured in water demonstrating that
DMSO dissociated cepacian molecules and confirming
that the chain complex in water was the dimeric form
of the species present in DMSO. These AFM data are
in very good agreement with both viscosity and mole-
cular mass findings, additionally pointing at a mixture
of polymeric species composed of double stranded struc-
tures, with occasional single stranded stretches. Mcln-

tire and Brant>> obtained the value of 11.4 & 3.0 A for
the thickness of the triple stranded structure of sclero-
glucan, a polysaccharide exhibiting, like cepacian, a
backbone composed of (1—3) glycosidic bonds. This
value is only slightly greater than that recorded for cepa-
cian and can be explained by the lower number of side
chains in scleroglucan (1) with respect to cepacian (3).
In addition, the authors commented the discrepancy of
the AFM value (11.4 A) with respect to the value of
17.3 A found for the triple stranded scleroglucan by
X-ray fibre diffraction as probably due either to the
distortion of polymer chains during dessication or to
their interactions with the mica substrate. Taking into
account the figures for scleroglucan, it is reasonable to
conclude that the 10.2 A value found for cepacian chains
can be safely associated with the formation of double
stranded structures.

Considering for cepacian the possible formation,
within the polymer chains, of single and double stranded
stretches with a thickness of 6 A and 10 A, respectively,
the relative population of these two conformations in
water is obtainable from AFM data. Taking the 8 A
value as the limit between single and double stranded
structures, it turned out that the percentage of single
stranded segments in water was 15% of the total. The
average lateral dimension evaluated only on the chain
population with a thickness higher than 8§ A was
10.6 + 1.7 A, which can be considered a more precise
figure for the thickness of the double stranded structure.

AFM images were also acquired for de-O-acetylated
cepacian. Images obtained for 5 pg/mL and 30 ug/mL
polymer solutions in water are shown in Figure 5a and
b, respectively. The statistical analysis of the thickness
of the polymeric species revealed a percentage of single
stranded chains segments (35%) higher than in the
native polymer (15%). The average chain thickness,
evaluated on the population of species with a cross-sec-
tion larger than 8 A, was9.34+2.0A, slightly lower than
that obtained for the native polymer. This reduction in
dimension might be explained with the formation of
additional hydrogen bonds between the polymer main
chain and the lateral chains due to an increased number
of free hydroxyl groups after deacetylation. The more
extended hydrogen bonding might also explain the
slightly greater resistance of the double stranded de-O-
acetylated structure to de-associate upon DMSO addi-
tion with respect to the native one, as shown by viscosity
experiments. In addition, the higher percentage of single
stranded chain stretches obtained upon deacetylation
might indicate an important role of acetyl substituents
in the biofilm formation.

The characteristic of cepacian to form double
stranded structures is an important feature to under-
stand the formation of cepacian biofilms because
random dimerisation of polymer chains can explain
the formation of the supramolecular network, which
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Figure 5. AFM images of de-O-acetylated cepacian recorded in non-contact mode after spray-drying onto mica surface. (left) Polymer concentration

5 pg/mL in water. (right) Polymer concentration 30 pg/mL in water.

constitutes the biofilm skeleton. Moreover, the intrinsic
polymer chain rigidity is a further contribution to the
physico-chemical properties of the biofilm. In a previous
paper,”® the conformational rigidity of cepacian back-
bone throughout the formation of intrachain hydrogen
bonds was investigated by molecular modelling calcula-
tions. In the present paper the characterisation of the
conformational rigidity of cepacian was further deter-
mined by means of 2D-NOE experiments. Because the
position of acetyl groups on the cepacian backbone is
not known yet, and to compare the NOE information
with molecular modelling data, the NOE spectra were
recorded on the de-O-acetylated sample. The NMR
chemical shift assignments of de-O-acetylated cepacian
are those reported.'®

2D NOESY spectra were obtained on de-O-acetylated
cepacian at 500 MHz and one section of the spectrum is
reported in Figure 6. The spectrum contains a large
number of cross-peaks. However, due to polymer chain
dimerisation, cross-peaks may indicate both intramole-
cular and intermolecular short distances. Lacking a suit-
able model of chain association, only intramolecular
NOE signals were considered. After cross-peak’s assign-
ment, the corresponding H-H interatomic distances
were measured on the minimised structure of the three
repeating unit fragment (21 sugar residues) as obtained
by means of molecular modelling calculations (unpub-
lished results), assuming the complete ionisation of
uronic acids. NOE cross-peaks related to intramolecular
distances higher than 5 A were disregarded as they
derived very likely from short intermolecular contacts.
The analysis led to the selection of 12 NOE cross-peaks
of interest not attributed to the trivial intra-residue
contacts. The relevant data are reported in Table 2
and showed in Figure 6. The scheme of the NOE

contacts on the cepacian repeating unit is reported in
Figure 7.

