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Abstract

Microrganisms from sea ice, glacial and subglacial environments are currently under investigation
due to their relevant ecological functions in these habitats, and to their potential biotechnological
applications. The cold-adapted Colwellia psychrerythraea 34H produces extracellular
polysaccharides with cryoprotection activity. We here describe the purification and detailed
molecular primary and secondary structure of the exopolysaccharide (EPS) secreted by C.
psychrerythraea 34H cells grown at 4°C. The structure was determined by chemical analysis and
NMR. The trisaccharide repeating unit of the EPS is constituted by a N-acetyl quinovosamine unit
and two residues of galacturonic acid both decorated with alanine. In addition, the EPS was tested
in vitro showing a significant inhibitory effect on ice recrystallization. In-depth NMR and
computational analysis suggest a pseudohelicoidal structure which seems to prevent the local
tetrahedral order of the water molecules in the first hydration shell, and could be responsible of the
inhibition of ice recrystallization.

As cell cryopreservation is an essential tool in modern biotechnology and medicine, the
observations reported in this paper could pave the way for a biotechnological application of
Colwellia EPS.
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1 Introduction

The cryosphere, covering about one-fifth of the surface of the Earth, comprises several
components: snow, river and lake ice; sea ice; ice sheets, ice shelves, glaciers and ice caps;
and frozen ground which exist, both on land and beneath the oceans (Vaughan et al., 2013).
All these habitats, combining the low temperature and the low liquid water activity, are
challenging for all the forms of life (Casanueva, Tuffin, Cary, & Cowan, 2010).

The interface between solid and liquid water is an important environment for the survival of
life at low temperatures. This includes melt water cryoconite holes and brines, where energy
sources such as sunlight and reduced chemical compounds support life (Boetius, Anesio,
Deming, & Mikucki, 2015). These extreme environments are inhabited by microorganisms
of all three domains of life. In particular, those belonging to Bacteria and Archea can be
classified as psychrophilic and psychrotolerant (Deming, 2009). Psychrophiles predominate
in marine ecosystems, where the abyssal oceanic waters are permanently cold (< 5°C),
whereas cold-adapted microorganisms isolated from terrestrial environments are mostly
considered as psychrotolerant (De Mayeer, Anderson, Cary, & Cowan, 2014).

All these microorganisms have devoleped strategies to thrive and proliferate in such
inhospital environments (De Mayeer et al., 2014; Deming, 2009; Feller & Gerday, 2003).
Archaea (Cavicchioli, 2006), yeasts (Buzzini, Branda, Goretti, & Turchetti, 2012), diatoms
(Aslam, Cresswell-Maynard, Thomas, & Underwood, 2012), fungi (Tsuji et al., 2013), and
bacteria (Chattopadhyay, Reddy, & Shivaji, 2014; Deming, 2010) share very similar
mechanisms of adaptation to low temperature that comprise the overexpression of cold-
shock, the presence of unsaturated and branched fatty acids that maintain membrane fluidity
(Chattopadhyay, 2006), the different phosphorylation of membrane proteins and
lipopolysaccharides (Carillo et al., 2011; Carillo et al., 2013; Casillo et al., 2015; Corsaro et
al., 2004; Corsaro et al., 2008; Ray, Kumar, & Shivaji, 1994a; Ray, Kumar, & Shivaji,
1994b), and the production of cold-active enzymes (Huston, Methe, & Deming, 2004),
antifreeze proteins (AFPs) and antifreeze glycoproteins (AFGPs), and cryoprotectants
(Deming, 2009). Among cryoprotectants, carbohydrate-based extracellular polymeric
substances (EPSs) have a pivotal role in cold adaptation, as they form an organic network
within the ice, modifying the structure of brine channels and contributing in the enrichment
and retention of microrganisms in ice (Krembs, Eicken, Junge, & Deming, 2002; Krembs,
Eicken, & Deming, 2011; Ewert & Deming, 2013). In the sea ice several diatoms species
and many bacteria produce copious amount of EPS which accumulate as thick gels around
the cells (Ewert & Deming, 2013). In particular, abundant EPS production from cold-
adapted microorganisms can alter the microstructure and the desalination process of growing
ice (Krembs et al., 2011).

