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Abstract

In this paper, the structure of the capsular polysaccharide isolated from the psychrotolerant bacterium Psychrobacter arcticus
273-4 is reported. The polymer was purified by gel filtration chromatography and the structure was elucidated by means
of one- and two-dimensional NMR spectroscopy, in combination with chemical analyses. The polysaccharide consists of a

trisaccharidic repeating unit containing two residues of glucose and a residue of a N, N-diacetyl-pseudaminic acid.
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Introduction

Extracellular polysaccharides (EPSs) are produced by a vari-
ety of microorganisms including fungi, algae, and bacteria.
They can be associated with the cell surface, as a capsule
(capsular polysaccharides, CPSs), or completely released in
the surrounding medium (medium-released polysaccharides,
MRPs) (Sutherland 1972; Casillo et al. 2018a). The presence
of these polymers in a so different range of microorganisms
suggests that their production represents an advantage in
several situations. They can play an important role in the
protection of the cell and communication with the external
environment, in adhesion to a surface, and in resistance to
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the host’s adaptive immune response (Corbett and Roberts
2008). In the last few years, the interest in the research of
bacterial polysaccharides is increased due to their several
industrial applications, like emulsifiers (Bejar et al. 1996;
Lee et al. 2001; Yim et al. 2004; Martinez-Checa et al.
2007), biosorption agents of heavy metal (Zhang et al. 2010,
2015; Caruso et al. 2018, 2019), antioxidants (Sun et al.
2015; Roca et al. 2016), and many others. These compounds
are a substantial component of the extracellular matrix in
microbial cells that populate extreme environments, such as
Antarctic ecosystems, saline lakes, or geothermal springs.
Recently, the study of the role of EPS as cryoprotectants
and their involvement in cold adaptation mechanism has
been reported (Carillo et al. 2015; Casillo et al. 2017a). In
the sea ice, several diatoms species and many bacteria pro-
duce copious amount of EPS, which accumulate as thick
gels around the cells (Ewert and Deming 2013; Carillo et al.
2015; Casillo et al. 2017a, b). In particular, abundant EPS
production from cold-adapted microorganisms can alter the
microstructure and the desalination process of growing ice
(Krembs et al. 2011). These polymers are able to interact
with ice boundaries and inhibit their growth, to avoid cell
lysis.

To better correlate these polymers to the bacterial sur-
vival in extreme habitats, it is necessary to characterize
new polysaccharides. In addition, since the technologi-
cal potential of these polymers is high in food industry,
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cryopreservation, and agriculture, the discovering of
relationships among the structure and the properties is
mandatory.

Psychrobacter arcticus strain 273-4 was isolated from
permafrost sediment cores in the Kolyma lowland (Siberia,
Russia) (Bakermans and Nealson 2004); it is considered a
psychrotolerant bacterium and represents a model for cold-
adaptation mechanisms in permafrost (Ayala-del-Rio et al.
2010). In previous papers, the core and the lipid A from P.
arcticus have been in-depth analyzed (Casillo et al. 2015,
2018b). Transmission electron microscopy analysis of P.
arcticus revealed the presence of a capsule layer around
the cells grown in high salinity conditions (Ponder et al.
2008). In this paper, we report the isolation, purification
and structural characterization of the capsular polysac-
charide produced by P. arcticus. Furthermore, its thermal
hysteresis (TH) and ice recrystallization inhibition (IRI)
activity are reported.

Materials and methods
Bacterial growth and polysaccharide extraction

Psychrobacter arcticus strain 273-4 was grown in
Luria-Bertani (LB) medium supplemented with 5% w/v
NaCl at 4 °C in aerobic condition. When the liquid cul-
tures reached late exponential phase, bacterial cells were
separated from the supernatant through centrifugation
(9000 rpm, 4 °C for 20 min). Cells were extracted with
phenol/chloroform/petroleum ether (PCP) (2:5:8) (Galanos
et al. 1969), and then through the phenol/water method
(Westphal and Jann 1965). The PCP extract was analysed
elsewhere (Casillo et al. 2015, 2018b). The aqueous phase
was extensively dialyzed against water (cut-off 3500 Da)
and freeze-dried (240 mg).

