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SUMMARY

Marine bacteria have considerable importance as sources of biologically active
products. Marine microorganisms that live in cold regions have been largely
underexplored, and may be endowed with interesting chemical repertoire. The
microorganisms that thrive in these cold environments are referred to as
psychrophiles or cold-adapted bacteria and are able to produce a large number of
bioactive compounds, such as antimicrobial, anti-fouling and various
pharmaceutically-relevant activities.
In this contest, the aim of my PhD project was the research of new bioactive
compounds of biotechnological interest from Polar marine bacteria. In particular, |
focused my attention on three classes of molecules:

I.  Antimicrobial volatile organic compounds (VOCSs);

[I.  Anti-biofilm molecules;

lll.  Cryoprotectant compounds.

e Partl

In order to explore the Pseudoalteromonas haloplanktis TAC125 (P.haloplanktis
TAC125) chemical diversity as source of bioactive compounds, a suitable synthetic
growth medium was developed, containing D-gluconate and L-glutamate as carbon,
nitrogen and energy sources (GG medium). The definition of a synthetic medium is
necessary for the scale up of P. haloplanktis TAC125 growth in automatic
bioreactors. Moreover, a defined “minimum” medium could enhance the secondary
metabolites production, and it surely makes their purification easier. Preliminary
studies demonstrated that some Antarctic marine bacteria are able to produce
volatile organic compounds (VOCSs) that specifically inhibit the growth of Burkholderia
cepacia complex (Bcc) strains. Amongst the tested Antarctic marine bacteria,
P.haloplanktis TAC125 was further investigated. It is known that the P.haloplanktis
TAC125 production of VOCs changes with growth medium composition. With the aim
to identify the anti-Bcc VOCs, a suitable capture trap for volatile compounds was
developed. A bioactive compound was identified, the methylamine, and its anti-Bcc
activity was demonstrated by defining the Minimum Volatile Inhibitory Concentration
(MVIC) on a panel of Bcc strains.

e Partll

Anti-biofilm molecules may have interesting biomedical applications in targeting
adhesive properties of several insidious human pathogens. Previous results showed
that the cell-free supernatant of P.haloplanktis TAC125 grown in static condition
strongly inhibited bacterial adhesion. In particular, Staphylococcus epidermidis
showed the highest susceptibility to the treatment. During this part of my PhD project
the best conditions in which P.haloplanktis TAC125 produces the anti-biofilm
compound/s were searched and a preliminary purification scheme was set up. In
particular, the effect of growth mode, culture medium composition, growth phase and
temperature was explored. The best production conditions were set as a benchmark
for the scale-up of P.haloplanktis TAC125 anti-biofilm molecule/s in bioreactor.



o Partlll

Marine cold-adapted microorganisms may be also source of another interesting class
of chemical compounds, known as cryoprotectors, as they are able to avoid ice
crystal formation inside living cells. Freeze-thaw cycles are quite common in the cold
regions, especially in Polar one. Cold-adapted microorganisms are accustomed to
being frozen within their habitats. Such organisms are also expected to have evolved
adaptations to survive repeated freezing and thawing, as these processes tend to
damage living cells and attenuate cell viability. The cold-adapted bacterium Colwellia
psychrerythraea strain 34H (C. psychrerythraea 34H), attracted particular attention
because it was reported to physically interact with sea ice crystals and secrete
cryoprotectants of polysaccharidic nature in culture medium as a survival strategy.
During my project, it was demonstrated that C. psychrerythraea 34H cells are
covered by a capsula: the determination of chemical composition of purified capsular
material revealed a novel polysaccharidic structure. Indeed the capsula was made by
a linear tetrasaccharide repeating unit containing two amino sugars and two uronic
acid, one of which is amidated by a threonine. The presence of an amminoacidic
decoration of the capsular polysaccharide is quite uncommon in marine bacteria, but
more intriguing is the decoration with Thr residues, as glycosilated Thr residues are
essential for the interaction of anti-freeze glycoproteins (AFGPSs) with ice crystals. In
line with this indirect observation, in vitro assays demonstrated that the C.
psychrerythraea 34H capsular polysaccharide is endowed with ice re-crystallization
inhibition activity.



RIASSUNTO
Premesse scientifiche:

I microrganismi che colonizzano gli habitat marini sono produttori di un variegato
numero di metaboliti secondari. Ad oggi € nota la struttura di almeno 17.000
biomolecole di origine marina, ma la maggior parte di queste proviene da organismi
che vivono in ambienti temperati o tropicali. Meno del 3% del totale, invece, proviene
da organismi che vivono in ambienti estremi come gli ecosistemi polari, la cui
biodiversita & ancora largamente inesplorata.

Le regioni polari rappresentano, quindi, dei laboratori unici per lo studio dei
meccanismi molecolari che gli organismi utilizzano per sopravvivere e adattarsi a
condizioni estreme. Microrganismi che vivono in queste regioni sono chiamati
psicrofili o adattati al freddo.

Particolarmente interessante e oggetto di studio presso il laboratorio dove e stato
svolto il mio progetto di dottorato € il batterio psicrofilo Gram-negativo
Pseudoalteromonas haloplanktis TAC125 (P.haloplanktis TAC125) il cui genoma é
stato completamente sequenziato e annotato nel 2005 da Medigue et al. Questo
batterio, per il quale sono gia disponibili sistemi genetici per I'espressione
ricombinante di geni e per la creazione di mutanti genomici per inserzione e
sostituzione, € in grado di crescere in un ampio intervallo di temperature e
concentrazioni saline raggiungendo alte densita cellulari. Attualmente viene anche
utilizzato come piattaforma tecnologica per la produzione di svariati tipi di proteine
ricombinati tra cui alcuni anticorpi e proteine di interesse biomedico. Hanno catturato
la nostra attenzione anche i microrganismi appartenenti al genere Colwellia, in modo
particolare Colwellia psychrerythraea 34H (C.psychrerythraea 34H), che é stato
isolato da sedimenti del mare Artico ed & considerato un organismo modello per lo
studio degli adattamenti al freddo. Produce molecole di elevato interesse
biotecnologico tra cui enzimi extracellulari e crioprotettori.

Il mio progetto di dottorato si inserisce nellambito della ricerca di nuove molecole
bioattive da microrganismi adattati al freddo. In particolare mi sono occupata di
molecole volatili ad attivita antimicrobica, molecole anti-biofilm e di composti ad
attivita crioprotettrice.

Obiettivi:

Il mio progetto di dottorato si € incentrato su tre aspetti principali:

Parte |

La ricerca di molecole volatili bioattive ad attivita anti-microbica prodotte da P.
haloplanktis TAC125 capaci di inibire la crescita di ceppi appartenenti al cosiddetto
Burkholderia cepacia complex (Bcc).

Parte Il

Ricercare molecole ad attivita anti-biofilm prodotte da P.haloplanktis TAC125 che
sono in grado di eradicare il biofilm di Staphilococcus epidermidis. Inoltre valutare
come potenziali produttori di molecole anti-biofilm batteri marini Polari appartenenti
ad altri generi.

Parte IlI

Studiare le molecole ad attivita crioprotettrice prodotte da C.psychrerythraea 34H



Risultati e Discussione:
Parte |

Poiché la capacita dei microrganismi di produrre metaboliti bioattivi € spesso
condizionata dalla composizione e natura del terreno di coltura, si é scelto di
sviluppare un nuovo mezzo per P.haloplanktis TAC125. E stato quindi formulato il
mezzo di coltura minimo e definito GG, il quale contiene D-gluconato ed L-
glutammato quali fonti di carbonio ed energia, scelti alla luce delle preferenze del
microrganismo verso substrati di natura amminoacidica. Il GG non solo € ottimale per
la crescita di P.haloplanktis TAC125 ma ha reso possibile anche lo sviluppo di
processi di produzione in bioreattore automatizzato. Inoltre la scelta del terreno
definito potrebbe portare ad un aumento della produzione dei metaboliti secondari e
facilitarne la loro purificazione per la sua minore complessita rispetto ad un terreno
ricco.

E stato dimostrato che alcuni microrganismi marini Antartici, appartenenti al genere
Pseudoalteromonas, sono capaci di produrre molecole volatili bioattive (Volatile
Organic Compound/s, VOCSs), che hanno la capacita di inibire la crescita di alcuni
ceppi di Burkholderia cepacia complex (Bcc). | ceppi appartenenti al genere Bcc
sono patogeni opportunistici responsabili delle infezioni polmonari in pazienti affetti
da Fibrosi Cistica (FC) e sono particolarmente resistenti alla maggior parte degli
antibiotici attualmente in commercio. Solitamente i pazienti affetti da FC sono trattati
con combinazioni di due o piu antibiotici, ma neppure questa e parsa fino ad oggi
una strategia ottimale per abbattere la carica microbica. Da qui nasce la necessita di
trovare altre molecole ad azione antimicrobica specifiche per le Bcc.

E noto da letteratura che quando P.haloplanktis TAC125 cresce su un terreno
agarizzato e in grado di produrre molecole volatili bioattive contro le Bcc, quindi il
primo obiettivo é stato quello di verificare la produzione di VOCs attivi anche quando
il batterio era cresciuto in terreno liquido.

Per valutare la produzione di molecole volatili attive durante la crescita in liquido, e
stato utilizzato un bioreattore automatizzato nel quale P.haloplanktis TAC125 é stato
cresciuto in un convenzionale terreno complesso, dimostrando il rilascio di un
numero elevato di VOCs attivi. Il passo successivo € stato lo sviluppo di un sistema
efficiente per la cattura e Il'accumulo delle molecole volatili prodotte dal
microrganismo. Per realizzare cio, e stato progettato una trappola per la cattura e
'accumulo dei VOCs che ha previsto la condensazione dei gas in uscita da un
fermentatore inoculato con P.haloplanktis TAC125. Analisi di SPME-GC-MS hanno
dimostrato che P.haloplanktis TAC125 € in grado di produrre un numero discreto di
molecole volatili appartenenti a svariate classi chimiche. Data la complessita della
“lista” dei VOCs prodotti dal microrganismo in terreno ricco, € stato utilizzato |l
terreno GG in precedenza ottimizzato come mezzo di crescita. E stato dimostrato
che P.haloplanktis TAC125 non e in grado di inibire la crescita delle Bcc se cresciuto
in GG, cio conferma la dipendenza della produzione dei VOCs dalla composizione
del terreno di coltura. La mancanza di produzione dei VOCs attivi in GG ci ha
permesso di formulare un nuovo terreno di coltura il GG-metionina, ottenuto
aggiungendo al GG la metionina. L’aggiunta dellamminoacido come fonte di
carbonio/azoto al terreno definito GG ha ripristinato la capacita inibente da parte di
P.haloplanktis TAC125 sulle Bcc. Grazie alla disponibilita del sistema di cattura sono
state identificate le molecole volatili, prodotte in questa condizione attraverso analisi
di SPME-GC-MS, e tra le molecole identificate abbiamo focalizzato la nostra



attenzione sulla metilammina a causa della sua bassa tossicita per 'uomo e la facilita
di manipolazione in laboratorio. Per valutare la tossicita della metilammina sulle Bcc
e stato messo a punto un sistema per la valutazione della Minima Concentrazione

Inibente della molecola Volatile (MVIC). Ed e stata valutata la MVIC della
metilammina su un pannello pit ampio di Bcc.

Parte I

Il biofilm pud essere considerato come una comunita multicellulare, costituita sia da
procarioti che da eucarioti, immersa in una matrice che in parte é sintetizzata dalle
cellule stesse. | biofilm batterici sono responsabili, nelluomo, della maggior parte
delle infezioni persistenti. Infatti, i biofilm possono ostruire cateteri e causano
infezioni negli impianti ortopedici.

La causa piu frequente d’infezione di protesi & a carico degli Staphilococchi perché
sono microrganismi gia presenti sulla pelle umana e nelle mucose. La virulenza a
carico degli Staphilococchi € dovuta alla capacita di questi di formare biofilm su
superfici sia biotiche sia abiotiche. Tra tutti gli staphilococchi, Staphylococcus
epidermidis (S.epidermidis) e particolarmente difficile da eradicare ed € coinvolto
nella maggior parte delle infezioni croniche a carico del biofilm. Nasce quindi la
necessita di studiare nuove molecole ad attivita anti-biofilm mirate a non intaccare la
vitalita cellulare per evitare la comparsa di mutanti resistenti.

La ricerca di nuove molecole ad attivita anti-biofilm € il presupposto nel quale si
inserisce la seconda parte del mio lavoro di tesi. E gia stato dimostrato che il
surnatante di P.haloplanktis TAC125 cresciuto in statico € in grado di inibire la
formazione del biofilm di S.epidermidis.

Al fine di rendere possibile la purificazione della/e molecole bioattive, & stato
essenziale definire le condizioni di processo ottimali per la sua massima produzione.
In particolare, sono stati oggetto di valutazione ed ottimizzazione i seguenti
parametri di processo: la temperatura di crescita, la natura chimica del supporto; le
modalita di crescita stessa; I'effetto della composizione del terreno di coltura.

Le informazioni cosi ottenute sono state poi direttamente utilizzate nello sviluppo di
un processo su larga scale in un bioreattore automatizzato da tre litri. La produzione
in fermentatore permette non solo di ottenere grandi quantita di surnatante, ma
anche di recuperare le cellule cresciute in biofilm per studi di tipo fisiologico. Per la
crescita di P.haloplanktis TAC125 in fermentatore in biofilm, sono stati
appositamente studiati supporti di polistirene, che hanno permesso la formazione del
biofilm all’interfaccia tra aria e liquido. Questa strategia ha permesso una produzione
su larga scala della molecola d’interesse e di capire la diversa fisiologia delle cellule
cresciute in biofilm o in planctonico. In particolare per gli studi fisiologici, & stato
analizzato il lipopolisaccaride.

Poi si € passati ad uno screening preliminare di microrganismi appartenenti al genere
Pseudoalteromonas, Psychrobacter, e Psychromonas allo scopo di valutare la loro
eventuale capacita di produzione di molecole anti biofilm su altri patogeni.

In particolare sono state eseguite delle crescite in sessile e in plantonico di una
piccola collezione di batteri psicrofili polari. | surnatanti di queste crescite, sono stati
utilizzati per valutare linibizione della formazione di biofilm su differenti specie di
patogeni tra cui S.epidermidis, P. aeruginosa PAO1l e tre strains appartenenti al
genere Staphylococcus aureus (S. aureus).



Soltanto alcuni dei ceppi hanno mostrato avere attivita, in modo particolare
Psycrobacter sp. TAD1, P.haloplanktis TAE79, P.haloplanktis TAE80, Psychrobacter
articus 273-4 e Psycromonas artica, sono capaci di produrre molecole anti-biofilm.
Sui surnatanti di queste crescite sono state fatte delle preliminari caratterizzazioni
chimiche e si e visto che ciascuno di loro puo produrre molecole di natura differente
a seconda della modalita di crescita (plantonico o sessile). Ancora, ciascuno di questi
ceppi puo produrre molecole attive di differente natura chimica a seconda del ceppo
bersaglio su cui va ad agire. E stata inoltre fatta una caratterizzazione chimico-fisica
che ha confermato la differente natura di ciascuna delle molecole anti-biofilm.

Parte Il

| batteri freddo adattati sono capaci di produrre un’altra classe di molecole
interessanti a livello industriale: i crioprotettori. Questa classe di molecole &
essenziale per la sopravvivenza in ambienti estremi in quanto non permette la
formazione di ghiaccio nella cellula evitandone il congelamento. | crioprotettori di
origine naturale hanno svariate applicazioni biotecnologiche che vanno dall'industria
alimentare a quella medica come la crioconservazione degli embrioni.

Tra i vari batteri psicrofili notevole interesse lo ha suscitato Colwellia psychrerythraea
34H (C.psychrerythraea 34H) della quale é stato sequenziato e annotato il genoma
nel 2005.

C.psychrerythraea 34H € in grado di produrre molecole ad attivita crioprotettrice
come strategia di sopravvivenza per l'adattamento al freddo. In questo scenario,
s’inserisce l'ultima parte del mio progetto di dottorato: la ricerca di molecole ad
attivita crioprotettrice da batteri adattati al freddo.

Sono state messe a punto le condizioni di crescita per il batterio C.psychrerythraea
34H con il fine di ottenere elevate biomasse per la successiva caratterizzazione
chimica delle molecole di interesse.

Le analisi chimiche hanno mostrato che C.psychrerythraea 34H € dotata di una
capsula di natura polisaccaridica che mostra una struttura del tutto inusuale tra
qguelle note. In particolare, si presenta come un polimero la cui unita ripetitiva é
costituita da un tetrasaccaride contenente due ammino zuccheri e due acidi uronici di
cui uno ha legato un residuo di treonina. La decorazione amminoacidica su uno
zucchero & una struttura del tutto nuova e inusuale tra i batteri. E noto in letteratura
che le proteine anti-freeze di alcuni organismi superiori possono essere
caratterizzate dalla presenza di treonina che ne permettono l'interazione con il
ghiaccio.

Sulla capsula di C.psychrerythraea 34H sono stati effettuati saggi di
ricristallizzazione con il ghiaccio i quali hanno mostrato che la capsula di & capace di
interferire con la cristallizazione del ghiaccio stesso.

Risultati conseguiti:

E stato ottimizzato un terreno definito per P.haloplanktis TAC125: il GG.
L’ottimizzazione del GG ha permesso di studiare i metaboliti secondari prodotti da
P.haloplanktis TAC125. Il GG ci ha consentito non solo di fare delle crescite in
fermentatore, ma anche di facilitare la purificazione dei metaboliti secondari prodotti
da P.haloplanktis TAC125.



E stata trovata la prima molecola volatile ad attivita antimicrobica specifica contro le
Bcc da P.haloplanktis TAC125: la metilammina. Di tale molecola é stata valutata la
minima concentrazione inibente sulle Bcc

Sono state ottimizzate le condizioni di produzione della molecola anti-biofilm da
P.haloplanktis TAC125 contro S.epidermidis. In particolare sono state esplorati vari
terreni di crescita, temperature e supporti.

P.haloplanktis TAC125 produce biofilm su supporti di polistirene, la produzione della
molecola anti-biofilm e dipendente dal terreno di coltura, al contrario non dipende
dalla temperatura. Inoltre & stato definito un sistema per la crescita in biofilm in
fermentatore che ha permesso da un lato di ottenere grosse quantita di campione
per la purificazione, dall’altro di ottenere cellule cresciute in biofilm da utilizzare per
studi fisiologici.

E stato dimostrato che C.psychrerythraea 34H €& un microrganismo capace di
produrre una capsula. La struttura e di natura polisaccaridica con decorazioni
amminoacidiche. Tale molecola, la cui struttura e del tutto nuova, presenta attivita
crioprotettrice poiché e in grado di inibire il processo di cristallizazione del ghiaccio.






GENERAL INTRODUCTION



1. Marine Biotechnologies

More than 70% of the Earth’s surface is covered by the ocean which contains a vast
collection of diverse microbial communities, all interacting with each other and with
the environment around them. In fact, it is estimated that the ocean contains the
highest percentage of prokaryotic cells on Earth, with a reported 3.67 x 10*° cells [1].
It is believed that specific physiochemical properties of the marine environment, such
as pressure, temperature, pH, osmolarity, and uncommon functional groups (such as
isonitrile, dichloroimine, isocyanate, and halogenated functional groups) may result in
the production of bioactive substances with different properties from those found in
terrestrial habitats [2].

Therefore, the marine habitat continues to be a source of unique natural products
used for pharmaceutical and biotechnological applications [3]. In fact, the Roman
philosopher Plinius first described the use of marine natural organisms such as
sponges in medicinal applications, such as for the treatment of wounds, sunstroke
and infections, around 2000 years ago [4]. More than 20,000 structurally diverse
marine natural products have been isolated form marine organisms [5].

Major pharmaceutical companies have been exploring marine compounds for several
decades, but their investments and interest ceased when synthetic combinatorial
compound libraries emerged since they were simpler and more cost-efficient for the
high-throughput screening. However, the combinatorial chemistry approach failed to
produce enough new drug entities, and in the recent years, there has been an
emergence of small biotechnology companies marketing marine-based drugs [6].
Examples of approved drugs and potential therapeutic compounds derived from
marine sources are given in Table 1.

Therapeutic class Compound Chemical Source organism
classification

Tunicate Aplidium

Cancer Aplidine, plitidepsin Depsipeptide alpicans
(Aplidin®)
Brentuximab Antibody-drug Monomethyl auristatin E,
vedotin (Adcetris™) conjugate synthetic, based on

dolastatin 10, sea
hare Dollabella
auricularia/cyanobacteria

Pyrimidine Sponge Cryptotheca
Cytarabine, Ara-C nucleoside crypta
(Cytosar-U,
Depocyt)
Elisidepsin Depsipeptide Synthetic, based on
(Irvalec®) kahalalide F, mollusc
Elysia rufescens
Eribulin mesylate Macrolide Synthetic, based on
(Halaven®) halichondrin B, sponge
Halichondria
Trabectedin Alkaloid Tunicate Ecteinascidia
(Yondelis®) turbinata




Therapeutic class Compound Chemical Source organism

classification
Jorumycin Alkaloid Mollusc Jorunna funebris
(Zalypsis®)
Schizophrenia DMXBA (GTS-21) Alkaloid Synthetic, based on
anabaseine anabaseine, marine
derivative worm Paranemertes
peregrine
Pain Ziconotide (Prialt®) Peptide Cone snail Conus
magus
Tetrodotoxin Alkaloid Pufferfish
(Tectin®) Tetraodontidae

Table 1: Approved drugs and potential therapeutic compounds derived from marine
sources. Source: http://marinepharmacology.midwestern.edu/clinPipeline.htm

Moreover, the importance of marine organisms as source of new natural products
promotes the launch of large scale marine biotechnology projects, in the European
Union. Horizon 2020 program is strongly supporting the investments in marine
research and innovation started during the previous 7th Framework Program, in
which several marine biotechnology projects based on drug discovery were founded:
MAREX — Exploring marine resources for bioactive compounds: from discovery to
sustainable production and industrial applications (2010-2014), BAMMBO -
Sustainable production of biologically active molecules of marine based origin (2011—
2014), PharmaSea — Increasing value and flow in the marine biodiscovery pipeline
(2012-2016), SeaBioTech — From sea-bed to test-bed: harvesting the potential of
marine microbes for industrial biotechnology (2012—-2016).

Amongst marine organisms that are excellent sources for many industrial products,
marine microorganisms continue to be a major focus of many natural product
research efforts, with a 10% increase in the number of compounds reported from
2011 to 2012 [7].

Marine bacteria include archaea and eubacteria: archaea is an interesting group of
bacteria since many of them are extremophiles, organisms that live in extreme
conditions, e.g., deep sea, thermal vents, low temperature, or chemically challenging
environment (salinity, pH, heavy metals). Marine eubacteria consist of Gram-positive
actinomycetes and bacilli, Gram-negative a-proteobacteria and y-proteobacteria and
several anoxygenic anaerobes [8]. Marine bacteria as well as marine fungi,
cyanobacteria and some microalgae are living as symbionts in sediment, sponges or
other invertebrates [9]. Several marine bacteria can be grown in laboratory cultures
and thus only small amounts of sample are required for cultivation, or metagenomic
approaches can be used to build libraries [10].

Sometimes, marine bacteria live in association with other organisms, which lack
obvious structural defense mechanisms, and thus rely on chemical defense by
production of bioactive secondary metabolites, either by themselves or by associated
microflora, to survive in their extreme habitat. In the last decades, the number of

10



reported secondary metabolites from marine bacteria has strongly increased, thus
reflecting the growing attention by research groups from academia and industry [5].
Marine bacteria produce several classes of compounds. Around 100 novel
compounds (e.g., polyketides, alkaloids, fatty acids, peptides and terpenes) are
isolated from marine bacteria per year [8]. Bacterial metabolites are probably the
most promising source for novel antibacterial, [11], is a potential antiobiotic against
MRSA (Methicillin-Resistant Staphylococcus aureus ) and vancomycin-resistant
enterococci.