Microbial EPS are complex and large polymers, composed of three or four types of
monosaccharides, including pentoses, hexoses, aminosugars and uronic acids. These
monosaccharides can be assembled in linear or ramified repeating units, and can be
decorated by sulphate, phosphate, organic acids, and, as recently shown, by aminoacids
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(Carillo et al., 2015; Mancuso Nichols, et al., 2005a; Mancuso Nichols, Guezennec, &
Bowman, 2005b).

While there is a body of information in the literature about the properties of these polymers
(Carridn, Delgado, & Mercadg, 2015; Li, Zhou, Zhang, Wang, & Zhu, 2008; Qin, Zhu,
Chen, Wang, & Zhang, 2007; Sung & Joung, 2007), only few structures of EPS from Arctic
and Antarctic marine bacteria have been fully elucidated (Corsaro et al., 2004; Carillo et al.,
2015; Liu et al., 2013). In addition, due to their ability to thrive in extreme environments,
cold-adapted bacteria can be considered un untapped reservoir of molecules with a broad
range of unexplored application.

Colwellia psychrerythraea 34H is an obligately marine and psychrophilic -
proteobacterium, isolated from subzero Arctic sediments and found also in sea ice from the
Antarctic (Methe et al., 2005). This strain has been reported to produce cryoprotectant
carbohydrate polymers, EPS (Marx, Carpenter, & Deming, 2009) and capsular
polysaccharide (CPS); in particular, our previous work has described the structure of CPS
decorated with threonines, that mimicks anti-freeze glycoproteins (Carillo et al., 2015). In
this paper we report the structure of the EPS, which hitherto was not elucidated (Marx et al.,
2009). Furthermore we describe the anti-freeze properties and the conformation of the
polymer.

2 Materials and methods

2.1 Cell growth

C. psychrerythraca 34H (Methé et al., 2005) was grown aerobically at 4 °C in Marine Broth
medium (DIFCO 2216). When the liquid culture reached late exponential phase (ODggg =
2), cells were harvested by centrifugation for 20 min at 5000 rpm and 4 °C.

2.2 EPS purification

C. psychrerythraea strain 34H was grown at 4°C in Marine Broth medium; the bacteria were
removed by centrifugation (11.4 g, 30 min, 4°C), and the supernatant (2 L) was dialyzed
against water (Spectra-Por, cut-off 10-12000 Da) obtaining 1.9 g.

An amount of 200 mg of growth broth was hydrolyzed with 5% aqueous CH3COOH (20
mL, 100 °C, 3 h). The resulting suspension was then centrifuged (11.4 g, 4 °C, 30 min). The
pellet was washed twice with water, and the supernatant layers were combined and
lyophilized (170 mg). The supernatant portion (160 mg) was then fractionated on a
Sephacryl S-400 HR column (GE Healthcare, 1.5 x 95 cm, flow 16.8 mL/h, fraction volume
2.5 mL), eluted with 0.05 M ammonium hydrogen carbonate obtaining two fractions. The
first, eluted with the void volume, contained a mixture of saccharidic material (11 mg),
while the second was constituted by medium components.

The saccharidic portion was further purified on a Q-Sepharose fast flow ion exchange
chromatography (GE Healthcare, 1 x 35 cm, flow rate 23 mL/h, fraction volume 2 mL)
eluted with 0.1 to 1 M NaCl, obtaining a pure fraction containing the EPS (0.8 mg, yield
0.04%).
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2.3 DOC-PAGE analysis

PAGE was performed using the system of Laemmli (Laemmli, 1970) with sodium
deoxycholate (DOC) as detergent, as already reported (Carillo et al., 2015). LPS, CPS and
EPS bands were visualized by Alcian blue staining, as previously described (Al-Hakim &
Linhardt, 1990; Tsai & Frasch, 1982)

2.4 Sugar and amino acid analysis

Monosaccharides were analyzed as acetylated methyl glycosides, as already reported
(Carillo et al., 2015). The absolute configuration of the sugars was determined by gas
chromatography analysis of their acetylated (S)-2-octyl glycosides, while the absolute
configuration of the amino acid residue was inferred by analyzing its butyl ester derivative
(Carillo et al., 2015; Leontein, Lindberg, & Lonngren, 1978). All the samples were analyzed
on an Agilent Technologies 6850A gas chromatograph equipped with a 5973N mass-
selective detector, as already reported (Carillo et al., 2015).