TEM

The samples were prepared for Transmission Electron
Microscopy (TEM) observations as detailed in Escalera
et al. 2014. Briefly, specimens were fixed with 2.5% glu-
taraldehyde, post-fixed with 1% osmium tetroxide, dehy-
drated in a graded ethanol series further substituted by
propylene oxide and embedded in Epon 812 (TAAB,
TAAB Laboratories Equipment Ltd, Berkshire, UK).
Ultrathin sections (60 nm thick) were collected on nickel
grids and stained with uranyl acetate and lead citrate and
TEM images were acquired with a Zeiss LEO 912AB TEM
(Zeiss, Oberkochen, Germany) operating at an accelerating
voltage of 80 kV.
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DOC-PAGE analysis

Polyacrylamide gel electrophoresis (PAGE) analysis was
performed using the system of Laemmli (1970) with
sodium deoxycholate (DOC) as detergent (Ricciardelli
et al. 2019). The extract was visualized after silver staining
and Alcian Blue as previously described (Tsai and Frasch
1982).

Polysaccharide purification

The freeze-dried material (240 mg) was resuspended
in 30 mL of digestion buffer containing TRIS/EDTA
(10 mM/1 mM) and 10 mM MgCl,. After addition of 4 mg
of RNAse and DNAse (Sigma) the sample was incubated
for 16 h at 37 °C, followed by 60 °C for 2 h after addition
of 2 mg of protease (Protease from Streptomyces griseus,
Sigma). After dialysis against water (cut-off 3500 Da) it
was freeze-dried. The material (68 mg) was resuspended
in 7 mL of 5% aqueous CH;COOH and hydrolyzed at
100 °C for 3 h, then centrifuged at (11.5g-force, at 4 °C
for 30 min. The pellet was washed three times with water,
and the supernatants obtained following each centrifuga-
tion were combined and lyophilized.

The material (48 mg) was resuspended in water
and fractionated on a Biogel P-10 column (Biorad,
1.5x 110 cm, flow rate 14.4 mL/h, fraction volume
2.5 mL), eluted with pyridinium acetate buffer (pH 5.0,
0.05 M pyridine, and 0.05 M acetic acid). The first frac-
tion, which eluted with the void volume, contained pol-
ysaccharidic material (5 mg), while later fractions con-
tained oligosaccharide core material (data not shown).
The polysaccharidic material was loaded on a Sephacryl
S-400HR column (Sigma, 1 X 110 cm, flow rate 16.2 mL/h,
fraction volume 2.5 mL) eluted with ammonium hydrogen
carbonate (0.05 M), yielding 1.5 mg of pure CPS.

Chemical analyses

Monosaccharides were analyzed as acetylated methyl
glycosides (MGA). The methanolysis and the acetylation
were performed as already described (Casillo et al. 2015).
The absolute configuration of the glucose was determined
by gas chromatography—mass spectrometry (GC-MS)
analysis of its acetylated (S)-2-octyl glycosides (Leontein
et al. 1978). All the derivatives were analyzed using an
Agilent Technologies gas chromatograph 7820A equipped
with a mass selective detector 5977B and an HP-5 capil-
lary column (Agilent, 30 m X 0.25 mm i.d., flow rate 1 mL/
min, He as carrier gas). Acetylated methyl glycosides were
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analyzed using the following temperature program: 140 °C
for 3 min, 140 °C — 240 °C at 3 °C/min. For the octyl-
glycosides the analysis was performed at 150 °C for 5 min,
then 150 °C — 240 °C at 6 °C/min, and 240 °C for5 min.

NMR spectroscopy

For the complete structural characterization 'H,'*C 1D and
2D NMR spectra were recorded using a Bruker 600 MHz
spectrometer. CPS sample was dissolved in 550 pL of D,0,
at 298 K. Two-dimensional correlation spectroscopy (‘H-'H
COSY), total correlation spectroscopy (‘H-'H TOCSY),
rotating frame Overhauser enhancement spectroscopy
("H-'"H ROESY), distortionless enhancement by polari-
zation transfer-heteronuclear single quantum coherence
('H-'3C DEPT-HSQC) and heteronuclear multiple bond
correlation ("H-'3C HMBC) experiments were performed.
Spectra were calibrated with internal acetone-dy (lH, at o
2.225 ppm and '*C at § 31.45 ppm).