2. Polar bacteria as source of bioactive natural products

We know that the marine habitat is extremely complex and contains a vast diversity
of life forms, considering that the water column of oceans contains about 10°
bacterial cells per milliliter [12].

The majority of marine organisms studied have originated from tropical and
temperate waters. As a consequence, fewer than 3% of reported marine natural
products originate from organisms collected in Polar habitats, despite the fact that
one entire continent and a significant portion of global shallow-water habitat are
found at polar latitudes.

Cold-water microbial biodiversity is largely unexplored but recent efforts to
characterize Polar marine microbial communities have demonstrated them to be rich
and often uncharacterized [13]. The microorganisms that thrive in these cold
environments are referred to as psychrophiles or cold-adapted. Cold-adapted
bacteria are microorganisms able to survive in habitats where the average
temperatures are permanently or transiently below 15 °C (temperature: -2-15°C).
These low temperature conditions impose several challanges to living organisms,
especially the unicellular ones, such as the exponential decrease of biochemical
reaction rates, change in medium viscosity which makes reaction rate more slowly,
changes in membrane fluidity and protein conformation, nutrient availability, ability to
reproduce and protection against freezing condition [14, 15]. Even in this condition,
cold-tolerant organisms manage to survive due to modification made to cytoplasmic
membrane, supramolecular assembly processes, secondary structure of nucleic acid
and to adaptations in either extra- or intracellular enzymes [14].

Most cellular adaptations to low temperatures and the underlying molecular
mechanisms are not fully understood. This includes studies on the regulation of
membrane fluidity, the maintenance of protein synthesis and the production of cold-
acclimation proteins, and the mechanisms of freeze tolerance [16]. In psychrophilic
bacteria the presence of cryoprotective molecules [17], antifreeze proteins [18] and
exopolymers [19] can buffer these organisms against the damaging effects of
intracellular ice formation. Enzymatic structural adaptations, [20] including a
reduction in protein residues displaying ion-pairing, hydrogen bonding and even -
stacking aromatic interactions, [21] have enabled these organisms to maintain
metabolic rates commensurate with their mesophilic congeners [22].

Protected against ice formation and enzymatically adapted to function most efficiently
at low temperature, psychrophiles are subject to switch metabolic energy and other
secondary metabolic resources to chemical defence as are mesophiles.

Following this raising of interest concerning cold-adapted marine bacteria, in the very
recent years few papers reported their ability to produce a large number of bioactive
compounds. A preliminary characterization of these molecules demonstrate that are
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endowed with antimicrobial, anti-fouling and various pharmaceutically-relevant
activities [23, 24].

Amongst the Polar marine bacteria that are able to produce bioactive products,
Pseudoalteromonas haloplanktis TAC125 (P.haloplanktis TAC125) and Colwellia
psychrerythraea 34H (C.psychrerythraea 34H) have been deeply investigated.

3. The cold-adapted model microorganisms
3.1 Pseudoalteromonas haloplanktis TAC125

P.haloplanktis TAC125 is a Gram-negative bacterium isolated from an Antarctic
coastal seawater sample collected in the vicinity of the French Antarctic station
Dumont D’Urville, Terre Adélie (66°40° S; 140° 01’ E). It can be classified as a
eurypsychrophile and was the first Antarctic Gram-negative bacterium of which the
genome was fully sequenced and carefully annotated. Several exceptional genomic
and metabolic features were derived from the genome sequence of this bacterium,
showing adaptation to periodic situations of nutrient abundance. P.haloplanktis
TAC125 is one of the most intensively investigated, as the bacterium is one of the
fastest growing psychrophiles characterized so far and it is able to grow in a quite
wide temperature range (0-25°C) [25]. Furthermore, P.haloplanktis TAC125 is
considered to be one of the model organisms of cold-adapted bacteria and it is the
first Antarctic marine bacterium for which a genome-scale metabolic reconstruction is
also available [26]. The determination of P.haloplanktis TAC125 genome revealed
that the bacterial genome is characterized by a quite high number of rRNA and tRNA
genes (106, sometimes organized in long runs of repeated sequences), which may
account for its relevant capacity for translation and fast growth performances at low
temperatures. Fast growth rates, combined with the ability of P.haloplanktis TAC125
to reach very high cell densities even under laboratory growth conditions and to be
easily transformed by intergeneric conjugation [27], made this bacterium an attractive
host for the development of an efficient gene expression system at low temperatures
[28]. Indeed P.haloplanktis TAC125 has been suggested as an alternative host for
the soluble overproduction of heterologous proteins [29, 30]. In view of its application
for industrial purposes, laboratory-scale fermentation processes have been
developed, demonstrating the feasibility of P.haloplanktis TAC125 growth in batch
[31], in a C-limited chemostat cultivation [32], and in fed-batch fermentations [29].
The efficiency of cold-adapted expression systems was also validated by the
successful production of difficult proteins and biopharmaceuticals [30, 32, 33, 34].
The increasing interest in P.haloplanktis TAC125 has led to the accumulation of
different data types for this bacterium in the last few years, including its complete
genome sequence [25], its proteome [35, 36] and detailed growth phenotypes [29].
Thus, it is now possible to integrate such different data sources and perform a
system-level investigation of P.haloplanktis TAC125 metabolism. Furthermore,
bacteria belonging to the genus Pseudoalteromonas are known to possess an
inhibitory activity against human pathogens belonging to the Burkholdeia cepacia
complex (Bcc) and to be able to produce anti-biofilm molecules [24, 37], thus
revealing the interesting biotechnological potential and metabolic biodiversity of this
microorganism.
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3.2 Colwellia psychrerythraea 34H

Among the cold-adapted bacteria, the genus Colwellia is strictly psychrophilic. In
particular, C.psychrerythraea 34H isolated from Arctic marine sediments represents
the type species of the genus Colwellia [38]. C.psychrerythraea 34H has been
considered as a model for the study of life in permanently cold environments, reveals
capabilities important to carbon and nutrient cycling, bioremediation, production of
secondary metabolites, and cold adapted enzymes. It grows reliably in heterotrophic
media over a temperature range of approximately 1°C to 10°C, with cardinal growth
temperatures ranking among the lowest for all characterized bacteria. From a
genome-level perspective, adaptations potentially beneficial to life in cold
environments can be seen in several broad categories. The determination of C.
psychrerythraea 34H genome revealed that several of the adaptive strategies appear
to increase fitness by effectively overcoming multiple obstacles at low temperature,
including temperature-dependent barriers to carbon and nitrogen uptake. These
strategies are reflected in expansions of gene families related to cell membrane
synthesis, a capacity for uptake or synthesis of compounds that in part may confer
cryotolerance, including PHAs (which may also aid in pressure adaptation),
cyanophycin-like compounds, and glycine betaine, as well as the capacity to produce
large quantities of extracellular enzymes [39]. Majority of organic matter in marine
environments is composed of high-molecular-weight compounds that are largely
unavailable for direct uptake by heterotrophic bacteria, the hydrolytic activity of
extracellular enzymes plays a crucial role in bacterial acquisition of dissolved organic
matter. The role of this activity is thought to be particularly important in low-
temperature environments, in which bacterial activity is believed to require higher
levels of dissolved organic matter than the bacterial activity in warmer environments
requires. C. psychrerythraea 34H also produces extracellular polysaccharides [40]
Usually extracellular polysaccharides can serve as cryoprotectants and extracellular
enzyme production may represent another mechanism for overcoming threshold
requirements for dissolved organic carbon in cold environments. The production of
EPS from C. psychrerythraea strain 34H was tested in extreme life conditions (up to -
14°C, 200 atm and 100% of salinity); the results obtained from Marx et al. in 2009
[40] showed a dramatic increase of EPS production when the life conditions get
worse. C. psychrerythraea 34H was selected as a model organism for genomic
studies of bacterial cold adaptation.

4. Aims of the study

In this contest, the aim of my PhD project is the identification and characterization of
new bioactive molecule/s from marine microorganisms to be implemented in
industrial processes. There are three groups of bioactive molecules that have
attracted our attention: volatile organic compounds VOCSs, anti-biofilm molecules and
cryoprotectant compounds.
For the sake of clarity, the results of my project will be described in three different
sections:

i. Research of bioactive volatile organic compound/s against Burkholderia

cepacia complex.
ii.  Identification of anti-biofilm molecules against Staphilococcus epidermidis.
iii.  Study of “cryoprotectant” molecules for biotechnological application.
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Topic I: Antimicrobial volatile organic compounds (VOCs) from Antarctic
microorganism against Bcc complex

Inappropriate or unnecessary antibiotic uses (either in human or in veterinary

applications) appear to be the key contributors to the emergence of antibiotic

resistance. The increasing threat of multidrug resistant pathogens and the continuing

evolution of resistance make paramount the need to develop new antimicrobial

therapies [41].

In this contest, natural products play an important role in drug discovery, as many

approved therapeutics as well as drug candidates are derived from natural sources.

Particular interest for biotechnological applications is the inhibitory effects of

microbial volatiles against the growth of the others microorganisms.

Microorganisms usually produce a wide range of compounds, many of which are

volatile. The most of microorganisms produce unique reproducible volatile organic

compounds profile (VOCs) under specific conditions (e.g. medium composition).

Generally VOCs belong to several chemical classes (aldehydes, alcohols, esters,

lactones, terpenes and sulphur compounds) and are characterized by low molecular

weight [42, 43].

Some Antarctic marine bacteria are able to produce volatile organic compounds

(VOCs), probably in response to environmental pressure, that specifically inhibit the

growth of Burkholderia cepacia complex (Bcc) strains [44].

Most Bcc species are also opportunistic human pathogens, being particularly

problematic for immuno-compromised individuals (including Cystic Fibrosis patients)

since they are often multidrug resistant. There is therefore a need for novel and

effective antimicrobial agents against Bcc strains.

P. haloplanktis TAC125 is able to produce antimicrobial volatile compounds able to

inhibit the growth of Bcc complex strains.

In particular, in this section of my PhD dissertation you will find two papers:

¢ In the first paper, the optimization of a defined medium GG (D-gluconate and

L-glutamate) is described. In GG broth, P. haloplanktis TAC125 is capable to
growth with a good biomass yield and quite fast specific growth rate even at
sub-zero temperatures and it will be fundamental in the definition of survival
strategies, used by P. haloplanktis TAC125, to face sub-zero temperature
conditions. Besides use of P. haloplanktis TAC125 as cell factory for
recombinant protein production, the bacterium does share with many other
Pseudoalteromonales the striking ability to produce bioactive secondary
metabolites of biotechnological relevance, such as anti-biofilm molecules [24]
and volatile organic compounds (VOCs), active against a group of human
opportunistic pathogen called Burkholderia cepacia complex (Bcc) [37]. In
order to explore the P. haloplanktis TAC125 potentiality as source of bioactive
compounds and non-conventional systems for the recombinant protein
production, it is necessary to develop a synthetic medium for growth at low
temperature. The definition of a medium is the requirement for scale up of the
P. haloplanktis TAC125 growth in automatic bioreactors. Moreover, a defined
“minimum” medium could enhances the secondary metabolites production and
it surely makes easier their purification from extracellular medium.

¢ In the second paper, the strategy set up for the capture and identification of P.

haloplanktis TAC125 VOCs is described. Confirming the tight dependence of
their production on the specific growth medium composition, results reported
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in the paper demonstrate that the bacterium grown in GG medium is not able
to produce any VOCs active against Bcc strains. Starting from this concept, a
new medium was developed adding methionine to GG. When grown in GG
supplemented with L-methionine, P. haloplanktis TAC125 recovered largely its
inhibitory potential. Further, the paper describes the set up of a suitable VOCs
capture trap and accumulation of condensed VOCs allowed their analysis by
SPME-GC-MS. We reported for the first time the identification of methylamine
as one of the VOCs responsible to inhibition of Bcc growth and the minimum
Inhibitory methylamine concentration was established.
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Abstract

The Antarctic bacterium Pseudoalteromonas haloplanktis TAC125 is a model
organisms of cold-adapted bacteria and it has a great biotechnological potential as
non-conventional systems for the recombinant protein production and as source of
bioactive compounds. In this paper, in order to deeply explore P.haloplanktis TAC125
biotechnological potential, a synthetic medium for bacterium growth at very low
temperature was developed. The new medium containing D-gluconate and L-
glutamate allowed P.haloplanktis TAC125 growth in a range of temperatures from
15°C to -2,5°C. The growth kinetic parameters of the bacterium in GG medium at
subzero temperature confirm that the Antarctic bacterium is well adapted to cold
environment and pave the way to the definition of strategies, used by P. haloplanktis
TAC125, to face sub-zero temperature conditions. Moreover, in this paper we reports
the setup of a finely regulated expression system inducible by D-galactose to
produce recombinant protein in GG synthetic medium at low temperatures. Thanks to
the new expression systems we obtained, for the first time, the production of a
recombinant protein at minus 2,5°C, providing a new tool for investigating basic
science issues and for the recombinant production of “difficult” proteins.

Keywords

P.haloplanktis TAC125, sub-zero growth temperature, recombinant protein
production, cold-adapted bacteria.

Introduction

Pseudoalteromonas haloplanktis TAC125 (P. haloplanktis TAC125), a Gram-
negative psychrotolerant marine bacterium, is one of the best studied cultivable
representatives of the marine bacterioplankton and it can be considered a model
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organisms of cold-adapted bacteria (Medigue et al. 2005; Feller et al 2003). Indeed,
the increasing interest in P. haloplanktis TAC125 has led to the accumulation of
different data types for this bacterium in the last few years, including its complete
genome sequence (Medigue et al. 2005), its proteome (Piette et al. 2010; Piette et al.
2011), detailed growth phenotypes (Wilmes et al., 2010; Giuliani, 2011) and a
genome scale metabolic model (Fondi et al 2015).

Genomic and metabolic features of this bacterium, accounting for its notable
versatility and fast growth compared with other bacteria from marine environments,
were revealed by combining genome sequencing and further in silico and in vivo
studies. It is worth mentioning that the bacterium is well adapted to protection against
reactive oxygen species (ROS) under cold condition (Wilmes et al. 2010; Parrilli et al.
2010a). Moreover the in silico proteome composition revealed a specific bias that is
responsible for its ability to resist to protein aging features involving asparagine
cyclization and deamidation (Weintraub and Manson 2004). The bacterial genome is
characterized by a quite high number of rRNA and tRNA genes, which may account
for its relevant capacity for translation in the cold (Medigue et al., 2005).

P. haloplanktis TAC125 was also the first Antarctic bacterium in which an efficient
gene-expression technology was set up (Parrilli et al. 2008a). Several generations of
cold-adapted gene-expression vectors allow the production of recombinant proteins
either by constitutive or inducible systems (Papa et al. 2007; Giuliani et al. 2011 ),
and to address the product towards any cell compartment or to the extra-cellular
medium (Parrilli et al. 2008b). This cold-adapted protein production platform,
compared to the conventional mesophilic E. coli, offers favourable effects described
during the production of some “difficult proteins”, such as: antibody fragments
(Dragosits et al. 2011; Giuliani et al. 2011; Giuliani et al. 2014; Giuliani et al. 2015),
human nerve growth factor (h-NGF), (Vigentini et al. 2006), alpha-glucosidase from
S. cerevisiae (Papa et al. 2007) and human alpha-galactosidase (Unzueta et al.
2015). The versatility of P. haloplanktis TAC125 as host for recombinant protein
production was widened by the development of an efficient genetic scheme, allowing
the construction of genome targeted insertion/deletion mutants and permitting to
create genetically engineered strains with improved features regarding protein
production (Parrilli et al. 2010b).

Besides the above mentioned use of P. haloplanktis TAC125 as cell factory for
recombinant protein production, the bacterium does share with many other
Pseudoalteromonales the striking ability to produce bioactive secondary metabolites
of biotechnological relevance, such as anti-biofilm molecules (Papa et al. 2013;
Parrilli et al. 2015) and volatile organic compounds (VOCSs), active against a group of
human opportunistic pathogen called Burkholderia cepacia complex (Bcc) (Papaleo
et al. 2013).

In order to widen and deeply explore the P. haloplanktis TAC125 potentiality as
source of bioactive compounds and non-conventional systems for the recombinant
protein production, it is necessary to develop a synthetic medium for growth at low
temperature. The definition of a low cost synthetic medium is the requirement for
scale up of the P. haloplanktis TAC125 growth in automatic bioreactors. Moreover, a
defined “minimum” medium could enhances the secondary metabolites production
and it surely makes their purification from extracellular medium easier.

P. haloplanktis TAC125 does not possess a phosphoenolpyruvate-dependent
phosphotransferase system (PTS) for the transport and first metabolic step of
carbohydrate degradation (Medigue et al. 2005) therefore it does not grow on D-
glucose, and it doesn’t grow on glucose related sugars (e.g. D-fructose or D-xylose)
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(Papa et al. 2006). The Antarctic bacterium seems to be well adapted to growth on
rich media containing amino acids, used as carbon and nitrogen source. Genomic
(Medigue et al. 2005) and proteomic (Wilmes et al. 2010) analysis reveals the
presence of all metabolic pathways for amino acids biosynthesis and degradation.
Starting from this observation, a defined medium composed by L-leucine, L-
isoleucine and L-valine (LIV) was previously formulated and optimised for the
production of recombinant proteins (Giuliani et al. 2011). LIV medium allowed an
over sevenfold increase of reporter enzyme production and threefold of biomass yield
with respect to the previously optimized conditions, moreover the synthetic medium
was also tested for the production of a recombinant antibody fragment in batch and
chemostat cultivations (Giuliani et al. 2011). However, in this synthetic medium P.
haloplanktis TAC125 displays a very low specific growth rate already at 4°C (Giuliani
et al 2011) and it is no able to grow at lower temperature. This is a severe limit either
for the use of Antarctic bacterium as host for recombinant protein production or as
source of bioactive compounds. Moreover, the use of L-leucine, L-isoleucine and L-
valine substrates is unprofitable for a large scale production process due their high
cost and their very poor solubility in water.

Materials and methods
Bacterial strains and culture conditions

Escherichia coli DH5a [supE44, AlacU169 (@80 lacZAM15) hsdR17, recAl, endAl,
gyrA96, thi-1, relAl] (Hanahan 1983) was used as host for the gene cloning. E. coli
strain S17-1(Apir) [thi, pro, hsd (r- m+) recA::RP4-2-TCr::Mu Kmr::Tn7, Tpr, Smr, Apir]
(Tascon 1993) was used as donor in intergeneric conjugation experiments (Parrilli et
al 2008a). E. coli cells were routinely grown in LB broth containing 100 ug mL™ of
ampicillin if transformed.

The Gram-negative Antarctic bacterial strain P. haloplanktis TAC125 was isolated
from Antarctic sea water (Medigue et al., 2005) and it is deposited and available at
the Institut Pasteur Collection (CIP 108707). TAC125. Different media were used for
the P. haloplanktis cultivations: 1) D-Gluconate 5-10-20 g L™ as single carbon
source, 2) L-Glutamate 10g L™ as single carbon and nitrogen source 3) GG medium
(L-glutamate 10 g L, D-gluconate 10 g L™). All media was complemented with a
marine salts mix KoHPO4 1 gL-1 10 g L™ NaCl, 1 g L™* NHsNO3 200 mg L™
MgS0O,-7H,0, 5 mg L™ FeS0,-7H,0, 5 mg L™ CaCl,-2H,0 resulting in a final of pH
7.5.

The bacterium was grown in GG at various temperatures (15, 4, 0 -2,5°C) with
shaking at 250 rpm in NlUve-Cooled incubator (model ES120). Absorbance at 600 nm
was monitored over time. Growth rates at exponential phase were calculated by
standard methods.

Recombinant strain P. haloplanktis TAC125 (pMAV-lacZ) was grown in GG medium
in presence of 100 pg mL™* ampicillin (Sigma) at 15°C and 4°C, and in presence of 50
pgmL-1 ampicillin (Sigma) at 0°C and -2,5°C.

Biomass determination

For biomass determination suitable sample volumes were washed in demineralised
water, collected and dried on pre-weighed filter paper discs and dried at 110°C until
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constant weight. The dry cell weight was correlated with OD at 600nm throughout the
following equation:

At 15°C Dry cell weight (g L) = 0,74 x OD600nm

At 4°C Dry cell weight (g L™) =0.74 x OD600nm

At 0°C Dry cell weight (g L) = 0,66 x OD600nm

At -2.5°C Dry cell weight (g L™) =0,41 x OD600nm

Construction of pMAV and pMAV-lacZ plasmids

DNA manipulation and analysis were performed according to standard methods
(Sambrook and Russell 2001). Plasmidic DNA extraction and fragments purification
are carried out with the QlAprep Spin Miniprep Kit and Qiaquick gel extraction kit
from Qiagen, respectively. Restriction enzymes, T4 DNA ligase, alkaline
phosphatase, Phusion High-Fidelity DNA Polymerase were supplied by Promega,
Boehringer-Roche, Fermentas or Finnzyme.

The galTK operon upstream region was amplified from P. haloplanktis TAC125
genome by polymerase chain reaction (PCR).

The primers used mavfw (5-ACACAAGCTTATGGGCTATTTTTGATACTC-3’ ) and
mavrv (5-GCGCCATATGAAGTATCTCAAATGTGG-3’) were designed on the basis
of the P. haloplanktis TAC125-genome sequence and sequences corresponding to
the Hindlll site and a Ndel site were introduced in the forward and reverse primers,
respectively.

The amplifications were performed in a mixture containing 80 ng of P. haloplanktis
TAC125-genomic DNA as template, 50 pmol of each oligonucleotide primer, 1.8 mM
MgCI2, 50 mM KCI, 20 mM Tris-HCI pH 8.3, 0.1% gelatine, 200 uM dNTP in a final
volume of 50 pl. The mixtures were incubated at 95°C for 10 min, then 1.25 units of
Tag DNA polymerase were added. Twenty cycles of amplification (consisting in 1 min
at 95°C, 1.5 min at 60°C and 1 min plus 5sec/cycle at 72°C) were carried out and
followed by a cycle in which the extension reaction at 72°C was prolonged for 15 min
in order to complete DNA synthesis. The amplified fragment was cloned and its
nucleotide sequence checked to rule out the occurrence of any mutation during
synthesis.

The amplified region (MAV promoter) was hydrolysed with Hind 11l restriction enzyme
and a fill in reaction at the 3’ extremity was performed, after that a Ndel hydrolysis
was performed. The amplified region was cloned into a psycrophilic vector. In detalil,
the pPM13 plasmid (Duilio et al. 2004) was hydrolysed with EcoRV and Ndel
restriction enzymes in order to remove the DNA fragment corresponding to promoter
13 and to introduce MAV promoter. The fragment amplified region was subcloned
into pPM13 obtaining the plasmid pMAV.

A fragment (964 bp) of psychrophilic lacZ was amplified from cloneQ-lacZ(ref)
plasmid by polymerase chain reaction (PCR).