2.5 NMR Spectroscopy

1H and 13C NMR spectra were recorded using a Bruker Avance 600 MHz spectrometer
equipped with a cryoprobe. All two-dimensional homo- and heteronuclear experiments
(double quantum-filtered correlation spectroscopy, DQF-COSY; total correlation
spectroscopy TOCSY; rotating-frame nuclear Overhauser enhancement spectroscopy,
ROESY; nuclear Overhauser effect spectroscopy, NOESY; distortionless enhancement by
polarization transfer—heteronuclear single quantum coherence, 1H-13C DEPTHSQC;
heteronuclear multiple bond correlation, 1H-13C HMBC; and 2D F2-coupled HSQC) were
performed using standard pulse sequences available in the Bruker software. The mixing time
for TOCSY experiment was 100 ms. NOESY experiments were performed at mixing times
of 50, 70, 100, 150, and 200 ms, in order to identify genuine NOEs effects. Chemical shifts
were measured at 310 K in D,O. TOCSY (mixing time 100 ms) and NOESY (mixing time
150 and 200 ms) experiments were also performed in H,O/D,0 9:1.

2.6 Structure Calculations

A simplified model of the polysaccharide having five repetitions of the trisaccharide A-B-C
was constructed through the carbohydrate builder within the Glycam web server, (http://
www.glycam.com.) while the Ala residue attached to the galacturonic acid was constructed
by the Maestro package of the Schroedinger Suite 2014. Restrained simulated annealing
(SA) calculations were performed on M1 using the AMBER 14.0 package (Case et al.,
2014) with sugars described by the latest GLYCAMO06 force field (GLYCAM_06j-1)
(Kirschner, et al., 2008); parameters for Ala residue were retrieved from the ff14sb force
field within the AMBER 14.0 package as well as missing bond parameters. Parameters for
restrained SA, clustering and GIST calculations are reports in Supporting information.

2.7 Ice Recrystallization Inhibition assay

Ice recrystallization inhibition was measured using a modified splat assay (Congdon,
Notman, & Gibson, 2013). A 10 uL sample of hydrogel dissolved in PBS buffer (pH 7.4)
was dropped 1.40 m onto a chilled glass coverslip sat on a piece of polished aluminium
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placed on dry ice. Upon hitting the chilled glass coverslip, a wafer with diameter of
approximately 10 mm and thickness 10 pum was formed instantaneously. The glass coverslip
was transferred onto the Linkam cryostage and held at =6 °C under N, for 30 minutes.
Photographs were obtained using an Olympus CX 41 microscope with a UIS-2 20x/0.45/
00/0-2/FN22 lens and crossed polarizers (Olympus Ltd, Southend on sea, UK), equipped
with a Canon DSLR 500D digital camera. Images were taken of the initial wafer (to ensure
that a polycrystalline sample had been obtained) and after 30 minutes. Image processing was
conducted using Image J (http://imagej.net/), which is freely available. In brief, ten of the
largest ice crystals in the field of view were measured and the single largest length in any
axis recorded. This was repeated for at least three wafers and the average (mean) value was
calculated to find the largest grain dimension along any axis. The average of this value from
three individual wafers was calculated to give the mean largest grain size (MLGS). This
average value was then compared to that of a PBS buffer negative control providing a way of
quantifying the amount of IRI activity.