Thermal hysteresis and ice recrystallization
inhibition (IRlI) measurements

Thermal hysteresis of CPS from P. arcticus was measured
as previously described (Braslavsky and Drori 2013; Ste-
vens et al. 2015). Briefly, samples were suspended in type
B immersion oil as droplets and snap-frozen on a Clifton
nanoliter stage using a Newport model 3040 temperature
controller. The ice was melted to obtain a single ice crystal.
The temperature was decreased below the melting point by
0.005 °C every 4 s. Images and videos were captured using
a Panasonic WV-BL200 digital camera.

IRI was performed exactly as described in Graham et al.
2018 in 25 mM Tris—HCI (pH 7.8), 150 mM NaCl and
0.01 mg/mL bovine serum albumin, using sapphire slides
with 95 pm deep wells.

Results and discussion
CPS extraction and purification

The presence of a capsular structure around the cells of P.
arcticus 273-4 when the cells were grown in 16% NaCl was
previously reported by Ponder et al. (2008). To detect if the
capsule was produced also in the salinity condition used in
this work (5% NaCl), a transmission electron microscopy
experiment was performed. Results reported in Fig. 1 con-
firmed the polysaccharide coating in these growth condi-
tions, too.

The cells of P. arcticus grown in high salinity conditions
(NaCl 5%) were extracted by PCP and then by phenol/water
method as already reported (Casillo et al. 2015). The water

Fig. 1 TEM image of P. arcticus grown in NaCl 5%
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Fig.2 Analysis of the water extract fraction from P. arcticus 273-4 by
14% DOC-PAGE. The sample was stained with Alcian blue dye, fol-
lowed by silver nitrate staining

extract was extensively dialyzed against water, and then lyo-
philized. The purity of the extracted material was evaluated
by means of 14% DOC-PAGE. The analysis revealed the
presence of bands corresponding to the lipooligosaccharide
(LOS) (Casillo et al. 2015), together with those correspond-
ing to a CPS to and nucleic acids (Fig. 2). The presence of
nucleic acids was confirmed by the glycosyl analysis, since
the monosaccharide ribose was found. Therefore, the crude
extract was digested with DNases, RNases, and proteases,
to remove contaminating nucleic acids.

After dialysis against water an aliquot of the digested
extract was subjected to the monosaccharide compositional
study. The investigation mainly revealed the presence of glu-
cose (Glc), with traces of galactose (Gal), rhamnose (Rha),
2-amino-2-deoxy-glucose (GlcN) and N-acetyl-muramic
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acid (NAM) belonging to the LOS, confirming its presence
in the aqueous extract. The absence of ribose in sugar analy-
sis confirmed the elimination of nucleic acids.

The molecular weights of CPS and LOS species were
expected to be very different, based on the DOC-PAGE anal-
ysis. Nevertheless, the well-known capability of the LOS to
aggregate in aqueous solution did not allow the separation
of the two molecular species by size exclusion chromatogra-
phy. Therefore, the sample was hydrolyzed under mild acidic
conditions to cleave the glycosidic linkage between the lipid
A and the core oligosaccharides. The obtained supernatant
mixture containing the CPS and the core oligosaccharides
of the LOS was purified on a Biogel P-10 chromatography
column, using pyridinium acetate buffer as eluent. Two frac-
tions were obtained, the first of which, eluted in the void
volume, contained the higher molecular weight material.
The last was further purified on Sephacryl S-400HR chro-
matography column, using ammonium hydrogen carbonate
as eluent, obtaining a purer fraction of the CPS (Fig. 3).

The CPS was deeply investigated by chemical analysis
and NMR spectroscopy. Sugar analysis of the pure com-
pound showed the presence of only p-glucose; the sugar resi-
due 5,7-diacetamido-3,5,7,9-tetradeoxy-L-glycero-L-manno-
non-2-ulosonic acid (Pse5Ac7Ac) was identified through the
NMR data (see below).