The primers used were galfw (5-AGCACATATGACCTCTTTACAGCAC-3’) and galrv
(5-TGTTATAGGCTTCAACGTCGACTG-3' ) and sequences corresponding to the
Ndel site and a Sall site were introduced in the forward and reverse primers,
respectively. The amplified fragment was hydrolysed with Ndel and Sall restriction
enzymes. The cloneQ-lacZ plasmid was hydrolysed with Sall and Pstl restriction
enzymes to obtain the remaining fragment of the psychrophilic lacZ gene. The pMAV
plasmid was hydrolysed with Ndel and Pstl restriction enzymes and a ligase was
performed to clone the two fragments of the psychrophilic lacZ gene in pMAV
plasmid. The resulting pMAV-lacZ plasmid was verified by DNA sequencing.
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RNA preparation and RT

Total RNA was isolated from pellets corresponding to 500 pl of P. haloplanktis
TAC125 cell culture (RNasy Mini kit, Qiagen) and subjected to in-column DNase
treatment (Rnase-Free Dnase Set, Qiagen). Quality of the RNA isolation was
checked by gel electrophoresis followed by quantification in spectrophotometer
according to Sambrook and Russell, 2001. Only samples showing a A260nm/A
280nm ratio = 0,8 were used for further experiments. Reverse transcription (RT)
reactions were performed using SuperScript II RNase H Reverse Transcriptase
(Invitrogen) according to the manufacturer's instructions using 100 pmol of specific
primers on approximately 5 pug of total purified RNA. In addition, RT negative control
reactions were performed where water was added instead of template.

Analysis of mRNA by qRT-PCR

The gRT-PCR method was used to determine the relative amount of specific
transcriptional products in the presence/absence of 10 mM D-galactose. The qRT-
PCR was performed with cDNAs prepared from 2 separate cultures per treatment.
Each of the four cDNA samples obtained was amplified in triplicate experiments. A
total of 12 data were obtained.
Real-time PCR was carried out using a StepOne™ Real Time PCR System (Applied
Biosystems) and the amplification of the target sequences was detected using SYBR
-Green technology. The housekeeping gene ihfB was chosen as an internal control to
correct for variations of MRNA amounts and cDNA synthesis efficiency.
The primers for specific amplification were designed by Primer Express
SoftwareVersion 3.0 (Applied Biosystems) IhfB-fw-PSHAa1426  5'-
TTGAGATCAGAGGTTTTGGTAGTTTTT-3, IhfB-rv-PSHAa1426 5'-
TTCGCCAGTCTTAGGGTTACG-3’, LacZ-fw 5 _CCTTCTCGCCCAGTGCAA-3’,
LacZ-rv 5-CGGGAGTACATTGGGCAAAT-3’) gRT-PCR amplification mixtures
(20 pl) contained 2 pl template cDNA, 2x SYBR® Green | Master Mix (10 ul) (Applied
Biosystems) and 300 nM forward and reverse primer. A non-template control reaction
mixture was included for each gene. The PCR cycling programme was as follows:
holding stage, 1 cycle of 95°C for 10 min; cycling stage, 40 cycles at 95°C for 15 s,
60°C for 60 s; melting curve stage 1 cycle at 95°C for 15 s, 60°C for 60 s, 95°C for 15
s with a temperature increment of +0,3°C. Specificity of the reaction was checked by
analysis of the melting curve of the final amplified product. Experiments and data
analysis were performed using StepOne™ Software v2.0 by AACt method (Applied
Biosystems User Bulletin, 1997).

Cell lysis and enzymatic assays

For recombinant B-galactosidase production analysis aliquots of bacterial pellet
corresponding to 1 mL culture volume were resuspended in 1mL Lysis buffer (Na
phosphate buffer 0,dM pH 7,8, EDTA 2 mM, DTT 1 mM, Triton X-100 1% vlv,
lisozyme 5 mg mL™, PMSF 1 mM) and incubated at 15°C for 30’. The suspension
was then centrifuged at 10000 rpm for 15 mins at 4°C and the supernatant used for
activity assays.

Recombinant cold-active B-galactosidase was assayed spectrophotometrically at
25°C as previously reported (Hoyoux et al. 2001). Calculation were performed on the
basis of the extinction coefficient for o-nitrophenol at 410 nm (3.5mM™ cm™) and the
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specific activity of purified enzyme, 138.2 U mg™ (Hoyoux et al. 2001). Kinetics were
registered with a DU7500 spectrophotometer (Beckman). Protein concentration was
determined with the Bio-Rad protein assay (Bradford, 1976), using bovine serum
albumin as standard.

Determination of concentration of D-Gluconate and L-Glutamate

Aliquots of the supernatant deriving from cell cultures were assayed to determine the
concentration of D-gluconate, and L-glutamate residue, by Megazyme kits D-gluconic
acid/ D-glucono-0-lactone k-gate 11/05I and L-glutamic acid k-glut 03/06.

Statistic calculation

Data are reported as means of at least four independent experiments with its
uncertainty s expressed as standard deviations. Propagation of errors was calculated
using simpler average errors (add all the relative errors to get the relative error in the
result).

Results
Selection of suitable carbon sources

Previously reported data (Wilmes et al. 2010; Giuliani et al. 2011) suggested that
sodium glutamate is an important carbon and nitrogen source for P. haloplanktis
TAC125. Therefore we started our search of suitable carbon sources focusing our
attention on L-glutamate. Our analysis was firstly focused on glutamate uptake
system in the Antarctic bacterium, in silico genome scanning pointed to a putative
sodium dependent transporter gene (PSHAa2084, a glutamate transporter PhGItS).
This gene displays an 47% sequence identity with V. cholerae glutamate transporter
and 30% sequence identity with Aphanothece halophytica AhGItS gene coding for a
L-glutamate sodium dependent carrier (Boonburapong et al. 2012). In order to
assess if in P. haloplanktis TAC125 the glutamate uptake is sodium dependent we
analyzed the bacterium growth performance in three different media differing in NaCl
concentration (5, 10, 15 g L-1). As shown in Table S1 the specific growth rate
depends on NaCl concentration used in growth medium., at least in the range
between 5 and 10 g L™ . The biomass yields in the three media is almost the same
indicating that the NaCl concentration influences only the glutamate uptake and
suggests that PhTAC125 GItS transporter is sodium dependent . Since the growth
parameters recorded in presence of 15 or 10 gL™ NaCl resulted to be identical, we
choose as salt source a mineral medium (see material and methods section) that
contains NaCl 10gL™ .

The analysis of P. haloplanktis TAC125 genome highlighted the occurrence of the
Entner-Doudoroff pathway (Medigue et al. 2005) as central catabolic pathway for
carbon metabolism. In silico analysis revealed that genes for all enzymatic functions
required in Entner-Doudoroff pathway are present in P. haloplanktis TAC125
genome. In order to evaluate the P. haloplanktis TAC125 growth performances in a
medium containing D-gluconate as sole carbon and energy source, we analysed
three media differing in D-gluconate concentration. As reported in Table S1 P.
haloplanktis TAC125 is able to growth in a mineral medium supplemented with
gluconate, and the gluconate concentration has no evident effect on specific growth
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rate and has only a slight positive effect on the maximum biomass obtained (Table
S1).

Also in case of glutamate uptake, an in silico analysis of P. haloplanktis TAC125
genome was carried out. D-gluconate is likely to be uptaken from the medium by a
gluconate transporter, encoded by the PSHAb0479 gene, homologous to E. coli
GntU (Izu et al. 1997). In E. coli gntU is repressed by GntR in the absence of
gluconate. As P. haloplanktis genome contains a gntR homologous, PSHAb0478, a
real time PCR analysis of PSHAbO479 transcription demonstrated its expression
only in the presence of D-gluconate in the medium (data not shown).

GG Medium

Numerous trials have been carried out looking for the best combination between L-
glutamate, D-gluconate, other mineral nutrients and final pH value. The medium that
led to the best growth performance was named GG (mineral medium supplemented
with 10g L™ L-glutamate and 10g L™ D-gluconate, see material and methods). As
shown in Fig.1, P. haloplanktis TAC125 growth profiles at 15°C and 4° C in GG are
characterized by the absence of lag phase and by a simultaneous consumption of
the two substrates, a condition which allows its use for a fed-batch process
development. As reported in Table 1 the GG medium resulted to be more efficient
than medium containing only either L-glutamate or D-gluconate, in terms of biomass
yields. This improvement is more noticeable at 4°C, at this temperature Antarctic
bacterium was able to growth with a biomass yields of 0,44, thus indicating that GG
medium is suitable for P. haloplanktis TAC125 growth at low temperature.

P. haloplanktis TAC125 growth in GG at sub-zero temperature

As previously described (Medigue et al. 2005) a remarkable feature of P. haloplanktis
TAC125 is that, when provided with sufficient nutrients and aeration, it grows to very
high density under laboratory settings, even at 0°C. Since in GG P. haloplanktis
TAC125 was able to growth with a good biomass yield and specific growth rate at
4°C, we tested the Antarctic bacterium growth at lower temperatures i.e. at 0°C and
at -2,5°C (Fig. S1) and the recorded growth parameters are shown in Table 1, in the
synthetic medium P. haloplanktis TAC125 was able to growth at 0°C and at —2,5°C
also. Surprisingly when grown at 0°C P. haloplanktis TAC125 reaches a biomass
concentration higher than that obtained growing the bacterium in media containing
only L-glutamate at 15°C or at 4°C. Moreover, specific growth rate at -2,5°C is
comparable with the value obtained growing P. haloplanktis TAC125 in media
containing only D-gluconate at 4°C (Table 1).

Construction of a novel psychrophilic inducible gene expression system
(PMAV) for recombinant protein production in GG medium

To enlarge P. haloplanktis TAC125 available genetic tools for the recombinant
protein production system, it is necessary to set up a finely regulated expression
system to allow the production of toxic proteins for the host cells. This goal can be
achieved by the identification of new regulated psychrophilic promoter to be used in
the new synthetic medium GG.

P. haloplanktis TAC125 is able to grow on mineral medium containing D-galactose
(data not shown) thus indicating the presence of a functional Leloir pathway (Frey et
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al. 1996), which catalyses the conversion of D-galactose to the more metabolically
useful version of the sugar, D-glucose-6-phosphate. Aiming at the identification of
new regulated promoters, the regulation of genes responsible for D-galactose
catabolism in P. haloplanktis TAC125 was studied in silico. In E. coli, the genes
responsible for D-galactose metabolism (galETKM operon) and for its high affinity
transport (mgIBAC operon) are repressed, in absence of D-galactose, by the
repressor GalR and the isorepressor GalS (Weickert and Adhya 1993; Von Wilcken-
Bergmann and Muller-Hill 1982). In P. haloplanktis TAC125 gal operon shows a
different organisation compared to the one of E. coli, the PhgalE gene (PSHAa0469)
is not included in the cluster and between PhgalK and PhgalM there is a gene
(PSHAal1768) predicted to encode a putative sodium/hexose co-transport protein
(Fig.2). Moreover a galR homologous was found showing 42,7% identity to EcgalR,
this gene, named PhgalR (PSHAal771) is located downstream the galT sequence in
the opposite direction (Fig. 2). In P. haloplanktis TAC125 genome neither the
mgIBAC operon nor the galS isorepressor are present. The intergenic distances
between P. haloplanktis TAC125 gal genes could suggest that only galT and galK
can be included in gal operon. Those two genes are in fact overlapped (-1bp
distance) showing the typical intergenic region structure of translationally coupled P.
haloplanktis TAC125 genes. Starting from the above consideration, we decided to
construct an expression vector using the DNA region upstream PhgalTK operon, the
DNA sequence containing PhgalTK promoter and the gene coding for PhGalR (Fig.
2) the resulting region was called MAV promoter.

The MAV promoter region was suitably PCR-amplified and used to construct the
psychrophilic pMAV vector. In order to assess if pMAV expression system was finely
regulated by D-galactose, lacZ gene, coding for cold-adapted [(-galactosidase from
Pseudoalteromonas haloplanktis TAE 79 (Hoyoux et al. 2001), was cloned under the
control of MAV promoter (see Material and Methods section). Then P. haloplanktis
TAC125 (pMAV-lacZ ) recombinant cells were grown both in the presence and in
absence of 5g L™ D-galactose (28 mM) in the GG medium, at 15°C. A real-time PCR
was performed, to compare the relative amount of lacZ mRNA produced both in the
presence and in the absence of D-galactose (Fig. 3). In absence of D-galactose the
lacZ transcript was almost negligible, while it was observed a 40-fold enhancement
upon induction (Fig. 3).

P. haloplanktis TAC125 pMAV-lacZ recombinant strain was grown in GG in the
absence and in the presence of 10 mM D-galactose, added at middle exponential
phase, at different temperatures and B-galactosidase catalytic activity was assayed in
the cell lysates as previously described (Hoyoux et al. 2001). In absence of the
inducer no B-galactosidase activity was recorded. As reported in Table 2 recombinant
B-galactosidase is produced at all tested temperatures and surprisingly at 0°C the
production yield is comparable with that obtained at 15°C and 4°C.

Discussion

Previously reported data (Wilmes et al 2010; Giuliani et al 2011) suggested that
sodium glutamate is an important carbon and nitrogen source for P. haloplanktis
TAC125. Therefore we started our search of suitable carbon sources for P.
haloplanktis TAC125 focusing our attention on L-glutamate, although reported results
confirmed the validity of glutamate as carbon and nitrogen source, we formulated a
new medium adding the gluconate to glutamate.
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The ED route is proficient in generation of reducing power, in particular NADPH
(Conway et al. 1992; Kim et al. 2008), this cofactor has many metabolic functions,
out of which synthesis of various amino acids and counteracting oxidative stress
predominate (Chavarria et al. 2013; Singh et al. 2007). As oxygen solubility
increases with a decline in temperature, the employment of a ED substrate for P.
haloplanktis TAC125 growth may represent a feasible means, not only for the
production of energy (ATP) and generation of various building blocks for cellular
functions, but also for providing the organism with better oxidative stress adaptation
under low-temperatures life. These observations prompted us to test D-gluconate as
carbon source for P. haloplanktis TAC125, and to formulate a new medium
combining D-gluconate and L-glutamate. In detail, glutamate catabolism provides the
bulk of cellular energy and various building blocks for cellular functions through TCA,
while gluconate metabolism provides a reductive environment (generating NADPH)
to nullify the reactive oxygen species (Singh et al. 2007). In GG the Antarctic
bacterium resulted to be able to growth at 4°C with the best biomass yield ever
reported (0,44), and to efficiently grow at sub-zero temperatures (0°C and -2.5°C),
displaying a doubling time of about 23h at -2,5°C. In previously reported papers
(Nunnet al. 2015; Mykytczuk et al. 2013 ) describing bacteria growth at sub-zero
temperature the time reported for duplication are usually several weeks, these results
clearly confirm that P. haloplanktis TAC125 is well adapted to cold environment and
suggest that GG medium allows a fine balance between NADPH, ATP and NADH in
P. haloplanktis TAC125 cells at low temperature. GG medium is the first, to the best
of knowledge, described synthetic medium used to characterize growth Kkinetic
parameter of bacterium in pure culture at subzero temperature and it will be
fundamental in the definition of strategies, used by P. haloplanktis TAC125, to face
sub-zero temperature conditions. Moreover, surely GG medium will be decisive to
deeply explore the P. haloplanktis TAC125 potentiality as source of bioactive
molecules allowing the analysis of never described secondary metabolites produced
at 0 °C and -2.5°C.

In order to exploit GG synthetic medium not only for physiologic studies but also for
the recombinant protein production, a suitable expression system was constructed.
The development of an cold expression system to produce recombinant protein at
sub-zero temperature needed an ad hoc regulated promoter since previously
described P. haloplanktis TAC125 genetic systems (Papa et al. 2007; Giuliani et al.
2011) resulted to be not compatible with GG medium. As previously reported in
Giuliani et al. 2011, the L-malate inducible psychrophilic expression system (Papa et
al. 2007 ) in presence of L-glutamate is not functional and a negative interference
between the L-glutamate and L-malate (the inducer) was suggested. Transcription
activation by L-malate is also inhibited when L-glutamate are used in combination
with other amino acid (Giuliani et al. 2011).

Aiming at the identification of new regulated promoters, the analysis of P.
haloplanktis TAC125 genome was carried out in order to identify genes and/or
operons whose transcription is expected to be up-regulated in the presence of
particular carbon sources. This kind of analysis was not easy since in bacteria genes
involved in primary metabolism processes are generally finely regulated in response
to the nutrients availability, but in environments were excess of several easily
metabolised carbon sources are present simultaneously, it is unlikely, as in Antarctic
sae water, that the catabolite repression is an the exception rather than the rule. Our
attention was captured by genes involved in D-galactose catabolism since our
unpublished results clearly indicate that P. haloplanktis TAC125 is able to grow on D-
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galactose (data not shown), thus indicating the presence of a functional Leloir
pathway (Frey et al. 1996). The analysis indicated in P. haloplanktis TAC125 the
presence of a gal gene cluster with a different structural organisation compared to
best studied E. coli one. In the mesophilic bacterium, the transcription regulation of
gal operon is complex (Lewis and Adhya 2015) and involve cAMP, its receptor
protein CRP, and GalS, all components that are not present in P. haloplanktis
TAC125 genome. However, the Antarctic bacterium possess a gene coding for a E.
coli GalR homologue, PhgalR (PSHAal1771), which is located upstream the PhgalT
but in the opposite direction. In order to obtain a finely regulated expression system,
DNA sequence containing galTK promoter and the gene coding for PhGalR was
cloned in the pMAV vector. The new expression system resulted to be repressed in
absence and induced in presence of D-galactose, and therefore it could be used for
the production of toxic proteins for the host cells. In this paper the new expression
system was used to produce a cold-adapted p-galactosidase at different
temperatures from 15°C to -2,5°C, surprisingly at 0°C we obtained more enzyme that
at 4°C. Although this surprising result could be due to several factors, in any case it is
reasonable to think that optimal induction conditions (different amount of D-
galactose, growth induction phase. time of induction ecc,...) may be different for each
growth temperature and have to be defined. However, the expression system
described in this paper (GG medium and pMAV vector) allowed, for the first time, the
recombinant protein production at sub-zero temperature, this result not only will be
used to further investigate some basic science issues, i.e the relation between
protein folding and temperature, but will be instrumental for the recombinant
production of “difficult” proteins. As previously reported (Corcero et al; Piette et al.
2010), cellular physicochemical conditions and/or folding processes in P. haloplanktis
TAC125 are quite different from those observed in canonical mesophilic hosts,
therefore the possibility to produce proteins at a range of temperature from 15°C to -
2.5°C enhance the chances to improve the conformational quality and solubility of
difficult-to-express protein products.
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TABLES:

Table 1: P. haloplanktis specific growth rate (Mmax), Mmaximum biomass
concentration, biomassa yield (Yys) in selected synthetic media. Means and
standard deviations have been calculated from four independent experiments; . =:
standard error of the mean; dcw stands for dry cell weight; * values obtained by error
propagation procedure and assuming that the g carbon source are 10g+0,1 (in case
of medium containg gluconate or glutammate only) and 20g9.£0,1 in case of GG
medium.

mgximum Y
Temperature Medium ?ﬁ“ﬁ; cor?é%r:tar‘zzon (Qacw Gegrbon
(GoewL™)
15°C 1049 L™t L-glutamate 0,23+0,03 2,44+0,07 0,24+0,07*
4°C 1049 L™ L-glutamate 0,087+0,02 3,65+0,013 0,365+0,011*
15°C 10g L™t D-gluconate 0,13+0,02 1,63+0,03 0,16+0,004*
4°C 1049 L™t D-gluconate 0,035+0,005 2,050,014 0,05+0,003*
15°C GG 0,28+0,02 5,40+0,01 0,27+0,03*
4°C GG 0,16+0,01 8,89+0,03 0,44+0,05*
0°C GG 0,037+0,002 3,20+0,03 0,16+0,03*
-2.5° GG 0,030+0,002 1,86+0,06 0,093+0,004*

Table 2: Recombinant B-galactosidase production at different temperatures: -
galactosidase activity recovered in cell extracts of P. haloplanktis TAC125 (pMAV-
LacZ) cells grown in GG in shaken flasks at 4°C, 15°C, 0°C and -2,5°C.
Galactosidase induction was performed by 10mM D-galactose addition in middle
exponential phase, samples were collected 24 h after in case of P. haloplanktis
TAC125 (pMAV-LacZ) growth at 4°C and15°C., after 72h at 0°C and after 120h at -
2,5°C. Means and standard deviations have been calculated from three independent
assays. *: standard error of the mean; dcw: dry cell weight;* values obtained by error
propagation procedure.

[B-gal] final biomass v
Temperature 9al concentration PIX
(mg L™) LY (9 Gdew-1)
15°C 119,3+0,1 1,85+0,1 0,064+0,003*
4°C 34,5+0,1 1,80+0,3 0,02+0,003*
0°C 82,84+0,8 1,65+0,1 0,05+0,003*
-2,5°C 6,52+0,01 1,22+0,2 0,0051+0,008*
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FIGURE

Fig. 1. Growth of P.halopanktis TAC125 in GG medium at 15°C and 4°C:

Panel a, P.haloplanktis TAC125 growth profile at 15°C in GG. The black line
indicates growth profile at 15°C, the gray continue line shows L-glutamate
consumption, the black hatched line shows D-gluconate consumption.

Panel b, P.haloplanktis TAC125 growth profile at 4°C in GG. The black line indicates
growth profile at 4°C, the gray continue line shows L-glutamate consumption, the
black hatched line shows D-gluconate consumption.
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Fig. 2: Schematic organization of in P.haloplanktis TAC125 gal operon, the region
PCR amplified and cloned in pMAV is highlighted. OriC: pUC18-derived origin of
replication; OriR: pMtBL-derived autonomous replication sequence; Amp~-B-
lactamase encoding gene; OriT: conjugational DNA transfer origin; Tasp, PhTAC125
aspC transcriptional terminator; MAV DNA sequence containing galTK promoter and
the gene coding for PhGalR.
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Fig. 3: Real Time PCR relative quantification of P. haloplanktis TAC125 (pMAV-lacZ)
at 15°C in GG when induced by galactose. On X-axis are reported lacZ mRNA in the
presence (+) or absence (-) of D-galactose, an Y-axis are reported the relative
quantification RQ.
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SUPPLEMENTARY MATHERIAL

Fig. S1: Growth profile of P.halopanktis TAC125 in GG at 0 °C and -2,5°C.
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Abstract:

The Antarctic marine bacterium Pseudoalteromonas haloplanktis TAC125 has been
reported to produce several Volatile Organic Compounds (VOCSs), which are able to
inhibit the growth of Burkholderia cepacia complex (Bcc) strains, opportunistic
pathogens infecting immune-compromised patients. Growth media composition
influenced the produced VOCs profiles and, conversely, effectiveness and number of
pathogen strains inhibited. In this paper we report the definition of a synthetic
medium (containing D-gluconate and L-glutamate as carbon and energy sources), in
which the Antarctic bacterium displays good growth parameters but is unable to
inhibit Bcc strains. The single addition of several amino acids to the medium restores
the P. haloplanktis TAC125 inhibition ability. Therefore, with the aim of identifying
specific volatile compound/s responsible for Bcc inhibition, we used a methodology
for VOCs capture, accumulation, and storage by coupling the growth of the Antarctic
bacterium in an automatic fermenter with the application of a cooling system to the
exhaust air outlet. This approach allowed the identification of methylamine as a VOC
produced by P. haloplanktis TAC125 when grown in the synthetic medium
supplemented with methionine and demonstrated that this molecule is able to inhibit
the growth of several Bcc strains in dose-dependent way. This is the first paper in
which the antibacterial effect of one specific identified volatile compound produced by
an Antarctic marine bacterium was demonstrated.