3 Results and Discussion

3.1 Cell growth, EPS extraction, purification and characterization

A previous investigation had showed the existence of extracellular polysaccharides in
Colwellia psycherythraea 34H growth medium, with cryoprotectant function and apparent
ice-affinity (Marx et al., 2009). Moreover, we found that C. psychrerythraca 34H cells were
surrounded by a capsule (CPS), the structure of which mimics anti-freeze glycoproteins
(AFGPs) (Carillo et al., 2015). Then, as the CPS can be found both as cell-membrane
associated and released in the culture medium, we checked if the released polymeric
carbohydrates were constituted exclusively by CPS.

C. psychrerythraea strain 34H was grown aerobically at 4°C in Marine Broth medium until
late exponential phase, then the cells were separated from spent medium by gentle
centrifugation. Both resulting fractions (i.e. cell pellet and culture supernatant) were kept
and stored at -20°C. Both lipopolysaccharide (LPS), which is the major component of the
outer leaflet of bacterial external membrane (Carillo et al., 2013), and CPS molecules
(Carillo et al., 2015) were extracted and characterized. The culture supernatant was
extensively dialyzed against distilled water, and the dialysate was lyophilized. Results of
14% DOC-PAGE experiments are shown in Fig. 1. Bands at low molecular masses,
visualized by Alcian blue staining, attributable to LPS molecules were clearly detectable
(Fig. 1, lane a), together with CPS bands at higher molecular masses (Fig. 1, lanes a and c).
In addition, the Alcian blue visualized another group of bands not visible in the cells
extraction (Fig. 1, lane a).

The GC-MS analysis of the monosaccharides derivatized as acetylated methyl glycosides
(MGA), revealed that all the components of LPS and the CPS were present (Carillo et al.,
2013; Carillo et al., 2015). In addition, the analysis showed the presence of 2-amino-2,6-
dideoxyglucose (quinovosamine, QuiN) that was never identified before in the cells extracts
of Colwellia psychrerythraea.
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In order to purify the EPS, the dialysate cells supernatant was treated with acetic acid to
dissociate micellar aggregates of LPS, CPS and EPS. This procedure allows for the
separation of the saccharidic piece of LPS from the lipid A, the glycolipid moiety of the
LPS, the phosphate groups of which could be responsible of saline bridges through divalent
cations with the anionic polysaccharides. Hence, after hydrolysis and centrifugation, the
supernatant mixture was preliminarily purified on size exclusion chromatography. Two main
peaks were obtained: the first, eluted in the void volume, contained the higher molecular
weight compounds, corresponding to CPS and EPS, while the second one contained the core
oligosaccharide of LPS, and growth medium components not excluded from the dialysis
tubes (data not shown). The polysaccharides mixture, constituted by CPS and EPS, was then
chromatographed on an Q-Sepharose fast flow (GE Healthcare) ion exchange
chromatography column, eluting with a NaCl gradient from 0.1 up to 1M. A pure fraction of
EPS, eluted with 500 mM NaCl, was obtained (Fig. 1, lane b). The gel also indicated for the
EPS a molecular weight higher than CPS (Carillo et al., 2015), due to the higher migration
distance of EPS respect to the dye front of the gel (Fig. 1, lanes b and c). This time, the GC-
MS analysis of MGA showed the presence of GalA and QuiN as the main components,
together with a signal assignable to an alanine residue, on the basis of the comparison with a
pure standard. A p-configuration was determined for both monosaccharides, whereas the
alanine residue showed a L-configuration. EPS polysaccharide was then analyzed by homo-
and heteronuclear 2D NMR spectroscopy. In particular, 1H-IH DQF-COSY (double
quantum-filtered correlation spectroscopy),tH-H TOCSY (total correlation

spectroscopy), 1H-1H NOESY (nuclear Overhauser enhancement spectroscopy), 1H-13C
DEPT-HSQC (distortionless enhancement by polarization transfer-heteronuclear single
quantum coherence), *H-13C HMBC (heteronuclear multiple bond correlation) and 2D F2-
coupled HSQC experiments were performed. The DEPT-HSQC spectrum (Fig. S1 and
Table) displayed the presence of three anomeric cross-peaks at 6 5.54/100.9 (A), 4.98/100.8
(B), and 4.56/103.5 ppm (C). The anomeric configuration of the residues was established by
the one bond 13C-1H couplings constants (1Jc1-H1) Measured in a 2D F2-coupled HSQC
experiment (Fig. S2), that suggested an a-configuration for residues A and B (185 Hz and
177 Hz, respectively), and a p-configuration for residue C (164 Hz). These configurations
were further supported by a NOESY experiment (Fig. S3). Residues A and B were
recognized as galacto-configured residues based on the presence of cross-peaks from H-1 up
to H-4 in the TOCSY spectrum (Fig. S4).