NMR analysis
The assignment of 'H and '3C resonances was obtained

from the study of "H,'"H and 'H,"3C two-dimensional
NMR experiments COSY, TOCSY, ROESY, DEPT-HSQC

(a) n

& by =
X

8 3
=

O

=

§

‘j:

(o]

4

Volume (mL)

Fig. 3 a Elution profile and b 14% DOC-PAGE analysis of the puri-
fied CPS from P.arcticus
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Fig.4 'H-'*C DEPT-HSQC of P. arcticus CPS in D,0 at 600 MHz
at 298 K: a —CH; methyl, -CHj; acetyl, and —CH,-region; b -CHOH
and—-CHNH-region; ¢ anomeric region

(Fig. 4), and HMBC. The 'H NMR spectrum of the CPS
revealed two signals in the region of anomeric protons. The
anomeric resonances of residue A at 8 5.05/97.5 ppm and B
at 6 4.58/103.4 ppm (Fig. 4) suggested an a-linked residue
for A, and a B-linked residue for B. The "H,'H correlations
in COSY and TOCSY experiments, together with the *C
chemical shifts, supported the presence of gluco-configured
residues. Furthermore, inter-residue 'H,'H NOEs were
observed from H1 of B to its H3 and H5 resonances. The
13C chemical shifts for residue B revealed a terminal non-
reducing Glc. The small glycosylation shifts observed for the
C4 resonances (Table 1) of residue A suggested a substitu-
tion at this position with a keto sugar (Bock et al. 1994).
NMR spectroscopy indicated that the CPS also includes a
derivative of 5,7-diacetamido-3,5,7,9-tetradeoxy-L-glycero-
L-manno-non-2-ulosonic acid (N, N-diacetyl-pseudaminic
acid, Pse5Ac7Ac) in the repeating unit. Indeed, the
Pse5Ac7Ac proton and carbon chemical shifts (residue
C) were identified starting from the diastereotopic protons
H-3ax and H-3eq at & 1.68 and 2.62 ppm, respectively. The
relatively large J3, 3.~ 14 Hz and J;, 4~ 13 Hz values, indi-
cated that the OH-4 occupies the equatorial position (Tsvet-
kov et al. 2001). Furthermore, in the HMBC spectrum these
protons showed a cross peak correlation with the carbon
at 8 101.8 ppm, thus confirming the presence of 3-deoxy-
2-ulosonic acid. The coupling constant values of this residue
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Table1 "Hand “C NMR Residue ~ H-1  H2  H3 H4 HS5 H6 H7 HS8 HOI
assignments of the repeating C-1 C-2 C3 C-4 C5 C-6 C-7 Cc-8 C9
unit of the CPS from P. arcticus
strain 273-4. The spectra were A 5.05 352 337 3.59 3.85 3.76,3.85
recorded at 298 K at 600 MHz 4apGle 975 721 708 738 732 617
B 4.58 320 3.52 3.36 349 3.74,3.90
t-f-p-Glc 103.4 74.2 76.6 70.8 77.0 61.9
C 172.6 101.8 1.68,,,2.62 . 3.92 4.38 4.02 4.28 443 129
4,8-p-Pse 33.8 72.0 47.1 72.4 53.6 78.5 16.0

Chemical shifts for NAc: 2.04/23.1 (CH,), 173.6 (CO) 1.97/22.9 (CH;), 174.2 (CO)

[—>4)-(1-D-Glc-( 1 —>4)-B-PseSAc7Ac-(2—>] n
8

T
t-B-D-Gle

Scheme 1 Trisaccharide repeating unit of the CPS isolated from P.
arcticus 273-4

together with its carbon chemical shifts were similar to those
reported for pseudaminic acid already published (Tsvetkov
et al. 2001; Perepelov et al. 2005), thus confirming the pres-
ence of this residue.

Finally, the difference of 0.94 ppm between the H-3,,
and H—Seq values, together with the chemical shift of its C-6
allowed to establish a f-configuration for the Pse5Ac7Ac
(Tsvetkov et al. 2001; Knirel et al. 2003).