Keywords: Pseudoalteromonas haloplanktis TAC125, methylamine, Volatile organic
compounds, Burkholderia cepacia complex

Introduction:

Microbial resistance to antibiotics has spread dramatically in the last 50 years,
leading to an increasing number of deaths due to infectious diseases. The massive
and often inappropriate use of antibiotics in hospitals and in livestock industries led to
the creation of a group of multi-drug Resistant (MDR) microorganisms, which
represent a major global health issue [1]. Hence, there is an urgent need to identify
novel antibiotics to counteract these hazardous microorganisms [2, 3]; in this context

34


mailto:isabel.maida@unifi.it
mailto:marco.fondi@unifi.it
mailto:renato.fani@unifi.it
mailto:elena.perrin@unifi.it

the discovery of novel natural drugs might represent one of the possible solutions.
Indeed, natural products have been the main source of antibacterial drugs in the
past, and today they still represent the two-third of the new antibiotics released in the
last 20 years [4, 5].

Particular interest for biotechnological applications are the inhibitory effects of
microbial volatiles compounds against the growth of the others microorganisms.
Volatile Organic Compounds (VOCSs) are a class of heterogeneous natural molecules
that have recently acquired a notable interest. Various bacteria from different
environments synthesise VOCs [6, 7] through both primary and secondary metabolic
pathways; however, their biological function has not been clearly defined yet. It was
initially proposed that these compounds might represent waste material or end
products of various biological processes. Further studies demonstrated that VOCs
are able to influence the growth of other bacteria, in a sort of chemical at-a-distance
cross-talk [8, 7].

We have previously demonstrated that marine Antarctic bacteria belonging to
different genera/species are able to synthesise VOCs of different chemical classes,
including sulphur compounds [9, 10, 11, 12,]. Interestingly, VOCs synthesised by
several Antarctic bacteria specifically inhibit the growth on solid media of strains
belonging to the Burkholderia cepacia complex (Bcc) [9, 10, 11], a group of
opportunistic human pathogens most of which characterized by multi drug resistance.
Outcomes from our previous reports demonstrated that VOCs are constitutively
synthesised by Antarctic bacteria [11] and that Antarctic strains belonging to different
species/genera apparently synthesize the same VOCs, as their respective VOCs
profiles are quite similar [9, 11]. Interestingly, relative concentration of each VOC
may vary between different strains [9, 11] and/or in the same strain grown in different
media [13, 11].

Therefore, combining the above information with the consideration that we never
observed the appearance of Bcc mutants resistant to Antarctic VOCs, we suggested
that the antagonistic activity exhibited by the Antarctic strains was very likely due to
the combination of different VOCs rather than to the effect of a single molecule [13,
11]. On the other side, reported complexity in VOCs produced by Antarctic bacteria
let quite difficult to test each identified molecule (and eventually their different
combinations) for Bcc inhibition activity. Therefore, all our previous reports described
the VOCs chemical diversity, not aiming at defining the association between the anti-
Bcc activity and a single volatile compound.

One of the Antarctic bacteria tested for the ability to synthesize anti-Bcc VOCs is
Pseudoalteromonas haloplanktis TAC125 (P. haloplanktis TAC125), which is the first
Antarctic marine strain whose genome was sequenced and carefully annotated [14].
P. haloplanktis TAC125 represents a model system for the study of bacterial cold-
adaption due to: a) the availability of efficient genetic schemes for genome targeted
insertion/deletion [15]; b) the availability of a well-settled technology for
homologous/heterologous gene expression [16, 17]; c) the development of efficient
schemes for bacterial cultivation in automatic fermenters, either in batch or in
chemostat modalities [18,19]; and d) the availability of a genome-scale model of its
metabolism [20]. Furthermore, it has also been demonstrated that this bacterium is
able of producing an anti-biofilm compound targeting Staphylococcus epidermidis
[21, 22].

Since it was demonstrated that the ability of P. haloplanktis TAC125 to inhibit the
growth of Bcc strains was influenced by the specific growth medium composition [11],
the aim of this work was to explore the ability of this bacterium to synthesize anti-Bcc
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VOCs when grown in different cultivation conditions and synthetic media. We
demonstrated that when P. haloplanktis TAC125 was grown in a specific synthetic
medium it was unable to inhibit the Bcc growth, while when grown in the same
synthetic medium enriched by single selected amino acids, such as L-methionine, the
bacterium was able to inhibit the growth of tested Bcc strains by VOCs production.
Then, we set up a methodology, based on the use of an automatic fermenter, to
produce, capture, and accumulate VOCs, which allowed us to identify the
methylamine as one of VOCs produced by the bacterium grown in presence of L-
methionine. Finally, we evaluated methylamine antimicrobial activity against several
Bcc strains

Material and Methods:

Bacterial strains and growth conditions

P. haloplanktis TAC125 was grown at 20°C on agar-containing (15 g/L) GG medium
(10 g/L L-glutammate, 10 g/L D-gluconate, K;HPO,4 1 g/L 10 g/L NaCl, 1 g/L NH4NOs3,
200 mg/L MgSQO47H,0, 5 mg/L FeSO47H,0O, 5 mg/L CaCl,2H,O pH 7.5) or
GG+amino acid medium (final concentration of amino acids in medium was 0.04M ).
Bcc strains (Table 1) and Escherichia coli K12 were grown at 20°C or 37°C
(depending on the specific assay to be carried out) on TYP medium (16 g/L yeast
extract, 16 g/L bacto peptone, 10 g/L NaCl) containing 15 g/L agar.

Each of the ten Bcc strain used in this work (Table 1) was grown on TYP solid
medium or on buffered TYP at different pH values. Buffering of TYP medium was
obtained by adding 20mM Tris buffer at different pH; in this way buffered TYP media
with a different pH (7.0, 7.5, 8.0, 8.5, and 9.0) were obtained.

Species Strain Source
B. arboris LMG 24066 Soil
B. cenocepacia LMG 16654 Cystic Fibrosis Patient
B. cenocepacia LMG 19230 Environmental
B. contaminans LMG 23361 Animal infection
B. latens LMG 24064 Cystic Fibrosis Patient
B. metallica LMG 24068 Cystic Fibrosis Patient
B. multivorans LMG 13010 Cystic Fibrosis Patient
B. pseudomultivorans LMG 26863 Cystic Fibrosis Patient
B. stabilis LMG 14294 Cystic Fibrosis Patient
B. ubonensis LMG 20358 Soil

Table 1. List of Bcc strains used in this work
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Cross-streaking assays

Cross-streaking experiments were carried out as previously described [9] by using
Petri dishes with a septum separating the two hemi-cycles, to permit the growth of
the tester (P. haloplanktis TAC125) and target strains (Burkholderia cenocepacia
LMG 19230 and LMG 16654 and E. coli K12) on different media without any physical
contact. P. haloplanktis TAC125 was grown on GG agar or GG+amino acid (final
concentration of amino acids in medium was 0.04M) agar media for 4 days at 20°C;
then the target strains were streaked onto the TYP agar medium on the opposite
hemi-cycle of the Petri dish with septum, and incubated at 20°C for 2 days and at
37°C for two additional days.

P. haloplanktis TAC125 cultivation in automatic fermenter

The Antarctic bacterium was grown in a Sixfors HT automatic fermenter (INFORS)
containing 1/3 TYP liquid medium (5.3 g/L yeast extract, 5.3 g/L bacto peptone, 10
g/L NaCl), or GG medium with or without the addition of 40 mM L-methionine. The
cultures were grown in a volume of 250 mL at 20 °C in aerobic conditions (Dissolved
Oxygen Tension DOT=30 %), by keeping the inlet airflow of 20 L/h and a stirring rate
of 250 rpm.

VOCs condensation system and molecules identification by Solid-phase Micro
extraction Gas Chromatography -Mass Spectrometry (SPME-GC-MS)

The condensation and preliminary identification experiments were carried out in
triplicate in the following conditions: a) uninoculated GG medium; b) P. haloplanktis
TAC125 inoculated GG medium; c) P. haloplanktis TAC125 inoculated GG-Met
medium. Gas stream coming out from the fermentation vessel was forced to pass
through a water trap, consisting in a bottle filled by hygroscopic salts (i.e. anhydrous
magnesium sulfate and sodium chloride in a 1:1 w/w ratio), to eliminate as much
water molecules as possible. Dehydrated gas was then conveyed to a distillation
equipment located inside a cooling system (average temperature of -20°C), allowing
the condensation of Volatile Organic Compounds eventually present in the gas
mixture. ldentification of condensed VOCs was carried out by Solid-phase Micro
extraction Gas Chromatography - Mass Spectrometry (SPME-GC-MS), at the
Servizio di Spettrometria di Massa at the Department of Chemical Sciences-
Federico Il University of Naples. The gas chromatographic analyses were performed
with an Agilent 6890 Series GC, coupled to a detector MS 5973. The column used
was a DB-5ms capillary column (30 m x 0.25mm ID, 0.25um film, 5% phenyl 95%
polydimethylsiloxane). Helium was used as carrier gas, with a flow of 1.0 mL/min.
Solid-phase micro extraction was performed by using DVB/CAR/PDMS 50/30 pm
fibre, connected to the top of the bottle containing the condensed VOCs, and the
bottle (and its content) was heated at 230°C and exposed for 45 min in the
headspace of the flask (adsorption). Subsequently the fibre was exposed in the
injector of the GC, maintained at a temperature of 230°C for 3 min (desorption). The
gradient used for analysis was as follows: 45°C for 3 min, 150°C to 12 °C/min, 230°C
to 18°C/min, 250°C to 19°C/min. The analyzer of the GC is maintained at 250°C. The
collision energy in the source has been set to a value of 70 eV; fragment ions
generated were analyzed in the range of 30-450 mass m/z.

A preliminary identification of the molecules synthesized was performed by SPME-
GC-MS. In detail, the tentative identification of the volatile components was based on
comparison of their mass spectra with those of NIST 2.0 as well as by comparison of
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their retention indexes with the literature data. As for methylamine, each condensed
molecule was identified by its fragmentation mass spectrum and comparison
between its retention time (1.58) and the retention time of a standard.

Definition of Bcc strains sensitivity to methylamine and determination of
Minimum Volatile Inhibitory Concentration (MVIC)

Minimum Volatile Inhibitory Concentration (MVIC) is defined as the lowest
methylamine concentration that showed no visible growth of the streaked tester strain
after 96 hrs at 20°C.

The gaseous methylamine was obtained through in situ acid-base reaction between
sodium hydroxide and methylamine hydrochloride salt (SIGMA code: M0505):

The number of moles of methylamine hydrochloride (CH3zNH2*HCI), which are placed
to react with the base solution, corresponds to the number of gaseous methylamine
(CH3NH,1) moles released. To define the final gaseous methylamine concentration,
we consider the volume of the hermetically sealed incubation box (2L). For instance,
to test on Bcc strains a final concentration of 10 mM gaseous methylamine ina 2 L
sealed box, 1.35 g (corresponding to 20 mM) of methylamine hydrochloride salt were
dissolved in a 1 mL of distilled water; then 200 pyL of sodium hydroxide 10 M were
added, developing 20 mM of gaseous methylamine. The boxes containing the target
strains were incubated at 20°C for 4 days. Then the plates were recovered and
placed at 37°C for further 2 days, to allow cells to grow on solid medium.

Measurement of pH

The pH of TYP liquid medium (1 mL volume) exposed to methylamine in the
hermetically sealed incubation (Fig.4 (a)) was determined using Instruments XS,
pHmeter Orto lab S.n.c.

Results

P. haloplanktis TAC125 is able to produce VOCs active against Burkholderia
cepacia complex strains when grown in liquid culture

With the aim of developing a methodology for VOCs capture from the outlet air
stream from a bioreactor, P. haloplanktis TAC125 was grown in a multi-vessel
automatic fermenter at 20°C in a complex rich medium (see methods section) where
the bacterium exerts its maximal inhibitory activity against Bcc strains in conventional
cross-streaking experiments [11]. The culture was continuously supplemented by a
sterile air inlet (20 L/hr). The outlet gas stream during the bacterial growth was
conveyed towards a culture bottle filled by TYP—agar medium and streaked with two
Bcc strains (Burkholderia cenocepacia LMG 16654 and LMG 19230), which were
inhibited by P. haloplanktis TAC125 VOCs when tested in cross-streaking
experiments [11]. As a control, a bottle containing the same agar medium and same
strains was subjected to the outlet gas coming from another vessel containing un-
inoculated sterile liquid medium. The outlet gases were conveyed towards culture
bottles for at least 2 days and during this period the room temperature was fixed at
20°C. A schematic representation of the experimental setup is shown in Fig. 1(a).
Data obtained revealed that the growth of both Bcc strains was inhibited when
exposed to the outlet gas from P. haloplanktis TAC125 culture (Fig. 1(b)), thus

38



demonstrating that this bacterium produces anti-Bcc VOCs even when grown in
liquid medium.

- Dehydrated exhaust b
gas stream
Inlet containing VOCs

air

P._haloplanktis TAC125

untreated trated

Fig. 1: P. haloplanktis TAC125 is able to produce VOCs when grown in liquid culture. Outlet gas
from the P. haloplanktis TAC125 growth contains VOCs able to inhibit the growth of two Bcc strains.
(a) Diagram describing the experimental setup; (b) Culture bottles, containing TYP-agar medium and
streaked with the strains B. cenocepacia LMG 16654 and LMG 19230, exposed (treated) or not
exposed (untreated) to the exhaust gas stream outlet coming out from the vessel in which the P.
haloplanktis TAC125 is growing in exponential/stationary phase. Please, note that a hole was
introduced in both bottles to avoid the over-pressure due to the gas stream.

Development of an efficient VOCs trap for capturing the volatile compounds
produced by P. haloplanktis TAC125

Once established that anti-Bcc VOCs are produced when the Antarctic bacterium is
grown in automatic fermenter, we developed a system to capture VOCs produced
during P. haloplanktis TAC125 growth. As schematically shown in Fig. 2, the gas
stream coming out from a P. haloplanktis TAC125 inoculated vessel was conveyed
into a chemical water trap (for water elimination), then the gas stream was cooled at -
20°C and forced to pass into a distillation equipment, aimed at obtaining the
condensation of all volatile molecules eventually contained. To evaluate the
condensation efficiency of this VOCs trap, P. haloplanktis TAC125 was grown in rich
medium at 20°C and the outlet exhaust gas were condensed. A culture bottle
containing a streak of two Bcc target strains (LMG 19230 and LMG 16654) was
exposed to the gas stream coming out from the VOCs trap. No growth inhibition of
the Bcc strains was observed in this case (data not shown); confirming that the VOCs
trap is effective in the condensation of anti-Bcc VOCs.

Dehydrated
Exhaust gas exhaust gas
stream confaining  stream containing
VOCs VOCs
InL et Air
A
Biologic assay
(Bcc inhibition)
NO INHIBITION!
Cooling
system
P haloplanizis Con'densed
TAC125 VOCs

Fig. 2: Experimental setup for the capture of VOCs produced by P. haloplanktis TAC125 when
grown in batch in automatic fermenter. See text for a detailed description.
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Effect of the growth medium composition on P. haloplanktis TAC125 anti-Bcc
VOCs producing ability

The capability of the Antarctic bacterium to inhibit the growth of Bcc strains is
influenced by the specific growth medium composition [11], therefore we tested the
ability of P. haloplanktis TAC125 to synthesize anti-Bcc VOCs when grown in a
synthetic (GG) defined medium. This medium contains D-gluconate and L-glutamate
as carbon, nitrogen and energy sources, while a salts mixture was used as mineral
base. P. haloplanktis TAC125 growth in GG medium resulted to be well balanced, as
calculated growth parameters (in terms of specific growth rate and biomass yield)
resulted to be comparable to those recorded when the bacterium grows in rich
complex media (unpublished data).

The ability of P. haloplanktis TAC125 to inhibit the growth of two Bcc strains (B.
cenocepacia LMG 16654 and LMG 19230) was tested by a cross-streaking
experiment. When the Antarctic bacterium was grown on GG solid medium, it was
unable to inhibit the growth of the Bcc target strains (Fig. S1 (a). This result paved
the way to test the effect of the addition of several different amino acids to restore the
P. haloplanktis TAC125 inhibition ability. To this purpose cross-streaking experiments
were carried out using GG medium containing different amino acids and the addition
of some of them restored the P. haloplanktis TAC125 Bcc inhibition ability (Table 2;
Fig. S1). This finding suggested that degradation of different amino acids appeared
to produce VOCs able to inhibit the growth of Bcc strains; however, since we have
previously demonstrated that at least some of the anti-Bcc VOCs were sulfur-
containing compounds [10; 12], we focused our attention on GG-L-methionine
condition (we excluded cysteine as P. haloplanktis TAC125 growth in GG+Cys liquid
medium is very poor (data not shown)).

Then we investigated on P. haloplanktis TAC125 growth behaviour when cultivated in
GG medium either in the presence or in the absence of L-methionine in an automatic
fermenter. Two batch fermentation processes were carried out at 20°C, and the
relative growth curves are shown in Fig. 3. The addition of L-methionine to the GG
medium resulted in a reduction of the P. haloplanktis TAC125 specific growth rate
(from 0.24 to 0.11 h™). However, in line with the addition of an extra carbon, nitrogen
and eventually energy source, the final biomass produced by P. haloplanktis TAC125
in GG-Met medium was about 15% higher than that produced in GG (Fig. 3,
supplementary). These results strongly suggest the actual use of L-methionine as
growth substrate for the Antarctic bacterium.

Amino acid E. coli K12 B. cenocepacia B. cenocepacia
LMG 16654 LMG 19230

L-alanine + - +

L-asparagine +

L-aspartate +

L-cysteine + + +

Glycine + +

L-serine +

L-histidine +

L-methionine + +

L-isoleucine + + +
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Amino acid E. coli K12 B. cenocepacia B. cenocepacia
LMG 16654 LMG 19230
L-leucine + * +
L-phenylalanine + - -
L-valine + + +
L-proline + - -
L-lysine + - -

Symbols: + growth; + reduced growth; - no growth.

Table 2. Growth of B. cenocepacia LMG 16654 and LMG 19230 and E. coli K12 in the presence
of P. haloplanktis TAC125 grown on GG solid medium containing different amino acids. The
inhibition ability of the Antarctic bacterium grown on GG solid medium, supplemented with different
amino acids, was tested by cross-streaking experiments in Petri dishes with septum, using the Bcc
strains LMG 19230 and LMG 16654 and E. coli K12 as target strains.

Identification of methylamine as a VOC produced by P. haloplanktis TAC125
VOCs capture experiments were carried out, condensing the outlet gas from a
culture of P. haloplanktis TAC125 grown in GG medium or GG-Met medium,
respectively. In both growth conditions, condensation was carried out for 48 hours,
starting from the medium exponential growth phase and continuing over the
stationary phase. As corresponding negative control, VOCs capture was also
performed on the outlet gas from un-inoculated media. Condensed VOCs were kept
at -20°C until the following identification procedure. A suitable probe for the Solid-
phase Micro extraction Gas-Chromatography - Mass Spectrometry (SPME-GC-MS)
analysis was connected to the top of the bottle containing the condensed volatile
molecules. The bottle (and its content) was heated to let the VOCs to interact with
the probe. After 45 minutes exposure, the probe was connected to the mass
spectrometer and the tentative identification analysis was carried out. Interestingly,
when P. haloplanktis TAC125 is grown in GG medium the only volatile molecule
identified is carbon dioxide (data not shown), thus supporting our preliminary
observations about the absence of Bcc strain inhibition in a classical cross-streaking
experiment (Fig. S1 (a)). The addition of L-methionine to the growth medium results
in the production of some compounds (data not shown); one of the detected
compounds was methylamine, whose identification was confirmed by comparison
with a standard. Interestingly this compound has never been reported to have
antibacterial activity, although its anti-fungi activity was previously described [23] and
it has low toxicity towards human cells, which might allow handling this molecule
even in uncontained laboratory conditions.

Methylamine inhibits Bcc strains at different Minimal Volatile Inhibitory
Concentrations (MVIC)

To evaluate the antibacterial activity eventually exerted by methylamine on B.
cenocepacia LMG 19230 and LMG 16654 strains a suitable experimental procedure
was set up. As shown in Fig. 4(a), the target Bcc strains (and E. coli K12 as control)
were streaked onto two TYP-agar Petri dishes, one of which was placed into a box in
which a defined molar amount of methylamine was released by a stoichiometric
reaction between methyl-ammonium hydrochloride and an excess of sodium
hydroxide (see Materials and Methods for details). The box was then hermetically
sealed and incubated at 20°C for 4 days, to allow the growth of bacteria. As positive
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control the second Petri dish was placed in a similar hermetically sealed box, without
the addition of methylamine, and incubated in the same conditions. Both plates were
then recovered from the sealed boxes and further incubated at 37°C for 2 days to
allow a better bacterial growth on solid medium, if any.

The sensitivity of B. cenocepacia LMG 19230 and LMG 16654 strains was evaluated
in the range of methylamine concentration between 1 and 10 mM, aiming at
observing a dose-dependent growth inhibition and defining their Minimum Volatile
Inhibitory Concentration (MVIC). Both strains displayed a MVIC of 10 mM, while E.
coli K12 was able to grow when exposed to the same methylamine concentration
(Fig. 4). Then, we applied the methylamine inhibition assay to a panel of Bcc strains,
representative of some of the species belonging to the complex, with the aim of
determining their respective MVIC.

Petri dish with rich medium (TYP) seeded by Bec of methylamine Petri dish with rich medium (TYP) seeded
strains and £colil K12 I by Bec strains and Ecolf K12)

. 7

/
=

P =

N Liquid
TYP medium

Fig. 4: Methylamine inhibition assay. Bcc strains LMG 19230, LMG 16654 and E. coli strain K12
(control) were streaked onto two Petri dishes containing TYP-agar medium. One plate was placed into
a box with a solution releasing a stoichiometric quantity of methylamine, the other one (positive
control) was placed in a similar box without any gaseous addition. Bcc strains LMG 19230, LMG
16654 and E. coli strain K12 streaked onto two Petri dishes containing TYP-agar medium exposed to
methylamine. The plates were incubated 4 days at 20°C, then recovered from the boxes and
incubated at 37°C for further 2 days.

Data obtained are reported in Table 3. Most of the analysed Bcc strains display a
methylamine MVIC of 20 mM, while B. latens LMG 24064 is more resistant to the
volatile molecule, as the methylamine MVIC is above 35 mM, concentration at which
the E. coli K12 growth is inhibited.

A recent paper reports that several volatile compounds, in particular, trimethylamine
(TMA), modify the antibiotic resistance profiles of different bacteria and that the TMA
mode of action consists in a not specific transient alteration of antibiotic uptake due
to pH increase in the environment of bacteria aerially exposed to the VOC [24]. In
order to evaluate if the observed Bcc growth inhibition could be due to alkalinization
of growth medium induced by methylamine aerial exposure, we followed the strategy
reported in [24]. We measured the pH of 1 mL TYP liquid medium exposed to
methylamine in the same conditions used for the MVIC test (Fig. 4(a)). Before any
methylamine treatment, TYP liquid medium pH is 6.7+ 0.1. Aerial exposure to 10 mM
methylamine enhances TYP medium pH to 8.2+0.2, while 20 mM methylamine
treatment increases medium final pH to 8.8+0.2. Then, we evaluated the ability of
tested Bcc strains to grow on a modified TYP solid media buffered at different pHs (in
the range 7.0 to 9.0) and results are shown in Table 3. With the notable exception of
B. multivorans LMG 13010, all the Bcc strains used in this work are able to grow up
to 8.5 and six over ten do grow at pH 9.0. Combining the information reported in
Table 3, it is clear that the methylamine sensitivity spectrum of tested Bcc strains is
not in agreement with their respective ability to grow at alkaline pHs. Therefore,
although in case of B. multivorans LMG 13010 we cannot exclude the possibility that
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the methylamine mode of action consists in a not permissive pH increase of growth
medium, the other tested Bcc strains seem to be inhibited by methylamine regardless
of pH variation.