Then, in the NOESY spectrum, starting from H-4, the H-5 resonance was identified. Both
these residues were assigned to 4-substituted galactopyranuronic acids since their C-4
signals were shifted downfield (6 77.9 ppm for A and & 79.4 ppm for B, respectively) with
respect to that of an unsubstituted galacturonic acid (Bock & Pedersen, 1983). In both
residues, H-5 proton signals showed in the HMBC experiment (Fig. S5a) a long-range scalar
connectivity with the C-6 carboxyl signals at 6 170.2 ppm and 6 171.0 ppm, for residues A
and B respectively. These last values were up-field shifted with respect to the reference value
(Bock & Pedersen, 1983), thus indicating that these carboxyl groups were involved in amide
linkages. Indeed, two additional spin systems of alanine residues were present. In particular,
resonances at 6 4.23/52.0 and & 1.39/19.2 ppm for the spin system Ala (D) and 4.22/52.2
and 1.42/19.2 ppm for the spin system Ala (E), attributable to CH and CH3 groups,
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respectively, were found (Fig. S1). Finally, carboxyl groups at 6 180.3 ppm and 181.2 ppm,
for D and E respectively, were revealed by the long range scalar couplings in the HMBC
experiment (Fig. S5a and b). Residue B was linked to C-4 position of residue A, as deduced
from the HMBC experiment which displayed a long range scalar correlation between H-1 of
B at & 4.98 ppm and C-4 of A at & 77.9 ppm (Fig. S5a). The correlations present in COSY
and TOCSY (Fig. S4) spectra indicated a g/uco-configuration for residue C, that was then
identified as a B-N-acetyl-quinovosamine, since in the 1H-13C DEPT-HSQC experiment its
H-2 correlated with a nitrogen bearing carbon at § 56.0 ppm (Fig. S1). In particular, NOESY
experiment measured in H,O/D,0 (Fig. 2) revealed a NOE contact between the N-H at §
8.39 ppm and H-2 of C, that in turn correlated with the methyl group at & 1.91 ppm.

Finally, this last signal showed a long range scalar connectivity with the carbonyl signal at &
175.9 ppm in the HMBC experiment (Fig. S5b). Furthermore, C-3 resonance of the same
residue, was shifted downfield (6 81.2 ppm, Fig. S1 and Table) with respect to that of an
unsubstituted quinovosamine residue (Corsaro et al., 2006; Knirel et al., 1987), suggesting a
glycosidic linkage at this position.

In fact, this carbon signal displayed a long range scalar connectivity in the HMBC spectrum
with H-1 of residue A (6 5.54 ppm), indicating that this last was linked to the C-3 position of
C. Residue C, in turn, was linked to C-4 position of B, in agreement with a long range scalar
connectivity between H-1 of C at & 4.56 ppm and C-4 of B at  79.4 ppm. The
monosaccharides sequence was confirmed by dipolar couplings revealed in the NOESY
spectrum (Fig. S3).

Finally, the substitution of the two carboxyl groups of A and B by alanine aminoacids D and
E, respectively, was deduced by NOESY (Fig. 2) and TOCSY (Fig. S6) data measured in
H,0/D,0. In particular, the amide linkage between C-6 of residue B and alanine E was
revealed from a NOE contact between the amino acid N-H (6 7.70 ppm), identified in the
TOCSY experiment, and both H-5 and H-4 signals of residue B (6 4.90 and 4.30 ppm,
respectively). In the same way, the NOE contact between N-H of D (6 7.91 ppm) and H-5 of
A (6 4.28 ppm) confirmed the substitution of A. All the above data indicated for EPS from
Colwellia psychrerythraea 34H a trisaccharidic repeating unit, as illustrated in Fig. 3.