'H,13C-13 DEPT-HSQC (Fig. 4) spectrum showed that
the H-5 and H-7 signals at 6 4.38 and 4.28 ppm correlated
with nitrogen-bearing carbons at & 47.1 and 53.6, respec-
tively. The H-5 and H-7 downfield chemical shifts sug-
gested the presence of acetyl groups on their corresponding
carbons.

The determination of the sequence of the sugar residues
in the repeating unit was based on the HMBC experiment.
In this experiment, cross peaks between H-1 of A and C-4
of C, H-1 of B and C-8 of C. Since the C-2 of C showed
only intra-molecular correlations with H3eq and H3ax, the
linkage between residue C and A was deduced on the basis
of the glycosylation shift of the C-4 of residue A.

All the above-described data allowed us to establish the
repeating unit of the CPS from P. arcticus (Scheme 1).

Thermal hysteresis and ice recrystallization
inhibition activity

Initially, the structure of the capsular polysaccharide pro-
duced by P. arcticus attracted our attention for its possible
interaction with ice, as already found for other polysaccha-
rides produced by cold-adapted bacteria (Carillo et al. 2015;
Casillo et al. 2017a, b). To verify this, thermal hysteresis

(freezing point depression) measurements and ice recrystal-
lization inhibition (IRI) activity assays were performed. Ice
crystals formed in the presence of 10 mg/mL of CPS formed
round discs, similar to those formed in buffer alone, and did
not show any facets or crystal shaping typical of antifreeze
proteins (Fig. 5a—c). In addition, this disc would grow or
shrink with slight changes (+0.002 °C) in temperature, indi-
cating a lack of thermal hysteresis activity.

The IRI activity of the CPS from P. arcticus was also
tested and compared with the activity of a fish antifreeze
protein, used as positive control (Fig. 5d—i). High concentra-
tions (10 mM) of CPS did not show any IRI as recrystalliza-
tion was comparable to the buffer control. In contrast, anti-
freeze protein was effective at a concentration three orders
of magnitude lower than that of CPS.

Conclusions

In this paper, the structure of the capsular polysaccharide
isolated from Psychrobacter arcticus 273-4 has been elu-
cidated and reported. The polysaccharide displays a trisac-
charide repeating unit, containing two glucose residues and
a pseudaminic acid. The pseudaminic acid residue was iso-
lated and characterized for the first time in the 1985, from
the O-chain of the LPS of Pseudomonas aeruginosa O7 and
009 and Shigella boydii type 7 (Knirel et al. 1985). To date,
the presence of this sugar is reported for several O-antigens,
capsular and extracellular polysaccharides (Perepelov et al.
2005; Senchenkova et al. 2014, 2015; Kaszowska et al. 2016;
Lee et al. 2018), mainly from pathogenic Gram-negative
bacteria, suggesting a potential role in host—bacterial inter-
actions (Zunk and Kiefel 2014). At the best of our knowl-
edge, this is the first time that this unusual sugar is found as
a component of CPS from a cold-adapted microorganism.
Our finding of the crucial role that capsular and medium
release polysaccharides play in the cold adaptation mecha-
nisms of psychrophiles has driven the search for new poly-
saccharide molecules. Unlike the finding for the CPS and
EPS isolated from Colwellia psychrerythraea 34H, the ther-
mal hysteresis and IRI assays displayed no activity for the P.
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Fig.5 Ice crystals formed in the
presence of 10 mM CPS from
P. arcticus (a, d, g), buffer (b,

e, h) or positive control (c, f, ).
The shapes of the ice crystals
formed during thermal hyster-
esis measurements are shown in
a—c with the scale bar represent-
ing 10 pm. d-i Show ice recrys-
tallization (or lack thereof) in

a flash-frozen layer of ice at
time zero (d-f) and after 21 h
incubation at —6 °C (g-i).

The scale bar in d represents

1 mm. The positive control was
type III antifreeze protein, at a
concentration of ~1 mM (c¢) or

1M (£, i)

arcticus CPS. The lack of activity could be attributed to the
absence of the amino acids decorating the active molecules,
and the absence of galacto-configured sugars, a feature that
could negatively affect the IRI activity. Furthermore, the
CPS from P. arcticus could display a protective function,
since it is exposed to higher temperature fluctuations than
microorganisms living in the sea-ice.
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