Species Strain Methylamine pH
MVIC (mM)

7.0 7.5 8.0 8.5 9.0

B. arboris 2"4'\36?6 20 + + + + -

B. cenocepacia 1L6'\é|564 10 + + + + +
B. cenocepacia 1"9'\;3(,30 10 + + + + +
B. contaminans 2L3hélé31 20 + + + + -
B. latens 2'21'\6'(?4 >35 + + + + +

B. metallica oS 20 . ' " ' ]
B. multivorans 1"3'\6'160 20 + + + - -
pseudom%ltivorans 2L6'\E/3|€(533 20 * * + + +
B. stabilis 1';1'\4'54 20 N . R N R
B.ubonensis 2L0'\?/>|568 20 + + + + +
E. coli K12 35 + + + + +

Symbols: + growth; + reduced growth; - no growth.

Table 3. Bcc strains Methylamine MVIC and ability to growth at different pH. For each
Burkholderia species the list contains indication of strain number, the methylamine Minimum
Volatile Inhibitory Concentration (MVIC) and the ability to growth on buffered TYP agar
medium at different pH.

Discussion:

Over the last years, we have reported the ability of many marine Antarctic strains,
including the model organism P. haloplanktis TAC125, to produce VOCs able to
inhibit the growth of B. cepacia complex strains. This inhibition ability was
demonstrated using the classical cross-streaking experimental conditions [9, 11],
which implies the growth of the Antarctic strains on solid medium. In the present
paper, we demonstrated that P. haloplanktis TAC125 has the ability to produce anti-
Bcc VOCs even when growing in liquid culture. Based on these results, we set up a
methodology for VOCs capture, accumulation and storage by coupling the growth of
the Antarctic bacterium in an automatic fermenter with the application of a cooling
system to the exhaust air outlet.

Previously reported data demonstrated that the ability of P. haloplanktis TAC125 [11]
and other marine Antarctic bacteria [13] to inhibit the growth of Bcc strains was
influenced by the growth medium composition. We demonstrated that when the
Antarctic bacterium is grown on GG solid medium, it is unable to inhibit the growth of
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the Bcc target strains. This result confirmed the tight dependence of anti-Bcc VOCs
production on P. haloplanktis TAC125 culture medium composition, and allowed us
to test the effect of the addition of different amino acids to restore the inhibition ability
of the Antarctic strain. Amino acids were selected as nutrient additives as they
represent the P. haloplanktis TAC125 preferred carbon and nitrogen sources [14].
Interestingly, nine amino acids are able to restore the P. haloplanktis TAC125
antimicrobial activity when added to the GG medium (Table 2). Hence, it is possible
that different carbon and/or nitrogen sources will activate different P. haloplanktis
TAC125 metabolic pathways that, in turn, may end up in the production of different
VOCs endowed with anti-Bcc activity. The different extent of growth inhibition
displayed on the two Bcc target strains and the diverse effect of different amino acid
addition on P. haloplanktis TAC125 inhibition ability on Bcc strains (Table 2) may be
due to respective different sensitivity to a specific volatile compound, and/or to the
production of different VOCs in these experimental conditions. It is indeed worth of
mentioning that the efficiency of marine Antarctic bacteria to inhibit almost all Bcc
strains so far tested may be related to the synergistic effect of multiple VOCs
produced when the cells are grown in complex media.

In this paper, we further investigated on the VOCs produced by P. haloplanktis
TAC125 when grown in GG medium containing L-methionine. This choice relies on
two considerations: previously reported results suggested that at least some of the
anti-Bcc VOCs may be sulphur containing compounds [10] and L-methionine is
known to play a pivotal role in sulphur metabolism of most organisms [24]. Moreover,
our experiments demonstrated that P. haloplanktis TAC125 is able to grow in GG+ L-
methionine in automatic fermenter and clearly indicated that L-methionine is actually
a growth substrate.

The addition of L-methionine to the growth medium resulted in the production of
some VOCs (data not shown), amongst which methylamine. This simple amine may
be the product of several microbial metabolic reactions, and therefore we explored
the metabolic routes used by P. haloplanktis TAC125 to produce methylamine when
growing on GG+L-methionine medium. The genome of P. haloplanktis TAC125 was
in silico analyzed looking for the intracellular L-methionine destiny (data not shown),
and this analysis revealed the absence of the genes encoding some key enzymes
involved in previously reported L-methionine degradation pathways [25,26]. The
above considerations suggest that L-methionine catabolism of the Antarctic
bacterium offers several aspects of novelty thus supporting the idea that P.
haloplanktis TAC125 evolved unknown metabolic routes for the use of this amino
acid, some of which may end up with the production of methylamine. It is interesting
to note that almost 11% of the protein encoding genes identified in P. haloplanktis
TAC125 genome have still no homologous in any other organism [14].

Even though methylamine was never identified amongst the VOCs released by the
Antarctic bacterium when grown in complex media [14], we focused our attention on
it, since the antimicrobial activity of this amine was never reported. Our results
demonstrated that this molecule is able to inhibit the growth of several Bcc strains at
different concentrations and that its mode of action does not consist in a nonspecific
pH increase. For all tested Bcc strains methylamine MVIC resulted to be in an mM
concentration range, making however unrealistic its use as canonical/ classical
antibiotic agent.

Although the identification of methylamine cellular target(s) in B. cepacia complex
strains is out the scope of this study and will be object of future investigations, this is
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the first paper where the anti-Bcc activity of a single volatile compound produced by
an Antarctic marine bacterium was demonstrated.

Acknowledgements

This work was supported by the EU-KBBE 2012-2016 project PharmaSea, grant N°
312184, by the ltalian Cystic Fibrosis Research foundation (Grant FFC#12/2011),
and PNRA (Programma Nazionale di Ricerche in Antartide) grant (PNRA 2013
AZ1.04).

References:
[1] Berdy J. Thoughts and facts about antibiotics: Where we are now and where we
are heading. J Antibiot 2012; 65:385-395.

[2] French GL. The continuing crisis in antibiotic resistance. Int j antimicrob ag 2010;
36:S3-S7.

[3] Piddock LJ. The crisis of no new antibiotics-what is the way forward? Lancet
infect dis 2012; 12:249-253.

[4] Bologa CG, Ursu O, Oprea TI, Melancon CE, Tegos GP. Emerging trends in the
discovery of natural product antibacterials. Curr opin pharmacol 2013; 13:678-687.

[5] Newman DJ, Cragg GM. Natural products as sources of new drugs over the 30
years from 1981 to 2010. J nat prod 2012; 75:311-335.

[6] Korpi A, Jarnberg J, Pasanen AL. Microbial volatile organic compounds. Crit rev
toxicol 2009; 39:139-193.

[7] Audrain B, Farag MA, Ryu CM, Ghigo JM. Role of bacterial volatile compounds in
bacterial biology. FEMS Microbiol Rev 2015; 39:222-233.

[8] Kai M, Effmert U, Berg G, Piechulla B. Volatiles of bacterial antagonists inhibit
mycelial growth of the plant pathogen Rhizoctonia solani. Arch microbial 2007,
187:351-360.

[9] Papaleo MC, Fondi M, Maida I, Perrin E, Lo Giudice A, Michaud L, Mangano S,
Bartolucci G, Romoli R, Fani R. Sponge-associated microbial antarctic communities
exhibiting antimicrobial activity against Burkholderia cepacia complex bacteria.
Biotechnol Adv 2012; 30:272-293.

[10] Romoli R, Papaleo MC, de Pascale D, Tutino ML, Michaud L, Lo Giudice A, Fani
R, Bartolucci G. Characterization of the volatile profile of Antarctic bacteria by using
solid-phase microextraction-gas chromatography-mass spectrometry. J Mass
Spectrom. 2011; 46:1051-1060.

[11] Papaleo MC, Romoli, R, Bartolucci G, Maida |, Perrin E, Fondi M, Orlandini V,
Mengoni A, Emiliani G, Tutino ML, Parrilli E, de Pascale D, Michaud L, Lo Giudice A,
Fani R. Bioactive volatile organic compounds from Antarctic (sponges) bacteria. N
Biotechnol 2013; 30:824 38.

45



[12] Romoli R, Papaleo M, de Pascale D, Tutino ML, Michaud L, LoGiudice A, Fani
R, Bartolucci G. GC-MS volatolomic approach to study the antimicrobial activity of
the Antarctic bacterium Pseudoalteromonas sp. TB41. Metabolomics 2014; 10:42-59

[13] Maida I, Fondi M, Papaleo MC, Perrin E, Orlandini V, Emiliani G, de Pascale D,
Parrilli E, Tutino ML, Michaud L, Lo Giudice A, Romoli R, Bartolucci G, Fani R.
Phenotypic and genomic characterization of the Antarctic bacterium Gillisia sp.
CALS575, a producer of antimicrobial compounds. Extremophiles 2014; 18:35-49.

[14] Medigue C, Krin E, Pascal G, Barbe V, Bernsel A, Bertin PN, Cheung F,
Cruveiller S, D'Amico S, Duilio A, Fang G, Feller G, Ho C, Mangenot S, Marino G,
Nilsson J, Parrilli E, Rocha EP, Rouy Z, Sekowska A, Tutino ML, Vallenet D, von
Heijne G, Danchin A. Coping with cold: the genome of the versatile marine Antarctica
bacterium Pseudoalteromonas haloplanktis TAC125. Genome Res 2005; 15:1325-
1335.

[15] Giuliani M, Parrilli E, Pezzella C, Rippa V, Duilio A, Marino G, Tutino ML . A
novel strategy for the construction of genomic mutants of the Antarctic bacterium
Pseudoalteromonas haloplanktis TAC125. Methods Mol Biol 2012; 33:824-219.

[16] Parrilli E, Duilio A, Tutino ML. Heterologous protein expression in psychrophilic
hosts. In Margesin R, Schinner F, Marx JC, Gerday C, editors. Psychrophiles: from
Biodiversity to Biotechnology, Berlin Heidelberg: Springer-Verlag; 2008, p. 365-379.

[17] Rippa V, Papa R, Giuliani M, Pezzella C, Parrilli E, Tutino ML, Marino G, Duilio
A. Regulated recombinant protein production in the Antarctic bacterium
Pseudoalteromonas haloplanktis TAC125. Methods Mol Biol 2012; 824:203-218.

[18] Giuliani M, Parrilli E, Ferrer P, Baumann K, Marino G, Tutino ML. Process
optimization for recombinant protein production in the psychrophilic bacterium
Pseudoalteromonas haloplanktis. Process Biochem 2011; 46:953-959.

[19] Giuliani M, Parrilli E, Sannino F, Apuzzo GA, Marino G, Tutino ML. Recombinant
production of a single-chain antibody fragment in Pseudoalteromonas haloplanktis
TAC125. Appl Microbiol Biot 2014; 98:4887-4895.

[20] Fondi M, Maida I, Perrin E, Mellera A, Mocali S, Parrilli E, Tutino ML, Lio P, Fani
R. Genome-scale metabolic reconstruction and constraint-based modelling of the
Antarctic bacterium Pseudoalteromonas haloplanktis TAC125. Environ Microbiol
2015; 17:751-66.

[21] Papa R, Parrilli E, Sannino F, Barbato G, Tutino ML, Artini M, Selan L. Anti-
biofilm activity of the antarctic marine bacterium pseudoalteromonas haloplanktis
TAC125. Res Microbiol 2013; 164:450-456.

[22] Parrilli E, Papa R, Carillo S, Tilotta M, Casillo A, Sannino F, Cellini A, Artini M,
Selan L, Corsaro MM, Tutino ML. Anti-biofilm activity of Pseudoalteromonas
haloplanktis TAC125 against Staphylococcus epidermidis biofilm: Evidence of a
signal molecule involvement? Int J Immunopathol Pharmacol 2015; 28:104-13.

46



[23] Zou CS, Mo MH, Gu YQ, Zhou JP, Zhang KQ. Possible contributions of volatile-
producing bacteria to soil fungistasis. Soil Biol Biochem 2007; 39:2371-2379.

[24] Auger S, Danchin A, Verstraete IM. Global Expression Profile of Bacillus subtilis
Grown in the Presence of Sulfate or Methionine. J Bacteriol 2002; 184:5179-5186.

[25] Parveen N, Cornell KA. Methylthioadenosine/S-adenosylhomocysteine
nucleosidase, a critical enzyme for bacterial metabolism. Mol Microbiol 2011; 79:7-
20.

[26] Duerre JA, Walker RD. The Biochemistry of Adenosylmethionine. New York:
Columbia University Press; 1977

47



SUPPLEMENTARY MATHERIAL

Fig. 3: P. haloplanktis TAC125 growth curves in automatic fermenter. Comparison of P.
haloplanktis TAC125 growth curves when the bacterium is grown at 20°C in batch in
automatic fermenter in GG medium without (grey line) or with (black line) the addition of L-
methionine at 40 mM final concentration. Each experiment was carried out in triplicate and
error bar represents the standard deviation of each measurements. The inset table shows
the values of main growth parameters (U, specific growth rate; Xmax, Maximum biomass
concentration).

50 |

20 40 60
time (h)

Fig. 1S: The inhibition ability of the Antarctic bacterium when grown on GG agar
medium and on GG+AA. Cross-streaking experiments were carried out as previously
described (Papaleo et al 2012) by using Petri dishes with a septum, target stains and the
tester strain were grown on different media without any physical contact. The target strains
(Bcc LMG 19230 and LMG 16654 and Escherichia coli K12) were grown on TYP the tester
strain (P. haloplanktis TAC125) was grown on different media:

l B GG+L-aspartate I | C GG+L-alanine
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G GG+ Glycine | | H GG+ L-asparagine I

| 1 GG+ L-proline

L GG+ L-histidine
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Topic II: Identification of anti-biofilm molecules against Staphilococcus
epidermidis

Biofilm is a multicellular community composed of prokaryotic and/or eukaryotic cells
embedded in a matrix composed, at least partially, of material synthesized by the
sessile cells in the community [45]. Biofilms were also estimated to be responsible in
humans for a large proportion of persistent infections, such those derived from
orthopaedic implants or indwelling catheters [46]. Indeed, pathogens embedded in
biofilm matrix appear to be more resistant to many physical or chemical treatments,
therefore even a well-designed antibiocidal cure often results in the selection of
persistent pathogens cells, which are responsible for recurrent infections. However,
issues derived from biofilm formation are not only relevant in medicine but in a wide
range of sectors such as food industry [47], marine and industrial equipment [48].
Staphylococci are recognized as the most frequent causes of biofilm associated
human infections. This exceptional status among biofilm associated pathogens is due
to the fact that staphylococci are frequent commensal bacteria on the human skin
and mucous surfaces. Indeed, staphylococci are among the most likely bacteria to
infect any medical devices that penetrates those surfaces, such as when being
inserted during surgery [49]. Staphylococcus epidermidis (S. epidermidis) contributes
to making infections chronic and particularly difficult to eradicate.
The interest in the development of new approaches for the prevention and treatment
of adhesion and biofilm formation capabilities has increased. A viable approach
should target adhesive properties without affecting bacterial vitality in order to avoid
the rapid appearance of escape mutants. Molecules implicated in active biofilm
dispersal include glycosidases and proteases. There is a notable effort towards
finding small available molecules that should “break up” the “tangled matrix” of the
biofilm.

Previous results [24] show that the cell-free supernatant of P. haloplanktis TAC125

grown in static condition strongly inhibited the biofilm of S. epidermidis.

In particular, in the second part of my Ph.D. thesis you will find three papers:

o The first paper reports the definition of the best experimental condition in

which P. haloplanktis TAC125 produces the anti-biofilm molecule. In
particular, several process parameters were evaluated such as mode of
bacterial growth, temperature and composition of medium. As often observed
in many other bacterial biofilms, also P. haloplanktis TAC125 biofilm kinetic is
characterized by an alternation of attachment and detachment phases. In
order to assess the biofilm kinetic, the production of biofilm was evaluated
daily (in the range 1-5 days). The supernatant of each condition was
recovered and its effect on S.epidermidis strain O-47 was analyzed.
A purification procedure was set up and the analysis of an enriched fraction
demonstrated that the anti-biofilm activity is not due to a polysaccharide
molecule but that it is due to small hydrophobic molecules that likely work as
signal.

e In the second paper the set-up of biofilm cultivation of P. haloplanktis TAC125
in automatic bioreactor was proposed. The development of an efficient biofilm
cultivation scheme in automatic fermenter is necessary to obtain a large
amount of cell-free supernatant necessary for the anti-biofilm molecule/s
purification; and the recovery of P. haloplanktis TAC125 cells grown in biofilm
for physiologic studies. A fluidized-bed reactor fermentation in which selected
floating polystyrene supports were homogeneously mixed and properly
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exposed at the air-liquid interface was set up. The production of the anti-
biofilm molecules from P.haloplanktis TAC125 in this condition was evaluated.
This strategy allowed a larger-scale production of anti-biofilm molecule/s and
paved the way to study of differences between P. haloplanktis TAC125 cells
grown in biofilm and in planktonic conditions. In particular, the modifications
occurring in the lipopolysaccharide of cells grown in biofilm were investigated.
In the third paper the anti-biofilm activity of supernatants derived from cultures
of cold-adapted bacteria belonging to Pseudoalteromonas, Psychrobacter,
and Psychromonas genera was evaluated. In particular, supernatants were
obtained from bacterial cultures made both in sessile and planktonic
conditions. The potential anti-biofilm activity was tested on bacterial cultures of
P. aeruginosa PAO1, three different strains of S. aureus and three different
strains belonging S. epidermidis species. A preliminary physico-chemical
characterization of supernatants was also performed, and these analyses
highlighted the presence of molecules of different nature that act by inhibiting
biofilm formation. Some of them are also able to impair the initial attachment of
the bacterial cells to the surface, thus likely containing molecules acting as
anti-biofilm surfactant molecules.
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Abstract

Staphylococcus epidermidis is recognized as cause of biofilm-associated infections and interest in the development of new
approaches for S. epidermidis biofilm treatment has increased. In a previous paper we reported that the supernatant of
Antarctic bacterium Pseudoalteromonas haloplanktis TACI25 presents an anti-biofilm activity against S. epidermidis and
preliminary physico-chemical characterization of the supernatant suggested that this activity is due to a polysaccharide.
In this work we further investigated the chemical nature of the anti-biofilm P. haloplanktis TACI25 molecule. The
production of the molecule was evaluated in different conditions, and reported data demonstrated that it is produced in
all P. haloplanktis TAC 125 biofilm growth stages, also in minimal medium and at different temperatures. By using a surface
coating assay, the surfactant nature of the anti-biofilm compound was excluded. Moreover, a purification procedure was
set up and the analysis of an enriched fraction demonstrated that the anti-biofilm activity is not due to a polysaccharide
molecule but that it is due to small hydrophobic molecules that likely work as signal. The enriched fraction was also used

to evaluate the effect on S. epidermidis biofilm formation in dynamic condition by BioFlux system.
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Staphylococcus epidermidis (S. epidermidis) is
now being recognized as an important opportunis-
tic pathogen that can cause significant problems
when breaching the epithelial barrier, especially
during biofilm-associated infection of indwelling
medical devices.!? Most diseases caused by S. epi-
dermidis are of a chronic character and occur as
device-related infections (such as intravascular
catheter or prosthetic joint infections) and/or their
complications.? The ability of this bacterium to
adhere on both cukaryotic cells and abiotic sur-
faces and to form biofilm is an essential virulence
factor. This capacity contributes to making S. epi-
dermidis infections chronic and particularly diffi-
cult to eradicate.

Biofilms are sticky, surface-attached agglomera-
tions of bacteria that are embedded in an extracellular

matrix and provide protection from antibiotics and
mechanisms of host defense.? Considering the impact
of S. epidermidis bacterial biofilms on human health,
coagulase-negative staphylococci bloodstream infec-
tions originating from intravascular catheter infec-
tions are estimated to reach 250,000 cases per year in
the USA with a mortality rate of 1-25%.* Interest in
the development of innovative approaches for the
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prevention and treatment of staphylococcal adhesion
and biofilm formation capabilities has increased. A
viable approach should target staphylococcal adhe-
sive properties without affecting bacterial vitality in
order to avoid the rapid appearance of escape mutants.

From another point of view, the biofilm could be
considered as a source of novel drugs. Indeed, the
specific environmental conditions prevailing
within biofilms may induce profound genetic and
metabolic rewiring of the biofilm-dwelling bacte-
ria and therefore can allow the production of
metabolites different from those obtained in plank-
tonic condition. Furthermore, many bacterial bio-
films secrete molecules such as quorum sensing
signals,’ surfactants,® enzymes,” and polysaccha-
rides®? that act by regulating biofilm architecture
or mediating the release of cells from biofilms dur-
ing the dispersal stage of the biofilm life cycle.’
Also, the production of extracellular molecules
that degrade adhesive components in the biofilm
matrix is a basic mechanism used in the biological
competition between phylogenetically different
bacteria.!0-12

Marine bacteria belonging to the genus
Pseudoalteromonas produce compounds of bio-
technological interest, including anti-biofilm
molecules.!3 Marine bacteria from Antarctica rep-
resent an untapped reservoir of biodiversity;
indeed, Antarctic microorganisms can synthesize
a broad range of potentially valuable bioactive
compounds.'4-16

The present authors previously reported that P.
haloplanktis TAC125 strain holds an anti-biofilm
activity;!5 this bacterium had been isolated from
Antarctic sea water near Terre Adelie.!” The anti-
biofilm activity of cell-free supernatant of P. halo-
planktis grown in static and in planktonic condition
was tested on different staphylococci. The results
obtained demonstrated that only supernatant of P.
haloplanktis grown in static condition inhibits bio-
film of S. epidermidis but it was not effective on S.
aureus biofilm. This anti-biofilm activity impairs
biofilm development and disaggregates the mature
biofilm of S. epidermidis without affecting bacte-
rial viability, showing that its action is specifically
directed against biofilm. A preliminary chemical
characterization of the biofilm-inhibiting com-
pound suggests that the biologically active compo-
nent could be a polysaccharide.'> The aim of the
present work is to further investigate the chemical
nature of P haloplanktis TAC125 anti-biofilm
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molecules to understand the mode of action of
active molecules.

Materials and methods
Bacterial strains and culture conditions

The bacterial strains used in this work were: S. epi-
dermidis O-47 isolated from clinical septic arthritis
and kindly provided by Professor Gotz; P. halo-
planktis TAC125 (17) was collected in 1992 from
seawater near the French Antarctic Station Dumont
d’Urville (60°40°; 40°01’E). Bacteria were grown
in Brain Heart Infusion broth (BHI, Oxoid, UK)
and synthetic medium GG (10 g/L D-Gluconic
acid sodium, 10g/L glutammic acid, SCHATZ salt
mixture). Biofilm formation was assessed in static
condition while planktonic cultures were per-
formed under vigorous agitation (180 rpm). All
strains were maintained at —80°C in cryovials with
15% of glycerol.

Biofilm formation of P. haloplanktis TACI25

Static biofilm assay. Quantification of in vitro bio-
film production was based on the method
described by Christensen with slight modifica-
tions.'® Briefly, the wells of a sterile 24-well flat-
bottomed polystyrene plate were filled with | mL
of BHI, and an suitable dilution of Antarctic bac-
terial culture in exponential growth phase (about
0.1 OD 600 nm) was added into each well. The
sterile 24-well flat-bottomed polystyrene plates
were incubated for different times (24 h, 48 h, 72
h, 96 h, and 120 h) at 4°C. After rinsing with PBS,
adhered cells were stained with 0.1% crystal vio-
let, rinsed twice with double-distilled water, and
thoroughly dried. The dye bound to adherent cells
was solubilized with 20% (v/v) acetone and 80%
(v/v) ethanol. The OD of each well was measured
at 590 nm. Each data point is composed of four
independent samples.