3.2 Three-Dimensional Structure Characterization

With the aim of assessing the three-dimensional arrangement of EPS, structural information
were retrieved by NMR data and employed in molecular dynamics simulations. The NOE
connectivities in the NOESY spectra between 1,3-diaxial protons (H-3 and H-5 of A and B,
and H-1/H-3/H-5 and H-2/H-4 of C, Fig. S3), unambiguously indicated that all three sugar
moieties assume the classical “C; chair conformation. Therefore, dihedral angle constraints
were used to keep the sugar in this conformation during structure calculations. NOESY
spectra also showed interesting inter-residue NOESs that are diagnostic for the determination
of the general conformation of the polysaccharide. Particularly, strong NOEs between H-1 of
A, B and C and H-4 of C, A and B, respectively, along with strong NOEs between H-1 of A
and H-3/H-5 of C, weak NOEs between H-1 of B and H-3/H-5 of A, and between H-1 of C
and H-3/H-5 of B indicate the relative spatial orientation of the sugars (Fig. S3). The lack of
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long-range NOEs indicates that the overall structure of the polysaccharide is fairly linear.
These structural information were employed to construct a model of the EPS polysaccharide
through restrained molecular dynamics simulations. However, the molecular weight of the
purified EPS is higher than CPS molecules (Carillo et al., 2015), therefore, following the
strategy already applied in a previous study on CPS (Carillo et al., 2015), also in this case
we decided to construct and simulate a simplified model of the EPS structure. Most
precisely, a simplified model made up by five repetition of the trimer A-B-C was constructed
resulting in a 15-mer structure. An ensemble of 200 isoenergetic structures was calculated
featuring for all the considered distances a maximum violation of 0.4 A. Subsequently, these
different conformations were clustered considering the sugar ring atoms of the three central
repeats with root-mean-squared difference (rmsd) value of 1.5 A. The choice to disregard the
terminal repeats from the clustering was dictated by the fact that these are less representative
of the whole conformational behavior of the polysaccharide. By clustering the 200
conformations of our model system, 14 different clusters were obtained in which cluster
number 1 represented the 83% of the total ensemble demonstrating a good convergence of
our calculations toward a well-defined structure. For this cluster, the representative
conformation was considered (i.e. the one closest to the centroid of the cluster) for further
310 K MD simulations aimed at probing the thermodynamic stability in explicit solvent and
assessing the behavior of water molecules around the considered structure. From this
analysis, it was clear that the three central repeats adopt a fairly linear conformation that
roughly resembles a left-handed helix (Fig. 4a).

This conformation seems to be stabilized by a series of inter residue H-bond interactions. Of
particular interest is the formation of a H-bond between the amide nitrogen of the N-acetyl
quinovosamine (residue C) and the carbonyl oxygen of the adjacent galacturonic acid
(residue B). Indeed the B-glycosidic linkage of residue C forces the aforementioned atoms in
closed vicinity so as to make this interaction possible (Fig. 4b). Additional polar interactions
are further established by the alanine attached to residue B and the C2 hydroxy group of
residue A. These interactions seem to play a prominent role in the induction of a pseudo
helicoidal structure and would lock the conformation of the amino acid with respect to the
sugar skeleton. Thus, these studies would outline the importance of three structural features:
i) the amide nitrogen of quinovosamine, ii) the specific B-glycosidic linkage of this residue,
and ii) the presence of the alanine attached to the galacturonic acid.