The majority of NOE contacts indicated interactions
either between lateral chains and main chain or within
lateral chains. Other two contacts (marked as 6 and 7
in Table 2) involved two sugar residues of the main
chain. The large number of NOE contacts involving
the protons of the B-pD-Galp-o-pD-Rhap dimeric side
chain strongly indicated a low mobility of these sugar
residues. In addition, the three NOE contacts between
this lateral chain and the proton in position 4 of the glu-
curonic acid suggested a strong interaction between the
lateral chain and the main chain. The two NOE contacts
within the backbone further explained the chain stiffness
exhibited by this polymer.

4. Conclusions

Bacterial polysaccharides contribute in different ways to
create a micro-environment suitable for bacterial life.
Besides interaction of EPS with molecular species poten-
tially dangerous for bacteria, like components of the
host immune system, the protective function of EPS is
often provided by the formation of a biofilm around
bacterial colonies, as it happens for strains of the B.
cepacia complex and for P. aeruginosa. This structure
is constituted of different components among which
EPS play a critical role providing the structural matrix,
which gives the suitable visco-elastic and porous proper-
ties required by bacteria. The characterisation of the
macromolecular properties of cepacian obtained by
means of viscosity and AFM experiments demonstrated
that this EPS in water forms double stranded segments,
which can be separated by the addition of DMSO as
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Figure 6. NOESY spectrum of de-O-acetylated and sonicated cepacian. Arrows indicate cross-peaks attributed to intramolecular H-H short

distances. Upper: Rhap methyl resonances. Lower: ring proton resonances.

co-solvent. Ruling out the formation of perfect matches
between two EPS chains, the interaction of a single poly-
meric molecule with two or more other molecules leads
to the formation of a porous network, as revealed by
AFM images obtained at relatively high polymer con-
centration. A schematic topological draw of the network
is shown in Scheme 2.

The absence of acetyl groups notably decreased the
percentage of double stranded stretches in the polymer
structure so that it may be envisaged an important bio-
logical role for acetylation. This EPS modification might
be used by bacteria to build a more compact biofilm
and, consequently, the acetylation control might be a
way to modulate the mechanical properties of biofilms.

Another contribution to the mechanical properties of
biofilms is the intrinsic polymer chain rigidity. The pres-

ence of negatively charged groups on the cepacian back-
bone, commonly found in bacterial polysaccharides
(e.g., alginate, which is produced by P. aeruginosa, is
composed by uronic acids), certainly induces stiffness
in the EPS chains due to repulsions between charges
of the same sign. However, the presence of specific struc-
tural motifs can produce additional conformational
rigidity by means of non-covalent intramolecular and
intermolecular interactions, such as hydrogen bonding,
so to further determine the mechanical properties of bio-
films. In cepacian, this characteristic is given by the pres-
ence of strong interactions between the polymer
backbone and lateral chains, as shown by NMR
experiments.

Although biofilms are very complex systems where
different biochemical processes, driven by bacterial cells
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Table 2. NOE signals selected as intramolecular contacts

NOE contact # Proton of residue 1 Proton of residue 2

ppm of the proton
in residue 1

ppm of the D proton Interproton dist. from

in residue 2

molecular modelling (A)

1 a-p-Galp (1) a-D-GlcAp (1)
2 a-D-Galp (1) a-D-GlcAp (2)
3 a-D-GlepA (1) t-o-p-Galp (3)
4 a-D-GlcpA (4) a-D-Rhap (6)
5 a-p-Rhap (1) t-B-p-Galp (2)
6 a-D-Manp (1) B-p-Glep (3)
7 o-D-Manp (1) B-p-Glep (5)
8 t-B-p-Galp (1) a-D-GlcpA (4)
9 t-B-p-Galp (1) o-D-Rhap (3)
t-B-p-Galp (1) a-D-Rhap (5)
10 a-pD-Rhap (2) t-B-p-Galp (5)
11 o-D-Rhap (2) t-B-p-Galp (2)
12 a-p-Rhap (5) a-D-GlepA (4)

5.28
5.35
5.55
3.96
5.37
5.18
5.17
4.42
4.42

421
4.20
3.76

5.55 1.76
4.02 2.60
3.97 4.58
1.27 4.63
3.56 4.49
3.61 2.19
3.53 4.07
3.93 4.28
3.76 4.28

4.38
3.70 4.20
3.54 4.49
3.94 3.84

Numbers indicating the position of protons involved in short range contacts are indicated in parenthesis.

Figure 7. Schematic representation, on a segment of cepacian chain, of intramolecular H-H short distances as found by NOE investigation.

X J

take place, the data obtained in this investigation gave a
more detailed insight into the role played by polysaccha-

Scheme 2.

rides in biofilm structure. Considering then the role of
biofilm in bacterial infection, a more detailed knowledge
of the three-dimensional architecture of the biofilm
produced by Burkholderia spp. might suggest the design
of suitable tools to disrupt the biofilm structure. These
could be conveniently used in synergy with appropriate
therapies for lung infections affecting cystic fibrosis
patients.
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