Preparation of P. haloplanktis TACI25
supernatants

SN is the supernatant of a liquid culture of P. halo-
planktis TAC125 grown without shaking in BHI at
different temperatures (4°C, 15°C, 20°C). The wells
of a sterile 24-well flat-bottomed polystyrene
plate were filled with 900 mL of appropriate
medium (BHI or GG) and 100 mL of overnight P.
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haloplanktis TAC125 bacterial culture was added
into each well. The plates were incubated at differ-
ent temperatures as already reported for different
times (24 h, 48 h, 72 h, 96 h, and 120 h). P. halo-
planktis TAC125 biofilm formation was monitored
each 24 h. Supernatants were recovered and sepa-
rated from cells by centrifugation at 13,000 rpm.
Then, they were sterilized by filtration through
membranes with a pore diameter of 0.22 pm, and
stored at 4°C until use.

Biofilm formation of staphylococci

Static biofilm assay. Quantification of in vitro bio-
film production was based on the method described
by Christensen with slight modifications.'® Briefly,
the wells of a sterile 48-well flat-bottomed polysty-
rene plate were filled with 400 pLL of BHI medium;
1/100 dilution of overnight bacterial cultures was
added to cach well. The first row contained the
untreated bacteria, while each of the remaining
rows contained serial dilutions of supernatant (SN)
starting from 1:2. The plates were incubated aero-
bically for 24 h at 37°C. After rinsing with PBS,
adhered cells were stained with 0.1% crystal violet,
rinsed twice with double distilled water, and thor-
oughly dried. The dye bound to adherent cells was
resolubilized with 20% (v/v) acetone and 80%
(v/v) ethanol. The OD of each well was measured
at 590 nm. Each data point was composed of four
independent samples.

Dynamic biofilm assay. To continuously monitor
biofilm development in dynamic condition, we uti-
lized a BioFlux 2000 microfluidic system (Fluxion
Biosciences Inc., San Francisco, CA, USA), which
allows the acquisition of microscopic images over
time using the experimental protocol reported by
Papa and co-workers.!” Each flow channel con-
nects to an input well (inlet) and an output well
(outlet) on the plate. To grow biofilm in the Bio-
Flux system, the channels were first primed. We
filled the outlet with 100 pL of sterile distilled
water with flow at a share setting of 1 dyne/cm? for
2 min. Coating with 100 pL of 10 pg/mL fibronec-
tin was carried out for 2 min at 1 dyne/ cm? The
fibronectin binding was performed for 30 min
without flow. After priming, fibronectin was aspi-
rated from the output wells and replaced with 100
uL of fresh overnight cultures diluted to an OD 600
of 0.8. The channels were seeded by pumping from

the output wells to the input wells at 2.0 dyne/cm?
for 4 s. Bacterial adhesion was performed for 30
min at 37°C without flow. A total of 2.0 mL of BHI
was added to the input well and pumped at 1 dyne/
cm? for 12 h. We used two inlet wells; in the first
well we added F fraction at a concentration of 1
mg/mL. In the second well we added only BHI.
Bright-field images were taken at 40X magnifica-
tion at 1-min intervals for a total of 720 time points.

SN treatment with NalO4. For NalO4 treatment, it
was added at a final concentration of 20 mM to
sample for 12 h at 37°C. As control, the same treat-
ment was performed on BHI broth to exclude an
anti-biofilm effect due to the NalO4 itself. After
treatment, samples were sterilized by filtration
through membranes with a pore diameter of 0.22
um, and stored at 4°C until use.

Surface coating assay. A volume of 25 mL of P,
haloplanktis cell-free supernatant, or 25 mL of
saline and BHI as controls, were transferred to the
center of a well of a 24-well tissue-culture-treated
polystyrene microtiter plate. The plate was incu-
bated at room temperature to allow complete
evaporation of the liquid. The wells were then
filled with 1 mL of broth containing a 1/100 dilu-
tion of S. epidermidis overnight bacterial cultures
and incubated at 37°C in static condition. After 18 h,
the wells were rinsed with water and stained with
1 mL of 0.1% crystal violet. Stained biofilms were
rinsed with water and dried, and the wells were
photographed.

Anti-biofilm molecule purification. The first step was a
dialysis against MilliQ water of P. haloplanktis
TAC125 supernatant deriving sessile growth at
4°C. In this procedure a semipermeable membrane
with a cutoff of 3,500 Da was used. The dialysate
water was subjected to a gel-filtration liquid chro-
matography on a Biogel P-2 column (Bio-Rad,
molecular mass separation range 100—-1800 Da, 60
X 0.75 cm, flow rate 15 mL/h, cluent water, frac-
tion volume 1 mL).

The fraction resulting as active was further frac-
tionated by high-performance liquid chromatogra-
phy on a C18 column (Kinetex, Phenomenex, 150
X 4.6 mm) eluting with the following program: 1%
of B for 10 min (A: H20, B: AcCN), 1 t0 95% of B
in 10 min, 95% of B for 10 min, flow rate 1 mL/
min).
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Figure 1. Kinetic biofilm development in P. haloplanktis TAC125
and production of anti-biofilm activity against S. epidermidis
0O-47. (a) Evaluation of P. haloplanktis biofilm formation at
different times. (b) Biofilm formation of S. epidermidis strain O-47
treated with P. haloplanktis TACI25 supernatants deriving from
sessile cultures obtained at different times.
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Results

Optimization of P. haloplanktis TACI25 anti-
biofilm molecule production conditions

Study of the effect of bacterial biofilm kinetics on P. halo-
planktis TACI25 anti-biofilm molecule produc-
tion. Previously reported results demonstrated that
the production of the P. haloplanktis TAC125 anti-
biofilm compounds was dependent on bacterial
growth modality, indeed the production of anti-
biofilm compounds only occurs if Antarctic cells
were grown in static condition. In order to assess
whether the anti-biofilm was produced in all phases
of biofilm development cycle, its formation over a
120-h period in BHI at 4°C was evaluated (Figure
la). Asshown in Figure 1a, P. haloplanktis TAC125
biofilm kinetics is characterized by phases of bio-
film development (24 h, 72 h, 120 h) and phases of
cells detachment (at 48 h, 96 h). Supernatants (SN)
collected at different stages were tested to assess
their effect on S. epidermidis strain O-47 biofilm
formation (Figure 1B). In detail, supernatants of P,
haloplanktis TAC125 cultures grown in sessile
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S. epidermidis 0-47 biofilm

Figure 2. Biofilm formation of S. epidermidis O-47 in minimal
medium GG in the presence and in the absence of scalar
dilutions of P. haloplanktis supernatant. P. haloplanktis was grown
in GG minimal medium in sessile condition.

condition at the different times (SN 24 h, SN 48 h,
SN 72 h, SN 96 h, SN 120 h) were recovered and
their effects on S. epidermidis strain O-47 biofilm
were analyzed (Figure 1B). Reported data demon-
strated that the anti-biofilm molecule is produced
in all P haloplanktis TAC125 biofilm stages
although the best production is obtained at 96 h
(Figure 1b); in fact, the supernatant collected at 96
h is able to decrease the biofilm formation of S.
epidermidis strain O-47 about of 91%. Study of the
effect of different culture media on P. haloplanktis
TAC125 anti-biofilm compound production to
evaluate whether the culture medium composition
has influence on bioactive compound production,
P. haloplanktis TAC125 was grown in a synthetic
medium (based on gluconate and glutamate (GG))
in sessile condition at 4°C for a 96-h period. Then
the effect of the obtained supernatant (SN-GG) on
S. epidermidis strain O-47 biofilm was evaluated
(Figure 2). In this experiment, S. epidermidis strain
0-47 was grown in GG medium to avoid interfer-
ence from the medium composition. As shown in
Figure 2, the biofilm formation of S. epidermidis
strain O-47 in the GG medium was lower than the
BHI culture medium (Figure 1b), furthermore the
SN-GG inhibitory effect is evident and dose-
dependent. The treatment with SN-GG at a dilution
of 1:2 induced a decrease in biofilm formation of S.
epidermidis strain O-47 of approximately 85%.

Study of the effect of different growth temperatures on
P. haloplanktis TACI 25 anti-biofilm compound produc-
tion. In order to assess whether growth temperature
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Figure 3. Biofilm formation of S. epidermidis O-47 in the
presence and in the absence of P. haloplanktis supernatant
deriving from sessile cultures performed at different
temperatures. Data are reported as percentage of residual
biofilm after the treatment.

has influence on anti-biofilm compound produc-
tion, the Antarctic bacterium was grown in sessile
condition at different temperatures (4°C, 15°C,
20°C). Corresponding supernatants were recovered
for each condition after 96 h at 4°C, 96 h at 15°C,
and 48 h at 20°C, and their effect on S. epidermidis
strain O-47 biofilm was evaluated (Figure 3). As
shown in Figure 3 the anti-biofilm compound was
produced at all tested temperatures (4-20°C), dem-
onstrating that anti-biofilm production is not
temperature-dependent.

P. haloplanktis TACI25 anti-biofilm molecule
is not a polysaccharide

Previous reported results suggested that P. halo-
planktis TAC125 anti-biofilm activity could be
due to a polysaccharide molecule.!> Many anti-
biofilm polysaccharides act as a surfactant mol-
ecule that modifies the physical characteristics
of bacterial cells and abiotic surfaces. Therefore
it was tested whether P. haloplanktis TAC125
supernatant could modify the surface properties
of an abiotic substrate. To do this, evaporation
coating was used to deposit the supernatant onto
the surface of polystyrene wells, and then the
ability of the coated surfaces to impair biofilm
formation by S. epidermidis was tested. The
supernatant deriving from sessile growth of P.
haloplanktis at 4°C for 96 h was collected and
used. When SN was applied to the polystyrene
surfaces, the coated surfaces was not able to
repel S. epidermidis biofilm formation in the
arca where the extract was deposited (data not

shown), indicating that SN did not act as a
surfactant.

To further investigate the anti-biofilm nature,
we started a preliminary purification of bioactive
molecules from 96-h culture supernatant. Usually,
a polysaccharide molecule can be separated from
culture medium using a dialysis membrane with a
3,500 Da cutoff: in these conditions the polysac-
charide is retained inside the dialysis tube. P. halo-
planktis TAC125 supernatant deriving from sessile
growth at 4°C was subjected to dialysis treatment
and the sample retained inside the dialysis tube
was subjected to size-exclusion chromatography
(Sephacryl S-200). The retained sample and each
chromatographic collected fraction were assayed
in order to assess their anti-biofilm activity against
S. epidermidis strain O-47 (data not shown).
Results obtained demonstrated that none of the
tested samples showed anti-biofilm activity (data
not shown). Therefore, the anti-biofilm activity of
dialysis permeate was evaluated and resulted to be
active (data not shown). Consequently the bioac-
tive molecules possessed a molecular mass lower
than 3,500 Da, a molecular size not compatible
with a polysaccharide.

It has been shown that NalO4 is able to oxidize
the carbons bearing vicinal hydroxyl groups and to
cleave the C-C bonds; this oxidizing activity was
demonstrated also against polysaccharides.?’ The
permeate was treated with NalO4, for the above
tests, the anti-biofilm activities of treated and
untreated permeated were compared. The result of
this experiment showed that NalO4 did not have
effect on permeate anti-biofilm activity (data not
shown). These data demonstrate that the reported
anti-biofilm activity is not due to a polysaccharide
molecule.

Partial purification of P. haloplanktis TACI25
anti-biofilm compounds

P haloplanktis TAC125 supernatant deriving
from sessile growth at 4°C was subject to dialysis
treatment using a semipermeable membrane with
acutoff of 3500 Da. Both the retained and the per-
meate from the dialysis tube were tested for anti-
biofilm activity and only the second one was
shown to be active. The presence of a complex
mixture in the permeate was shown by 1H NMR
spectrum of the sample (data not shown).
Consequently, a liquid chromatography on a
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Figure 4. Purification of active compound from P. haloplanktis supernatant. (a) LC chromatographic profile of P. haloplanktis
supernatant. (b) Biofilm formation by S. epidermidis O-47 in the presence and in the absence of exclusion chromatography fractions.

Biogel P-2 column was performed to fractionate
the dialysate sample (Figure 4a) and the biologi-
cal activity of each fraction was evaluated (Figure
4b). The obtained results indicated for the frac-
tion 6D the best anti-biofilm activity, but once
again 1H NMR spectrum revealed the presence of
a complex mixture (data not shown). Reverse-
phase HPLC on a C18 column was used to further
purify 6D fraction and, the sub-fractions derived
from this procedure were tested to evaluate the
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anti-biofilm activity on S. epidermidis O-47 bio-
film. The results (Figure 5) clearly showed that
the treatment with F fraction induces a decrease
of the biofilm formation of S. epidermidis strain
0-47 about of 90%.

1H NMR spectrum suggested that the fraction F
still is a mixture. However, proton NMR spectra
obtained during the purification steps gave further
confirmation that the molecule of interest in not a
carbohydrate.
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Figure 5. Biofilm formation by S. epidermidis O-47 in the
presence and in the absence of HPLC chromatography
fractions.

Effect of partially purified active compound(s) on S.
epidermidis O-47 dynamic biofilm formation

Effect of F fraction treatment on S. epidermidis
0-47 biofilm formation was also evaluated on
BioFlux system.2! The BioFlux system is a micro-
fluidic device that precisely controls the flow of
growth medium between two interconnected wells
of a microtiter plate. By positioning the channel
connecting the two wells over a window accessible
for viewing by microscopy, biofilm growth can be
monitored in a time-course assay in which images
are collected at 1-min intervals. We collected 720
frames for each experiment, assembled in a time-
lapse video. Selected images reported in Figure 6
show the biofilm development of S. epidermidis
0-47 at different times, in the absence and in the
presence of F fraction (bottom and top lanes of
each panel, respectively).

Bacteria were seeded in both channels visible in
cach frame. After 30 min the flow was applied. In
the top channel F fraction was added to the medium,
while the bottom one contained only medium. Data
obtained show an initial rapid growth of the bacte-
ria, resulting in a confluent ‘lawn’ of cells that was
followed by a period of detachment. F fraction
clearly impaired the biofilm formation confirming
results obtained in static system.

Discussion

In a previous paper!® we demonstrated that the cell-
free supernatant of Antarctic bacterium P. halo-
planktis TAC125 was effective on S. epidermidis

biofilm even on the mature form. Moreover, the P,
haloplanktis TAC125 supematant resulted to have
no antibacterial activity against free-living bacteria,
and results to be species-specific.'® Interestingly P
haloplanktis TAC125 produces this activity only
when it is grown in sessile condition. This latter
result could be explained in consideration that spe-
cific environmental conditions prevailing within
biofilms may induce profound genetic and meta-
bolic rewiring of the biofilm-dwelling bacteria,?
which could lead to production of biofilm-specific
metabolites. These peculiar features could be com-
patible with the action of different anti-biofilm
molecules, such as polysaccharides,” biosur-
factants,?2 quorum sensing inhibitors,?2* or signal-
ing molecule that modulates the gene expression of
recipient bacteria.?’

In this work we aimed to assess which kind of
anti-biofilm molecules are produced by the
Antarctic bacterium. To collect information on
anti-biofilm compound characteristics we explored
the dependence of bioactive molecule production
to growth conditions. Reported results demon-
strated that the anti-biofilm compound is produced
during all phases of P. haloplanktis TAC125 bio-
film development with the best production of the
molecules corresponding to biofilm detachment
steps, and that the production is independent from
the specific carbon and nitrogen source and is not
temperature-dependent.

Previously reported data suggested that P. halo-
planktis TAC 125 anti-biofilm compound is not a
surfactant molecule because its action on mature
biofilm is not immediate but requires a prolonged
time.!% In this paper we confirmed this hypothesis
by surface coating assay, the reported result dem-
onstrated that P. haloplanktis TAC125 supernatant
did not modify the surface properties of abiotic
substrate.

Preliminary physico-chemical characterization
of supernatant of P. haloplanktis TAC125 sug-
gested the hypothesis that the anti-biofilm mole-
cule has a polysaccharidic nature,'’ in which case
the data presented in the present paper disavow this
hypothesis.

The setting up of a purification protocol allowed
us to obtain a fraction (F fraction), that does not
contain polysaccharides, enriched in anti-biofilm
compound. The proposed purification protocol has
to be optimized since its purification yield is very
low, but it is interesting to note that F fraction,
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Figure 6. Biofilm formation of S. epidermidis O-47 in a BioFlux system. Each image contains two channels: top channel was SN-
treated sample and bottom channel was the control one. Bright-field microscopic images were collected at I-min intervals. The
images presented were taken from the complete set of 720 images (see supplementary video bioflux for a video compilation of

these images) taken at 40 X magnification.

which is still a mixture of several compounds,
results as being active at a concentration lower
than 1 mg/mL, suggesting that anti-biofilm mole-
cule resulted as being endowed with a strong bio-
logical activity. Moreover, the molecules contained
in the F fraction have a molecular weight smaller
than 3,500 Da and display a hydrophobic character
as indicated by F fraction elution time in reverse-
phase chromatography. Therefore, reported results
demonstrate that the P. haloplanktis TAC125 anti-
biofilm activity is due to a small hydrophobic mol-
ccule, able to affect S. epidermidis biofilm
formation and stability.

The P. haloplanktis TAC125 anti-biofilm mole-
cule is active against several S. epidermidis strains,
among others it is effective on the clinical isolate
0-47, which is a naturally occurring agr mutant,2¢
but it is inactive on S. epidermidis XX-17 ica
mutant?’ (data not shown). The ica operon encodes
enzymes responsible for production of polysaccha-
ride intercellular adhesin (PIA or PNAG), which is
the main component of polysaccharide matrix of
staphylococcus biofilm.28 These data could indi-
cate in the ica genes the possible target of anti-
biofilm molecules. ica genes regulation in S.
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epidermidis is under the control of LuxS quorum
sensing system.2® It was reported that deletion of
luxS gene in S. epidermidis enhances biofilm for-
mation, this effect being due to an increase over
four-fold of ica expression and resulting increase
of PIA synthesis.??

Therefore, the LuxS communication system
could be involved in bacterial intra-species com-
munication between S. epidermidis and P. halo-
planktis TAC125. The Antarctic bacterium genome
analysis revealed that it is devoid of the /uxS
gene,!” therefore the anti-biofilm effects of P. halo-
planktis exoproducts could be due to a novel mol-
ecule, or to the synergistic actions of different
molecules, that could work as an AI-2 agonist or as
a ligand able to target the AI-2 receptor inducing
an Al-2 signaling response. Only the full structural
characterization of the active molecule will address
the detailed mode of action of anti-biofilm mole-
cules. However, regardless of the chemical nature
of the anti-biofilm molecule, its efficacy was con-
firmed on S. epidermidis biofilm formation in
dynamic condition using the BioFlux system.

BioFlux is an accurate representation of envi-
ronmental or physiological conditions by precisely
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controlling shear flow and can bridge the gap
between in vitro and in vivo assays. Under these
conditions, the bacteria progress through a series
of developmental steps, ultimately forming a mul-
ticellular structure containing differentiated cell
populations. The observation of the biofilm at vari-
ous time-points throughout this process provides a
glimpse of the temporal changes that occur.

Flow biofilm is closer to natural biofilms and can
differ from static biofilms, evidently due to hydro-
dynamic influences on cell signaling. The reported
results demonstrate that the P. haloplanktis TAC125
anti-biofilm is effective against S. epidermidis bio-
film formation in dynamic condition; this conclu-
sion is very promising with regard to its use in in
vivo systems. Therefore the use of P. haloplanktis
TACI125 anti-biofilm molecules during persistent
infection sustained by staphylococci in combination
therapy with antibiotics could be proposed.
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Abstract Microbial biofilms are mainly studied due to
detrimental effects on human health but they are also well
established in industrial biotechnology for the produc-
tion of chemicals. Moreover, biofilm can be considered
as a source of novel drugs since the conditions prevailing
within biofilm can allow the production of specific metabo-
lites. Antarctic bacterium Pseudoalteromonas haloplank-
tis TAC125 when grown in biofilm condition produces
an anti-biofilm molecule able to inhibit the biofilm of the
opportunistic pathogen Staphylococcus epidermidis. In this
paper we set up a P. haloplanktis TAC125 biofilm cultiva-
tion methodology in automatic bioreactor. The biofilm cul-
tivation was designated to obtain two goals: (1) the scale
up of cell-free supematant production in an amount nec-
essary for the anti-biofilm molecule/s purification; (2) the
recovery of P. haloplanktis TAC125 cells grown in biofilm
for physiological studies. We set up a fluidized-bed reac-
tor fermentation in which floating polystyrene supports
were homogeneously mixed, exposing an optimal air-lig-
uid interface to let bacterium biofilm formation. The pro-
posed methodology allowed a large-scale production of
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anti-biofilm molecule and paved the way to study differ-
ences between P. haloplanktis TAC125 cells grown in bio-
film and in planktonic conditions. In particular, the modifi-
cations occurring in the lipopolysaccharide of cells grown
in biofilm were investigated.

Keywords Biofilm cultivation - Pseudoalteromonas
haloplanktis TAC125 - Anti-biofilm - Bacterial biofilm

phenotype

Introduction

Biofilm is a structured aggregation of microorganisms
associated with a surface and it is the predominant mode
of growth for bacteria in most environments. The transition
from the planktonic state to biofilm growth occurs as a con-
sequence of environmental changes that trigger the activa-
tion of multiple regulatory networks (Hall-Stoodley et al.
2004; de la Fuente-Niifiez et al. 2013). Thus, upon sensing
a proper signal, free-living (planktonic) cells will initiate
attachment to a surface, which will lead to the formation
of a biofilm that has a greater ability to withstand environ-
mental challenges. Bacteria possess a biofilm genetic pro-
gram that could be triggered by stressful conditions, aim-
ing at the adaptation to transiently hostile environments (de
la Fuente-Nufez et al. 2013). This program involves the
switch on of regulatory circuits that cause transient genetic
alterations rather than permanent. Proteomic and transcrip-
tomic studies have shown a global shift in metabolism
when growth switches from planktonic to biofilm (de la
Fuente-Niifiez et al. 2013).

Although bacterial biofilm has drawn increasing atten-
tion due to many detrimental effects on human health (Per-
cival et al. 2015), it can be used in many biotechnological
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applications (Rosche et al. 2009). Indeed, the specific envi-
ronmental conditions prevailing within biofilms induce
profound genetic and metabolic rewiring of the biofilm-
dwelling bacteria that can allow the production of metabo-
lites different from those obtained in planktonic condition.
From this point of view, the biofilm could be considered
as a source of novel drugs. Furthermore, many bacterial
biofilms secrete molecules such as quorum sensing sig-
nals, surfactants, enzymes, and polysaccharides that act by
regulating biofilm architecture or mediating the release of
cells from biofilms during the dispersal stage of the biofilm
life cycle (Valle et al. 2006; Qin et al. 2009; Ni et al. 2009;
Kiran et al. 2010; Papa et al. 2015). While understanding
of these aspects of biofilms has increased, further work is
needed, especially in the field of in vitro systems develop-
ment for growing and studying microbial biofilms.

Two major biofilm models are studied in the laboratory,
biofilms grown without a continuous flow of fresh medium
and biofilms grown with a continuous flow of fresh
medium. These systems generally provide a surface that
can be removed and examined once it is colonized to assess
biofilm formation. Along with the development of these
systems for biofilm physiology studies at small scale, the
biotechnological applications of microbial biofilm, such as
water purification and wastewater treatment and enhanced
production of added-value fermentation products (Pongtha-
rangku and Demirci 2007, Cheng et al. 2010) fostered the
set-up of biofilm reactors for large-scale industrial produc-
tion. Biofilm reactors have been proven quite effective in
enhancing productions of added-value products, such as
bioethanol, organic acids, enzymes, antibiotics, and poly-
saccharides as they can generate increased volumetric pro-
ductivity rates by maintaining high biomass concentration
in the bioreactors (Cheng et al. 2010).