While the aforementioned MD simulations were critical to probe the stability of the modeled
structure in explicit solvent they were also crucial in the study of the interaction of the
polysaccharide with the water itself. In particular, MD data were analyzed to estimate the
thermodynamic values for the water molecules interacting with our polysaccharide through
the Grid Inhomogeneous Solvation Theory Method (GIST) developed by Nguyen et al.
(2012).This method enables for the characterization of each region around the solute with
respect to its water occupancy, the energetic interaction with other water molecules and the
solute, and its entropic contribution. Herein, these data allowed us to visualize the regions of
the modeled polysaccharide that are more positively contacted by water molecules. In
particular, by calculating the density weighted solute-water interaction energy (kcal/mol/A3)
it was possible to visualize the regions where water molecules are found to have more
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favorable interactions with the polysaccharide (Fig. 5a). These calculations suggest that the
specific conformation induced by the polar interactions described would allow for the
energetically favored presence of a water molecule in the cage formed by residue C and its
adjacent residues A and B (before and after, respectively); as expected additional favorable
solute-water interactions areas are placed around the alanine carboxylate groups (Fig. 5a).

Moreover, in this conformation C exposes its hydrophobic face to the solvent resulting in
unfavorable interactions. The trapping of water molecules in the aforementioned cage is
further outlined by visualizing the density weighted translational and orientational entropy
maps (Fig. 5b and c). Based on these observations, the effect of the polysaccharide on the
structural order of waters in the vicinity was also evaluated. To this end, the tetrahedral order
parameter Qy was also calculated (Errington & Debenedetti, 2001); this is a measure of the
propensity of a particular water molecule and its four neighboring molecules to adopt a
tetrahedral arrangement. In this case, negative Qy values were detected in the sugar cage
described above indicating no tetrahedral geometry of water molecules in this area (Fig. 5d).
Alteration of water ability to adopt such an arrangement could be at the basis for the
antifreeze properties of EPS. Interestingly, similar results were also achieved for some
antifreeze glycoproteins by Mallajosyula et al. (2014) who demonstrated that these
perturbation effects are propagated to distant hydration layers.

3.3 Ice Recrystallization Inhibition

To assess any cryoprotective effect of this polysaccharide, ice recrystallization inhibition
(IRI) activity was measured. Antifreeze proteins, antifreeze glycoproteins and severval
synthetic polymers have been shown to be potent IRI’s (Congdon et al., 2013; Gibson,
2010). IRI has been linked to survival in frozen environments and applied to cellular
cryopreservation (Deller, Vatish, Mitchell, & Gibson, 2014; Mitchell, Cameron, & Gibson,
2015). To test this, a modified ‘splat’ assay was used. Briefly, 10 uL droplets of the
polysaccharide in PBS was dropped down a tube into a cooled (~ -70 °C) glass cover slip,
and then transferred to a microscope set at — 6 °C. After 30 minutes, the mean largest grain
size (MLGS) was measured and reported relative to a PBS control. It is worth considering
that in this assay, MLGS values below ~ 20 % indicate zero growth (as the initial crystals
cannot have zero size). The activity of the EPS is reported in Fig. 6. A positive control
(polyvinyl alcohol, PVVA) and negative control (polyethylene glycol, PEG) were also used. In
the concentration range reported, there was a clear inhibition of ice growth, which is rather
unique to this polysaccharide. For example, dextran cyclodextrins and other saccharides
have little or no IRI (Deller, Vatish, Mitchell, & Gibson, 2013).

4 Conclusions

In this study, the full characterization of the EPS primary structure and molecular dynamics
simulations have revealed a unique strategy for cold adaptation of Colwellia psychrerythraea
34H. The repeating unit is constituted by a N-acetyl-quinovosamine unit and two residues of
galacturonic acid both decorated with alanine amino acids. In-depth NMR and
computational analysis suggest a pseudohelicoidal structure which seems to prevent the
local tetrahedral order of the water molecules in the first hydration shell. Quantitative ice
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recrystallization inhibition (IRI) assays were employed to link the structural characterization
of the polysaccharide, its influence on local water structure and ice growth interactions.
Interestingly, the EPS IRI activity is comparable to the activity of synthetic polymer mimics
of antifreeze proteins, which have been found to confer cryoprotective effects (Mitchell et
al., 2015) suggesting that EPS plays a role in cold-survival. More intriguingly, the suggested
helical structure is similar to that observed in antifreeze glycoproteins (AFGP) — it should be
noted that there is no crystal structure of AFGP but a polyproline-type helix is observed in
circular dichroism spectroscopy and NMR (Tachibana et al., 2004). A second feature of AFP
and AFGP is the presence of distinct hydrophobic and hydrophilic regions which are crucial
for IRI activity. The hydrophobic face of the N-acetyl quinovosamine could contribute to
this activity alongside potential water ordering, as seen in AFPs (Sun, Lin, Campbell,
Allingham, & Davies, 2014). In consideration that very few macromolecules have been
reported to have IRI activity, the observations reported in this paper are rather significant,
thus showing all the potential use of this polymer as a cryoprotectant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Cryoprotectans are used to preserve the cellular damages due to freeze-
thaw cycles.