In general, biofilm reactors can be categorized into two
groups: fixed-bed and expanded-bed reactors. Fixed-bed
reactors include all processes in which the biofilm develops
on static media (Cheng et al. 2010; Szildgyi et al. 2013).
Expanded-bed reactors include biofilm with continuously
moving media driven by high air or liquid velocity, or by
mechanical stirring (Cheng et al. 2010). A great variety of
solid supports have been developed and designed to increase
the specific surface area per volume of reactor to obtain
higher efficiency and compactness (Cheng et al. 2010).

We previously (Papa et al. 2013b; Parrilli et al. 2015)
demonstrated that the cell-free supernatant of Antarctic
bacterium Pseudoalteromonas haloplanktis TAC125 (P.
haloplanktis TAC125) inhibits Staphylococcus epidermidis
(S. epidermidis) biofilm formation. Interestingly P. halo-
planktis TAC125 shows this activity only when it is grown
in sessile condition (Papa et al. 2013b). Recent investiga-
tion (Parrilli et al. 2015) on chemical nature of P. halo-
planktis TAC125 anti-biofilm molecule demonstrated that
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the anti-biofilm activity is due to small hydrophobic mol-
ecule that likely works as signal. These results are highly
suggestive of actual differences in P. haloplanktis TAC125
cells physiology when sessile rather than planktonic life-
style is adopted, and pave the way to several open questions
about the biofilm-specific pathway involved in the anti-
biofilm molecule synthesis. To answer these questions it is
necessary to have a methodology to investigate the charac-
teristics of P. haloplanktis TAC125 cell grown in biofilm.
Moreover, the previously proposed purification protocol
(Parrilli et al. 2015), even if it allowed to obtain an active
fraction enriched in anti-biofilm compound, is character-
ized by a poor purification yield. Therefore, the purification
and characterization of the anti-biofilm molecule requires a
larger scale production.

In this paper, we set up a biofilm cultivation methodol-
ogy of P. haloplanktis TAC125 in automatic bioreactor.
The Gram-negative psychrotolerant marine bacterium P.
haloplanktis TAC125 is one of the best-studied cultivable
representatives of the marine bacterioplankton and it is
considered a model organism of bacterial cold-adaptation
(Medigue et al. 2005). Indeed, in the last few years the
increasing interest in P. haloplanktis TAC125 has led to the
accumulation of different data types, including its complete
genome sequence (Medigue et al. 2005), its intracellular
and extracellular proteome (Piette et al. 2010, 2011; Papa
et al. 2006), detailed growth phenotypes (Wilmes et al.
2010; Giuliani et al. 2011), and a genome-scale metabolic
model (Fondi et al. 2015). A fermentation scheme to up-
scale P. haloplanktis TAC125 growth in automatic biore-
actors, at a laboratory scale, was developed and used for
batch (Giuliani et al. 2011), chemostat cultivation (Giuliani
et al. 2011) and fed-batch fermentation (Wilmes et al.
2010). However, no strategy was established to obtain a
biofilm cultivation of P. haloplanktis TAC125 in bioreactor.

In this paper, we proposed a biofilm cultivation of P.
haloplanktis TACI25 in automatic bioreactor aimed at a
larger scale production of P. haloplanktis TAC125 super-
natant grown in biofilm condition, indispensable for the
purification of the molecule active against S. epider-
midis biofilm. The set up process also allowed a consist-
ent enhancement of the recovery yield of P. haloplanktis
TAC125 biomass, making now possible to carry out com-
parative physiologic studies of Antarctic bacterial cells
grown in biofilm and in planktonic conditions.

Materials and methods
Bacterial strains and culture conditions

Bacterial strains used in this work were: S. epidermidis
0-47 isolated from clinical septic arthritis and kindly



Extremophiles

provided by Prof. Gotz (Heilmann et al. 1996); P. halo-
planktis TAC125 (Medigue et al. 2005) collected in 1992
from seawater near French Antarctic Station Dumont
d’Urville. Bacteria were grown in Brain Heart Infusion
broth (BHI, Oxoid, UK). Biofilm formation was assessed in
static condition while planktonic cultures were performed
under vigorous agitation (180 rpm). All strains were main-
tained at —80 °C in cryovials with 15 % of glycerol.

Biofilm formation of P. haloplanktis TAC125
on supports in flask

Polystyrene supports were hand made using pieces of
expanded polystyrene with two different shapes. The mean
length of the outer side is 2 cm, the mean thickness is 1 cm
and the mean surface exposed area is 12 cm® in case of
support A. Type B are characterized by a mean thickness
of 1 cm, a mean diameter of 0.5 cm and a mean surface
exposed area of 2.1 cm>.

The supports were placed in water and sterilized in auto-
clave at 121 °C for 20 min. After sterilization, the polysty-
rene supports were added to cell cultures. In detail, 250 ml
glass wide-neck flasks were filled with 25 ml of BHI
medium and an appropriate dilution of Antarctic bacterial
culture in exponential growth phase (about 0.1 OD 600 nm)
was added into each flask. Several replicates of autoclaved
polystyrene supports were separately placed onto the sur-
face of the broth with a sterile forceps to allow a homo-
geneous soaking of the surfaces and to enable biofilm for-
mation at air-liquid interface. In detail, four replicates of
support A (Fig. 1) and 24 replicates of support B (Fig. 1)
were added in each flask, respectively. P. haloplanktis
TAC125 cultures were incubated at 15 and at 4 °C for 96 h
in static condition. After incubation, supernatants were
separated from polystyrene supports and sterilized by filtra-
tion through membranes with a pore diameter of 0.22 pm,

Fig.1 Autoclaved polystyrene supports. a Support A: the mean
length of the outer side is 2 cm, the mean thickness is 1 cm and the
mean surface exposed area is 12 cm®. b Support B: the mean thick-
ness is | cm, the mean diameter is 0.5 cm and the mean surface
exposed area is 2.1 cm?
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and stored at 4 °C until use. Supports were recovered and
rinsed twice with 40 ml of PBS. Then adhered cells on sup-
ports were stained with 0.1 % crystal violet, rinsed twice
with double-distilled water, and thoroughly dried. The dye
bound to adherent cells on supports was solubilized with
20 ml of 20 % (v/v) glacial acetic acid and 80 % (v/v) etha-
nol and the absorbance at 590 nm was measured.

Recovery of attached cells by sonication

250 ml glass wide-neck flasks were filled with 25 ml of
BHI medium and an appropriate dilution of Antarctic bac-
terial culture in exponential growth phase (about 0.1 OD
600 nm) was added into each flask. Then four replicates
of support A and 24 replicates of support B were added in
each flask, respectively. P. haloplanktis TAC125 cultures
were incubated at 4 °C for 96 h in static condition, after
incubation supports were transferred with a sterile forceps
to a 50 ml Falcon tube filled with 10 ml of BHI broth, with
the supports completely immersed into the broth. In detail,
one single support A and six supports B in each Falcon tube
were transferred, respectively. Samples were sonicated at
three different exposure times (5, 10 and 15 min). Sonica-
tion was performed by using an ultrasound bath (Elmasonic
S 30/H) at a constant ultrasound frequency of 37 kHz. The
supports floated to the top of the liquid level while the
detached biomass settled. Sonication fluid obtained after
three different exposure times was transferred to 10 ml
Falcon tubes, respectively. Samples were centrifuged at
13,000 rpm, supernatant was discarded and cell pellets
were resuspended in a small volume of fresh broth. Cell
suspensions were transferred in 2 ml microcentrifuge tubes
and centrifuged at 13,000 rpm. Then supernatant was dis-
carded and cell pellets were dried in an oven at 55 °C for
24 h. Dry weight of recovered cell pellets was measured by
using an analytical balance.

Anti-biofilm compound/s production in automatic
bioreactor

P. haloplanktis TAC125 bacterial culture was grown in BHI
medium in a Stirred Tank Reactor 3 L fermenter (Applikon)
connected to an ADI-1030 Bio Controller (Applikon) with
a working volume of 1 L. The bioreactor was equipped
with the standard pH-, pO,-, level- and temperature sensors
for the bioprocess monitoring. To allow the biofilm forma-
tion, autoclaved solid polystyrene supports A were added
into the bioreactor (33 supports in 1 L). The culture was
carried out at 15 °C for 48 h, or at 4 °C for 96 h, in aer-
obic conditions using an airflow of 6 L h~!, without stir-
ring. Supernatant was recovered and separated from sup-
ports and cells by a centrifugation at 13,000 rpm. Then, it
was sterilized by filtration through membranes with a pore
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diameter of 0.22 um, and stored at 4 °C until use. Supports
were recovered and subjected to biofilm detachment proce-
dure previously described.

Biofilm formation of staphylococci

Quantification of in vitro biofilm production was based on
the method described by Christensen with slight modifi-
cations (Papa et al. 2013a; Artini et al. 2013). Briefly, the
wells of a sterile 48-well flat-bottomed polystyrene plate
were filled with 400 pl of BHI medium. 1/100 Dilution of
overnight bacterial cultures was added into each well (about
5.0 OD 600 nm). The first row contained the untreated bac-
teria, while each of the remaining rows contained serial
dilutions of supernatant (SN) starting from 1:2. The plates
were incubated aerobically for 24 h at 37 °C.

Biofilm formation was measured using crystal vio-
let staining. After treatment, planktonic cells were gently
removed; each well was washed three times with PBS and
patted dry with a piece of paper towel in an inverted posi-
tion. To quantify biofilm formation, each well was stained
with 0.1 % crystal violet and incubated for 15 min at room
temperature, rinsed twice with double-distilled water, and
thoroughly dried. The dye bound to adherent cells was sol-
ubilized with 20 % (v/v) glacial acetic acid and 80 % (v/v)
ethanol. After 30 min of incubation at room temperature,
OD 590 nm was measured to quantify the total biomass of
biofilm formed in each well. Each data point is composed
of three independent experiments each performed at least
in 3-replicates.

LPS extraction and characterization

P. haloplanktis TAC125 cells were grown in planktonic and
in biofilm conditions at 15 and 4 °C, respectively. Then
the cells were extracted by phenol/chloroform/light petro-
leum ether (PCP) method to isolate the lipopolysaccharide
(LPS) fractions (Galanos et al. 1969) and visualized by
electrophoresis. For the extraction of LPS from P. halo-
planktis TAC125 grown in planktonic conditions, bacterial
cells were treated as already reported (Corsaro et al. 2001).
PAGE was performed using the system of Laemmli et al.
(1970) with sodium deoxycholate (DOC) as detergent.
The separating gel contained final concentrations of 16 %
acrylamide, 0.1 % DOC, and 375 mM Tris/HCI pH 8.8; the
stacking gel contained 4 % acrylamide, 0.1 % DOC, and
125 mM Tris/HCI pH 6.8. LOS samples were prepared at
a concentration of 0.05 % in the sample buffer (2 % DOC
and 60 mM Tris/HCI pH 6.8 25 % glycerol, 14.4 mM
2-mercaptoethanol, and 0.1 % bromophenol blue). All con-
centrations are expressed as mass/volume percentage. The
electrode buffer was composed of SDS (1 g L"), glycine
(144 g L7Y, and Tris (3.0 g L™"). Electrophoresis was
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performed at constant amperage of 30 mA. Gels were fixed
in an aqueous solution of 40 % ethanol and 5 % acetic acid.
LOS bands were visualized by silver staining (Tsai and
Frasch 1982).

Monosaccharides were analyzed as acetylated methyl
glycosides. The LPS samples (1 mg) were treated with HCI/
CH;OH (1.25 M, 1 mL) and the methanolysis was per-
formed as reported (Carillo et al. 2015). After acetylation the
samples were analyzed on an Agilent Technologies gas chro-
matograph 6850A equipped with a mass selective detector
5973 N and a Zebron ZB-5 capillary column (Phenomenex,
30 m x 0.25 mm id., flow rate 1 ml min~!, He as carrier
gas), accordingly with the following temperature program:
140 °C for 3 min, 140 °C — 240 °C at 3 °C min™".

Results and discussion
Polystyrene supports selection

As previously reported (Papa et al. 2013b; Parrilli et al.
2015), P. haloplanktis TAC125 can be efficiently grown in
biofilm condition using sterile 24-well flat-bottomed poly-
styrene plates. Therefore, the first step to assess a proper
strategy to scale up the biofilm growth condition was the
identification of suitable polystyrene supports for bio-
film formation. P. haloplanktis TAC125 biofilm formation
mostly occurs at air-liquid interface (Medigue et al. 2005),
therefore we selected supports able to float and character-
ized by a large surface area per volume unit to promote
microorganism adhesion. Two types of polystyrene sup-
ports were tested (Fig. 1).

To assess the ability of P. haloplanktis TAC125 to form
biofilm on selected polystyrene supports, Antarctic bac-
terium was grown in BHI medium using glass wide-neck
flasks in the presence of the supports A or B, at 15 and
4 °C in static condition for 96 h. P. haloplanktis TAC125
resulted to be able to form biofilm on both types of poly-
styrene supports and a qualitative measurement of formed
biofilm was performed as described in “Materials and
methods”. The amount of biofilm formed on 5 type A sup-
ports or on 30 type B supports resulted to be almost the
same (data not shown). This result is not surprising as type
A supports have a mean exposed surface area of 12 cm?,
about six times higher than that of type B supports (mean
exposed surface area 2.1 cm?).

Moreover, supernatants of P. haloplanktis TACI125
grown in the presence of tested supports were found to be
able to inhibit S. epidermidis O-47 biofilm formation (data
not shown).

In view of a possible characterization of cells in bio-
film, supports were treated with ultrasounds for three dif-
ferent exposure times (5, 10 and 15 min) to allow biofilm
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Fig.2 Evaluation of P. haloplanktis TAC125 biofilm removal from
polystyrene supports by sonication. Data reported are referred to
treatment of five supports A (white bar) and 30 supports B (gray bar).
a Crystal violet staining: supports A and B stained before (NS) and
after sonication for biofilm mass evaluation. b Dry weight of cell pel-
lets recovered from supports A and B after sonication

detaching and biomass recovery. Sonication was performed
using an ultrasound bath at a constant ultrasound frequency
of 37 kHz. After treatments, a qualitative analysis of resid-
ual biofilm biomass was determined using crystal violet
staining (Fig. 2a).

For a quantitative evaluation, the dry weight of cell pel-
lets recovered after sonication of the supports was deter-
mined (Fig. 2b). As shown in Fig. 2, both supports were
suitable for biofilm formation, but support A allowed a
better biofilm detachment and cell recovery after sonica-
tion. Therefore, we selected the support A for the set-up
of biofilm cultivation of Antarctic bacterium in automatic
bioreactor.

Set up of P. haloplanktis TAC125 biofilm cultivation
in automatic bioreactor

To develop a scalable process for P. haloplanktis TAC125
growth in biofilm, Antarctic bacterium was grown in
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bioreactor in the presence of supports A, without stirring
and keeping a low air inflow (see “Materials and meth-
ods”). The experimental conditions were chosen to obtain
a sort of fluidized-bed reactor, in which the supports were
homogeneously mixed and properly exposed to air-liquid
interface, where P. haloplanktis TAC125 biofilm formation
mostly occurs. Moreover, all parameter were selected to
avoid the shearing detachment of biofilm. To attain these
aims, several airflow conditions and ratios between medium
volume and number of added supports were tested (data not
shown). The best results were obtained using 33 supports A
in 1 L of BHI medium using an airflow of 6 L h™" without
stirring.

To evaluate the molecule/s anti-biofilm production in
the selected conditions, Antarctic bacterium was grown in
BHI in a 3L-stirred tank reactor (Applikon ADI 1030) at
two different temperatures (4 and 15 °C) in the presence
of supports A. Corresponding supernatants were recov-
ered for each condition after 24, 48, 72 and 96 h at 4 °C
and after 24, 48 and 72 h at 15 °C, respectively, and their
effect on S. epidermidis strain O-47 biofilm was evalu-
ated (Fig. 3). Anti-biofilm effect is reported as percentage
of residual biofilm after treatment in comparison with bio-
film formation by untreated bacteria. As shown in Fig. 3,
the anti-biofilm compound was produced at both tested
temperatures and in all tested conditions. In particular, at
15 °C the greatest production occurs at 72 h of cultivation,
while at lower temperature (4 °C) 96 h of incubation are
needed to achieve the best anti-biofilm compound produc-
tion (Fig. 3). This result is in perfect agreement with previ-
ously reported production conditions (Parrilli et al. 2015)
where sterile 24-well flat-bottomed polystyrene devices
were used. Therefore the proposed P. haloplanktis TAC125
biofilm cultivation is suitable for a larger scale production
of anti-biofilm molecule and it allows to obtain an amount
of cell-free supernatant sufficient for the future purification.

Comparison between P. haloplanktis TAC125
lipopolysaccharide extracted from planktonic
and biofilm associated cells

It is widely accepted that the choice of biofilm lifestyle
imposes profound physiological, metabolic, and morpho-
logical changes to planktonic growing bacteria. It is very
likely that also Antarctic marine bacteria do not escape
this general rule. However, only very limited informa-
tion, essentially coming from the study of P. haloplanktis
TAC125, are available on cold-adapted bacteria grown in
sessile conditions. Therefore, the second—but not less
important—aim of this work was to demonstrate that the
optimized fermentation process allowed the easy recovery
of P. haloplanktis TAC125 biomass grown in biofilm, ready
to be used in comparative structural analyses with respect to
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Fig.3 S. epidermidis biofilm formation in the presence of P. halo-
planktis TAC125 cell-free supernatants. P. haloplanktis TAC125 was
grown in an automatic bioreactors in the presence of supports A at
4 °C and at 15 °C. Corresponding supernatants recovered at differ-
ent times were tested. Data are reported as percentage of residual bio-
film after the treatment. Each data point represents the mean £ SD of
three independent experiments each performed at least in 3-replicates
of three independent samples

cells grown in planktonic conditions. Amongst the cellular
components that were structurally characterized in plank-
tonic P. haloplanktis TAC125 cells, LPS was the object of
the comparative analysis. LPS is the major constituent of
all Gram-negative outer membranes, and although their
structure varies in response to certain environmental stimuli
(Raetz and Whitfield 2002), few studies have investigated
changes in structure of LPSs extracted from cells grown in
biofilms (Hansen et al. 2007; Ciornei et al. 2010; Chala-
baev et al. 2014). In particular, reversible loss of lipopoly-
saccharide O-antigen and alteration of lipid A have been
observed in some Pseudomonas aeruginosa strains when
grown in biofilm (Ciomei et al. 2010). Recently, Chalabaev
and coworkers demonstrated that Escherichia coli LPS
displays some modifications, in particular occurring in the
lipid A moiety, when the molecules extracted from the two
growth conditions were compared (Chalabaev et al. 2014).
Here, we compared P. haloplanktis TAC125 LPS obtained
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Fig. 4 16 % DOC-PAGE analysis of Escherichia coli O55:B5 LPS
used as standard (a), P. haloplanktis TAC125, LPSb4 (b), LPSb15
(¢), and P. haloplanktis TAC125 LPSp15 (d). The arrows indicate the
LPS bands extracted from cells grown in biofilm

during biofilm growth at 15 °C (LPSb15) and 4 °C (LPSb4)
with previously characterized LPS extracted by planktonic
bacteria grown at 15 °C (LPSp15) (Corsaro et al. 2001).
Dried cells embedded in the biofilm were extracted by PCP
procedure to isolate the crude LPS. The purified samples
were analyzed by DOC-PAGE electrophoresis and visual-
ized with silver nitrate staining (Fig. 4).

Electrophoresis analysis revealed that all the samples
contain bands at low molecular masses indicating the rough
nature of LPS. This latter revealed that P. haloplanktis
TACI125, grown in static condition, produced a lipopoly-
saccharide with the same nature of the LPS previously
described for planktonic condition (Corsaro et al. 2001).
Nevertheless, a difference was observed between the sam-
ples grown in sessile (Fig. 4, lanes b and c) and planktonic
conditions (Fig. 4, lane d). Indeed, while the planktonic
LPS showed only one band, two bands were clearly detect-
able for LPS molecules extracted from cells grown in bio-
film. A glycosyl analysis was then performed on the three
different LPS samples (LPSb15, LPSb4 and LPSpl5) to
assess if this difference could be due to a modification in
the sugar composition.

The analysis was carried out by GC-MS of the acety-
lated methyl glycosides and revealed for all the samples
the presence of galactose (Gal), 2-amino-2-deoxymannose
(ManN), 2-amino-2-deoxyglucose (GIcN) and heptose
(Fig. S1-S3). Since all these monosaccharides were already
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described to be the components of P. haloplanktis TAC125
LPS (Corsaro et al. 2001), it can be deduced that the gly-
cosyl composition of LPSb15 and LPSb4 is the same of
LPSp15 (Fig. SI-S3). Then, the detection of an additional
band in LPS molecules extracted from cells grown in bio-
film conditions suggests that the modification could be
present in the lipid A moiety (Ciornei et al. 2010; Chala-
baev et al. 2014). Further characterization of LPS from P.
haloplanktis TAC125 biofilm cells by NMR and mass spec-
trometry will help in the identification of the punctual dif-
ferences with respect to planktonic bacteria.

Conclusions

Cold-adapted marine bacteria represent an untapped res-
ervoir of biodiversity endowed with an interesting chemi-
cal repertoire. A preliminary characterization of molecules
isolated from cold-adapted bacteria revealed that these
compounds display antimicrobial, anti-fouling and various
pharmaceutically relevant activities (Bowman et al. 2005).
P. haloplanktis TAC125 is considered to be one of the
model organisms of cold-adapted bacteria and it resulted
to be a source of bioactive metabolites of biotechnologi-
cal relevance, such as anti-biofilm molecules (Papa et al.
2013b, Parrilli et al. 2015). In particular P. haloplanktis
TAC125 produces this activity only when it is grown in ses-
sile condition (Papa et al. 2013b), confirming that the study
of biofilm lifestyle allows to analyze a different associated
chemical diversity. The proposed strategy for a biofilm cul-
tivation of the Antarctic bacterium in automatic bioreactor
makes also possible the isolation of bioactive compounds
produced at very low amount. Beside this “drug discovery”
aspect, this paper reports for the first time the possibility to
recover Antarctic bacteria biomass grown in biofilm, pav-
ing the way to study the features of a cold-adapted biofilm.
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Microbial biofilms have great negative impacts on the world’s economy and pose serious
problems to industry, public health and medicine. The interest in the development of
new approaches for the prevention and treatment of bacterial adhesion and biofilm
formation has increased. Since, bacterial pathogens living in biofim induce persistent
chronic infections due to the resistance to antibiotics and host immune system.
A viable approach should target adhesive properties without affecting bacterial vitality
in order to avoid the appearance of resistant mutants. Many bacteria secrete anti-
biofim molecules that function in regulating biofim architecture or mediating the
release of cells from it during the dispersal stage of biofim life cycle. Cold-adapted
marine bacteria represent an untapped reservoir of biodiversity able to synthesize a
broad range of bioactive compounds, including anti-biofilm molecules. The anti-biofilm
activity of cell-free supernatants derived from sessile and planktonic cultures of cold-
adapted bacteria belonging to Pseudoalteromonas, Psychrobacter, and Psychromonas
species were tested against Staphylococcus aureus, Staphylococcus epidermidis, and
Pseudomonas aeruginosa strains. Reported results demonstrate that we have selected
supernatants, from cold-adapted marine bacteria, containing non-biocidal agents able
to destabilize biofilm matrix of all tested pathogens without kiling cells. A preliminary
physico-chemical characterization of supernatants was also performed, and these
analyses highlighted the presence of molecules of different nature that act by inhibiting
biofilm formation. Some of them are also able to impair the initial attachment of the
bacterial cells to the surface, thus likely containing molecules acting as anti-biofim
surfactant molecules. The described ability of cold-adapted bacteria to produce effective
anti-biofilm molecules paves the way to further characterization of the most promising
molecules and to test their use in combination with conventional antibiotics.