. Biotechnological production of new cryoprotectans is demanding.

. Colwellia psychrerythraea 34H produces a cryoprotectant
exopolysaccharide.

. The exopolisaccharide (EPS) primary and secondary structure has been
finely characterised.

. The molecular dynamics simulations (MD) suggest how the
pseudohelicoidal structure inhibits the first hydration shell.
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Analysis of the EPS fraction from Colwellia psychrerythraca 34H by 14% DOC-PAGE. The
gel was stained with Alcian blue. (a) dialysate broth, (b) purified EPS from growth broth,
and (c) purified CPS from cells.
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Fig. 2.

E)?pansion of the H-IH NOESY spectrum together with the corresponding H spectrum of
EPS from C. psychrerythraea 34H. The spectrum was performed in H,O/D,0 9:1 at 310K.
NH relevant cross-peaks for alanines D and E, and quinovosamine C. Correlations’
attribution follows the letters system of Table; in black and red are reported intra-residues
and inter-residues correlations, respectively.
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—0OH

Fig. 3.
Primary repeating trisaccharide structure of the EPS produced by C. psychrerythraea 34H.
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b)

179k

Fig. 4.

Front (a) and zoomed (b) view of the representative structure of EPS as calculated by
restrained SA calculations. Residues A and B are represented as orange sticks while residue
C as cyan sticks. H-bonds are represented as dashed blue lines.
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Fig. 5.

A\?erage structure of EPS polysaccharide deriving from the 20 ns MD production run (a-d).
Residues A and B are represented as orange sticks while residue C as cyan sticks. Cyan and
brown surfaces in (2) represent the regions of the density weighted solute-water interaction
energy for an isovalue of 0.67 kcal/mol/A3. Panels (b) and (c) report the density weighted
translational (blue surfaces) and orientational entropy (dark green surfaces) maps at an
isovalue -0.06 kcal/mol/A3, respectively. Panel (d) reports the regions around the solute were
a Tetrahedral Order Parameter (Qy) for surrounding waters has a value of -0.02, meaning no
tetrahedral arrangement of water molecules.
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Fig. 6.
Ice Recrystallization Inhibition activity of EPS from C. psychrerythraea 34H was compared

with PEG, used as a negative control, and PVA as a positive. Mean largest grain size is
expressed as a percentage of PBS buffer, and small MLGS value indicate increased IRI
activity.
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1H and 13C NMR assignments of EPS from C. psychrerythraea 34H. Spectra were recorded in D,O at 310K at

600 MHz using acetone as external standard (64/6¢ 2.22/31.5 ppm).

Residue HI H2 H3 H4 H5 He
CI C2 C3 C4 C5 Cb
A 554 387 397 446 428 -
4-a-D-GalpA6LAIa(D) 1009 69.0 69.8 779 720 1702
B 498 363 395 430 490 -
4-a-D-GalpAGLAIA(E) 100.8 69.6 707 794 730 1710
c 456 374 372 339 337 127
3-B-D-QuipNAC 1035 560 812 77.7 725 184

Additional chemical shifts:

NAcC: at & 1.91/24.0 (CH3), 175.9 (CO)

Ala (D): at & 4.23/52.0 (CH), 1.39/19.2 (CH3), 180.3 (COOH), 7.91 (NH, H20/D20)
Ala (E): at & 4.22/52.2 (CH), 1.42/19.2 (CH3), 181.2 (COOH), 7.70 (NH, H20/D20)
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