Keywords: Polar bacteria, anti-virulence, anti-biofilm ti | agents
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INTRODUCTION

The great ability of bacteria to colonize new environments can
be linked, in most cases, to their capacity to develop a protective
architecture called biofilm. The biofilm lifestyle is associated
with a high tolerance to exogenous stress, and treatment of
biofilms with antibiotics or other biocides is usually ineffective
at eradicating them (Hall-Stoodley and Stoodley, 2009). Biofilm
formation is therefore a major problem in many fields, ranging
from the food industry to medicine (Lépez et al., 2010; Hoiby
et al, 2011). It is worth mentioning that, in medical settings,
biofilms are the cause of persistent infections implicated in
80% or more of all microbial cases-releasing harmful toxins
and even obstructing indwelling catheters (Epstein et al,
2012).

Staphylococci are recognized as the most frequent causes of
biofilm-associated infections (Otto, 2008). Staphylococcus aureus
(S. aureus) is an opportunistic dangerous pathogen that can
cause serious diseases in humans, ranging from skin and soft
tissue infections to invasive infections of the bloodstream, heart,
lungs and other organs. A statistical study showed that 30% of
U.S. population was colonized by S. aureus (Nicholson et al.,
2013). In addition, 1.5% of U.S. population was found to be a
carrier of methicillin-resistant S. aureus (MRSA) that is a major
cause of healthcare-related infections, responsible for significant
proportion of nosocomial infections worldwide. Recently in the
U.S., deaths from MRSA infections have surpassed those from
many other infectious diseases, including HIV/AIDS (Nicholson
etal., 2013).

Staphylococcus epidermidis, conventionally considered as a
commensal bacterium of human skin, it can cause significant
problems when breaching the epithelial barrier, especially
during biofilm-associated infection of indwelling medical devices
(Dohar et al., 2009; Rogers et al., 2009). Most diseases caused by
S. epidermidis are of a chronic character and occur as device-
related infections (such as intravascular catheter or prosthetic
joint infections) and/or their complications (Rogers et al., 2009).

Pseudomonas aeruginosa (P. aeruginosa) is an important
pathogen responsible for infections in patients who suffer from
respiratory diseases (Saxena et al., 2014) like cystic fibrosis (CF).
Recurrent and chronic respiratory tract infections in CF patients
result in progressive lung damage and represent the primary
cause of morbidity and mortality. P. aeruginosa can cause hard
to treat life threatening infections due to its high resistance to
antibiotics and to the ability to form antibiotic tolerant biofilms.

The development of anti-biofilm strategies is therefore of
major interest and currently constitutes an important field
of investigation in which non-biocidal molecules are highly
valuable to avoid the rapid appearance of escape mutants.

From another point of view, the biofilm could be considered
as a source of novel drugs and holds great potential due to the
specific physical and chemical conditions of its ecosystem. For
example, the production of extracellular molecules that degrade
adhesive components in the biofilm matrix is a basic mechanism
used in the biological competition between phylogenetically
different bacteria (Brook, 1999; Wang et al., 2007, 2010). These
compounds often exhibit broad-spectrum biofilm-inhibiting or

biofilm-detaching activity when tested in vitro and their use in a
combination therapy with antibiotics could be of interest.

Marine bacteria are a resource of biologically active products
(Debbab et al., 2010). Cold-adapted marine bacteria represent
an untapped reservoir of biodiversity endowed with an
interesting chemical repertoire. A preliminary characterization
of molecules isolated from cold-adapted bacteria revealed that
these compounds display antimicrobial, anti-fouling and various
pharmaceutically relevant activities (Bowman, 2007). The ability
of Polar marine bacteria, belonging to different genera/species,
to synthesize bioactive molecules might represent the results of
the selective pressure to which these bacteria are subjected. One
of the developed survival strategies may be represented by the
production of metabolites with anti-biofilm activity, which might
be exploited to fight the biological competition of other bacteria.

Recently, we observed that Antarctic marine bacterium
Pseudoalteromonas haloplanktis TAC125 produces and secretes
several compounds of biotechnological interest (Papaleo et al.,
2013), including molecules inhibiting the biofilm of the human
pathogen S. epidermidis (Papa et al.,, 2013b; Parrilli et al., 2015).
This activity impairs biofilm development and disaggregates the
mature biofilm without affecting bacterial viability, showing that
its action is specifically directed against biofilm (Papa et al,
2013b; Parrilli et al., 2015).

In this work we evaluated the anti-biofilm activity
of supernatants derived from cultures of cold-adapted
bacteria belonging to Pseudoalteromonas, Psychrobacter, and
Psychromonas genera. Supernatants were obtained from bacterial
cultures made both in sessile and planktonic conditions. The
potential anti-biofilm activity was tested on bacterial cultures of
P. aeruginosa PAO1, three different strains of S. aureus and three
different strains belonging S. epidermidis species. The results
obtained highlighted that several supernatants show anti-biofilm
activity against most species analyzed. Preliminary evaluations
on the physico-chemical nature of the molecules responsible for
anti-biofilm activity emphasized their different nature.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
Bacterial strains used in this work are listed in Table 1. Bacteria
were grown in Brain Heart Infusion broth (BHI, Oxoid, UK).
Biofilm formation was assessed in static conditions. Planktonic
cultures were grown in flasks under vigorous agitation (180 rpm).
Cold-adapted bacteria were grown at 15°C, while staphylococci
and P. aeruginosa were grown at 37°C.

Biofilm Formation of Polar Bacteria

Biofilm formation of cold-adapted bacteria was obtained at 15°C
in BHI (Oxoid, UK). The wells of a sterile 24-well flat-bottomed
polystyrene plate were filled with 1 ml of BHI, and an opportune
dilution of bacterial culture in exponential growth phase (about
0.1 OD 600 nm) was added into each well. The plates were
aerobically incubated up to 96 h at 15°C in static condition,
measuring biofilm formation each 24 h. After the removal of
spent medium and of not adhered cells and rinsing with PBS,
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TABLE 1| Strains used in this study.

Strain Origin Reference and/or
source

Pseudoalteromonas Antarctic sea water® Liége collection
haloplanktis TAA207 (marine sediment)
Pseudoalteromonas Antarctic sea water? Liege collection
haloplanktis TAES6 (algae necrosed

suspended in sea water)
Pseudoalteromonas Antarctic sea water* Liége collection
haloplanktis TAES7 (algae necrosed

suspended in sea water)
Pseudoalteromonas Antarctic sea water? Liege collection
haloplanktis TAE79 (algae necrosed

suspended in sea water)
Pseudoalteromonas Antarctic sea water? Liege collection
haloplanktis TAESO (algae necrosed

suspended in sea water)
Psychrobacter sp.TAD1 Antarctic sea water® Liege collection
Psychrobacter sp.TAD18  Antarctic sea water® Liege collection

(frozen algae)
Pseudoalteromonas Antarctic sea water* Liége collection
haloplanktis TAB87
Psychrobacter arcticus Siberian permafrost Bakermans et al., 2006
273-4 sediment cores

Psychromonas arctica

Arctic seawater (Svalbard

Groudieva et al., 2003

islands, Arctic)
Staphylococcus aureus Clinical isolate ATCC collection
6538P
Staphylococcus aureus Clinical isolate ATCC collection
25923
Staphylococcus aureus Clinical isolate from septic ~ ATCC collection
20372 arthritis
Staphylococcus Reference strain isolated ATCC collection
epidermidis RP62A from infected catheter
Staphylococcus Clinical isolate from septic ~ Heimann et al., 1996
epidermidis O-47 arthritis
Staphylococcus Clinical isolate from Our collection
gpidermidis XX-17 infected catheter
Pseudomonas aeruginosa  Clinical isolate from wound  ATCC collection

PAO1

solated from Antarctic coastal sea water sample collected in the vicinity of the
French Antarctic station Dumont d'Urville, Terre Adélie (66°40' S; 140° 01" E).

adhered cells were stained with 0.1% crystal violet, rinsed twice
with double-distilled water, and thoroughly dried as previously
described (Papa et al., 2013a). The dye bound to adherent cells
was solubilized with 20% (v/v) glacial acetic acid and 80% (v/v)
ethanol. The absorbance of each well was measured at 590 nm.
Each data point is composed of four independent experiments
performed in triplicate.

Preparation of Cell-free Supernatants

from Cold-adapted Bacteria

The cell-free supernatants of a liquid culture of cold-adapted

strains grown in sessile condition were designated as SNB, while

the cell-free supernatants of a liquid culture of psychrophilic

strains grown in planktonic condition were designated as SNP.
For the preparation of SNB, wells of a sterile 24-well flat-

bottomed polystyrene plate were filled with 900 pl of BHI and

100 ! of each overnight bacterial culture was added into each
well. The plates were incubated at 15°C monitoring biofilm
formation each 24 h. After 96 h, supernatants were recovered and
centrifuged at 13000 rpm at 4°C for 30 min. Supernatants were
sterilized by filtration through membranes with a pore diameter
of 0.22 jum, and stored at 4°C until use.

For the preparation of SNP bacterial cultures were
grown in planktonic conditions at 15°C under vigorous
agitation (180 rpm) for 24 h. Supernatants were recovered by
centrifugation at 13000 rpm at 4°C and processed as described
above.

Biofilm Formation of Staphylococci and
Pseudomonas

Biofilm formation of Staphylococcus and Pseudomonas species
was evaluated in the presence of SNB and SNP supernatants,
respectively. Quantification of in vitro biofilm production was
based on method previously reported (Artini et al., 2015). Briefly,
the wells of a sterile 96-well flat-bottomed polystyrene plate were
filled with 100 pul of the appropriate medium. 1/100 dilution of
overnight bacterial cultures was added into each well (about 5.0
OD 600 nm). Each well was filled with 50 pl of BHI and 50 pl of
each supernatant, respectively. In this way each supernatant was
used diluted 1:2 with a final concentration of 50%. As control,
the first row contained bacteria grown only in 100 pl of BHI
(untreated bacteria).The plates were incubated aerobically for
24 hat 37°C.

Biofilm formation was measured using crystal violet staining.
After treatment, planktonic cells were gently removed; each well
was washed three times with PBS and patted dry with a piece
of paper towel in an inverted position. To quantify biofilm
formation, each well was stained with 0.1% crystal violet and
incubated for 15 min at room temperature, rinsed twice with
double-distilled water, and thoroughly dried. The dye bound to
adherent cells was solubilized with 20% (v/v) glacial acetic acid
and 80% (v/v) ethanol. After 30 min of incubation at room
temperature, ODsgg was measured to quantify the total biomass
of biofilm formed in each well. Each data point is composed
of three independent experiments each performed at least in
eight-replicates.

Surface Coating Assay

A volume of 25 pl of cell-free supernatant (SNB or SNP), or 25 pl
of saline as control, was deposited to the center of a well of a 24-
well tissue-culture-treated polystyrene microtiter plate. The plate
was incubated at 37°C for 1 h to allow complete evaporation of
the liquid. The wells were then filled with 1 ml of broth containing
10%-10° CFU/ml of S. epidermidis O-47 and incubated at 37°C.
After 18 h, wells were rinsed with water and stained with 1 ml of
0.1% crystal violet. Stained biofilms were rinsed with water and
dried, and the wells were photographed.

Physico-chemical Characterization of
Anti-biofilm Compounds

The heat sensitivity of anti-biofilm compounds were evaluated
by incubating the culture supernatants (SNB or SNP), for 1 h
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in a water bath at 50°C and cooled on ice. For the protease
treatment, proteinase K (Sigma Aldrich, St Louis, MO, USA)
was added to aliquots of supernatants at a final concentration
of 1 mg/ml and the reactions were incubated for 1 h at 37°C.
As controls, supernatants were incubated for 1 h at 37°C
without proteinase K, a treatment which did not impair the anti-
biofilm activities. For each of the above tests, the anti-biofilm
activities of treated and untreated culture supernatants were
compared using the microtiter plate assay against staphylococci
and P. aeruginosa PAOI, respectively. Each data point is
composed of three independent experiments performed in six-
replicates.

Statistics and Reproducibility of Results
Data reported were statistically validated using Student’s ¢-test
comparing mean absorbance of treated and untreated samples.
The significance of differences between mean absorbance values
was calculated using a two-tailed Student’s t-test. A p-value of
<0.05 was considered significant.

RESULTS

Cold-adapted Bacteria Biofilm Formation
Biofilm formation of Polar bacteria was evaluated at 15°C in BHI
at different times as described in material and methods section.
Bacteria were grown in static condition in the same medium used
for staphylococci and P. aeruginosa cultures to avoid interference
in the following experiments due to the medium composition.
The biofilm-forming ability of Polar bacterial strains was tested
by a quantitative assay. The best production of biofilm was
obtained by incubating the cells in static condition for 96 h at
15°C (data not shown). Almost all studied bacteria are able to
form biofilm with different capabilities (Table 2). For example,
in the tested condition, Pseudoalteromonas haloplanktis TAE80
and Psychrobacter arcticus 273-4 seemed to be unable to produce
biofilm, while Psychromonas arctica was found to be a strong
biofilm producer, as already reported (Vishnivetskaya et al., 2000;
Groudieva et al., 2003).

Effect of Exoproducts Derived from
Cold-adapted Cultures on Biofilm

Formation of Different Pathogen

The anti-biofilm effects of cold-adapted bacterial culture
supernatants grown at 15°C either in planktonic or sessile
conditions were examined on different pathogens: P. aeruginosa
PAOI, three strains belonging to S. epidermidis species, and three
strains belonging to S. aureus species (Table 1).

The specific environmental conditions prevailing within
biofilms induce profound genetic and metabolic rewiring of
the biofilm-dwelling bacteria and can allow the production
of metabolites different from those obtained in planktonic
condition. Therefore, supernatants deriving from sessile growths
were designated as B letter, while supernatants deriving from
planktonic cultures under vigorous agitation were designated as
P letter, respectively.

TABLE 2 | Biofilm formation of the investigated bacterial strains.

Strain Biofilm (OD 590 nm)
TAA207 0.41 + 0.09
Pseudoalteromonas haloplanktis TAES6 0.15 + 0.06
Pseudoalteromonas haloplanktis TAES7 0.20 + 0.10
Pseudoalteromonas haloplanktis TAE79 0.90 + 0.20
Pseudoalteromonas haloplanktis TAESO 0.03 + 002
Psychrobacter sp.TAD1 0.60 + 020
Psychrobacter sp.TAD18 0.90 +£ 020
Pseudoalteromonas haloplanktis TAB87 0.90 + 020
Psychrobacter arcticus 273-4 0.09 + 007
Psychromonas arctica 11.00 + 1.00
Staphylococcus aureus 6538P 1.10+ 0.10
Staphylococcus aureus 25923 1.90 + 0.30
Staphylococcus aureus 20372 0.80 + 020
Staphylococcus epidermidis RP62A 1.10+ 0.10
Staphylococcus epidermidis O-47 2.10+ 020
Staphylococcus epidermidis XX-17 0.69 + 006
Psychrobacter aeruginosa PAO1 2.40 + 050

Each data point is composed of four independent experiments performed in
triplicate. Standard errors are reported.

In order to exclude that the tested Polar supernatants
contain molecules affecting bacterial viability, the 20 cell-
free supernatants were analyzed also for antimicrobial activity.
An opportune dilution (10° cfu/ml were used as reported by
National Committee for Clinical Laboratory Standards NCCLS,
2004) of each bacterial culture of S. aureus and P. aeruginosa
in exponential phase was seeded on TSA plates. Each plate was
spotted with Polar cell free supernatant separately and incubated
at 37°C for 20 h. No antimicrobial activity on S. aureus and
P. aeruginosa strains was highlighted for all tested supernatants
(data not shown).

Anti-biofilm effect is reported as percentage of residual biofilm
after treatment in comparison with untreated bacteria. In some
cases an increase of biofilm formation was highlighted after the
treatment.

Several supernatants of Polar bacteria have anti-biofilm
activity against all S. aureus tested strains (Figure 1,
Supplementary Table S1). S. aureus 6538P showed a reduction
in biofilm formation when treated with cold-adapted bacteria
supernatants except in the case of TAA207 B and TAE80 P
supernatants. TAE80 and PSYA supernatants deriving from
both sessile and planktonic growth conditions showed a good
anti-biofilm effect on S. aureus 25923, a reference strain for CF
infections (Alhanout et al,, 2011) (Figure 1). Three supernatants
(TAD1 B, TAD18 P, TAB87 P) allowed a reduction of S. aureus
20372 biofilm higher than 50% (Figure 1). As shown in
Figure 1, supernatants derived from sessile and planktonic
cultures showed differences in their ability to prevent S. aureus
biofilm formation and the effect of each supernatant is strictly
strain-specific. Indeed, in such cases, the same supernatant
is able to impair biofilm formation of one strain rather than
others belonging to the same bacterial species; for example,
TADI18 P is able to inhibit the biofilm formation of S. aureus
6538P and S. aureus 20372 but it is of not effective on S. aureus
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FIGURE 1 | Effect of Polar supernatant treatment on biofilm formation
for three strains of Staphylococcus aureus. Data are reported as
percentage of residual biofilm after the treatment. Biofilm formation was
considered unaffected in the range 90-100%. Differences in mean
absorbance were compared to the untreated control and considered
statistically significant when p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001)
according to Student’s t-test.

25923. It is interesting to note that supernatants derived from
sessile and planktonic cultures of the same Polar bacterium
showed differences in their ability to prevent S. aureus biofilm
formation, for example TAE80 B supernatant is able to impair
biofilm of S. aureus 6538P while TAE80 P induces a significant
increase in the biofilm formation. In addition TAE79 B, but not
TAE79 P, produces an anti-biofilm molecule able to inhibit the
biofilm formation of S. aureus 25923. On the contrary TAE79
P treatment increases the biofilm production of 25923 strain.
It is worth mentioning that one supernatant, ie., TADI B, is
quite effective in interfering with biofilm formation of all tested
S. aureus strains.

As far as S. epidermidis is concerned (Figure 2), in most
cases the treatments induced an increase in biofilm formation,
except for S. epidermidis O-47 strain treated with TAE79, TAE80,
TAD1, PSY273 and PSYA supernatants derived from planktonic
and sessile cultures where a strong reduction was evidenced
(Figure 2).

Also in the case of S. epidermidis, supernatants derived from
sessile and planktonic cultures of the same Polar bacterium
showed differences in their ability to prevent biofilm formation.
Cell free supernatant of TAE56P is able to inhibit the biofilm of

J047
ERPA2A
WXX-17

2047
WRP62A
BXx-17

0% - (- — — -
8 R R R ST 3 AR R .8
O p A o N G A ) A
R A P SN APE . SR LIS
FEEFTIT ST S

FIGURE 2 | Effect of Polar supernatant treatment on biofilm formation
for three strains of S. epidermidis. Data are reported as percentage of
residual biofim after the treatment. Biofilm formation was considered
unaffected in the range 90-100%. Differences in mean absorbance were
compared to the untreated control and considered statistically significant
when p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001) according to Student’s
t-test.

S. epidermidis O-47 while TAE56B has no effect, indicating that
the anti-biofilm molecule is produced only when the cells are
grown in planktonic condition.

Data reported in Figure 3 demonstrated that the ability
of P. aeruginosa PAO1 to form biofilm is affected by all
cold-adapted supernatants deriving from sessile cultures with
a rate of reduction between 30 and 50%. Only TAD1 P
is able to reduce the P. aeruginosa PAO1 biofilm more
than 70%. An additional control experiment was performed
for P. aeruginosa in order to exclude a dilution effect on
the bacterial growth after the supplementation with each
supernatant due to diverse nutrient concentration between
the untreated bacteria and the treated ones. In particular,
as growth medium was also used BHI 2X concentrated.
This experiment was performed in addition to the standard
condition because we noted an inhibitory effect on biofilm
formation when P. aeruginosa was treated with all supernatants.
Data obtained with BHI twofold concentrated were nearly
superimposable excluding an effect due to the diverse nutrient
concentration between the treated and untreated bacteria (data
not shown).
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FIGURE 3 | Effect of Polar supernatant treatment on biofilm formation
for P. aeruginosa PAO1. Data are reported as percentage of residual biofim
after the treatment. Biofilm formation was considered unaffected in the range
90-100%. Differences in mean absorbance were compared to the untreated
control and considered statistically significant when p < 0.05 (*p < 0.05,

**p < 0.01, ***p < 0.001) according to Student’s t-test.

Physico-chemical Characterization of
Anti-biofilm Compounds from Polar

Bacteria

To determine a preliminary chemical characterization of biofilm-
inhibiting compounds, cell free supernatants of cold-adapted
bacteria were dispensed in several aliquots, and submitted to
chemical (proteinase K) and physical (thermal) treatments.
Percentage of biofilm inhibition of each treated aliquot was
determined on S. epidermidis O-47, S. aureus 6538P and
P. aeruginosa PAOI biofilms (Table 3). Data are reported as the
percentage of anti-biofilm activity remaining after each treatment
compared to the effect of the same untreated supernatant. As
shown in Table 3, the proteinase K treatment reduced the anti-
biofilm activity of tested supernatants on S. epidermidis O-47 and
S. aureus 6538P biofilms, while this treatment did not interfere
with their anti-biofilm ability on P. aeruginosa PAO1 except
for TAD18 B, indeed the proteinase K treatment reduced its
anti-biofilm activity at value less than 10%.

Furthermore, thermal treatment at 50°C significantly reduced
the anti-biofilm effect of almost all supernatants on S. aureus but
did not impair their activity on P. aeruginosa and S. epidermidis.
This latter suggests that each supernatant contains different
molecules with anti-biofilm activity that works selectively and
independently on different bacterial species.

Anti-biofilm Surfactant Activity of Polar

Compounds

To assess the ability of cell free Polar bacteria supernatants to
modify the surface properties of an abiotic substrate, a surface
coating assay was performed. Evaporation coating was used to
deposit each supernatant onto the surface of polystyrene wells,
and then the ability of the coated surfaces to repel biofilm
formation by S. epidermidis O-47 was tested. This latter pathogen
was selected for this assay as it is the strongest biofilm producer
amongst the bacteria used in this work and because it is able
to preferentially form biofilm on the surface while P. aeruginosa
typically forms biofilm at the liquid/air interface.

As clearly visible in Figure 4, TAE80 supernatants derived
from both planktonic and sessile cultures and TAD1 supernatant
derived from only sessile growth, were able to repel biofilm
formation specifically only in the area where the supernatants
were deposited, indicating that they contain molecules acting as
anti-biofilm surfactants.

DISCUSSION

In this paper the attention was focused on anti-biofilm molecules
produced by cold-adapted marine bacteria since they represent
an untapped reservoir of biodiversity and a potential source
of molecules able to inhibit pathogens biofilm formation. The
target pathogens chosen were P. aeruginosa, S. aureus, and
S. epidermidis.

Biofilm is a key element in S. epidermidis, S. aureus, and
P. aeruginosa infectious processes, but the matrix composition
and molecules involved in attachment, development and
detachment phases in these three bacterial species, are very
different (Joo and Otto, 2012). Further, pathways and regulation
of quorum sensing systems in these three strains are deeply
different (Solano et al., 2014).

In staphylococci biofilm formation depends on a complex
interplay of several elements such as adhesins, extracellular
matrix binding proteins, biofilm associated proteins, proteins
involved in PIA synthesis (icaADBC), autolysins (Alt), etc.
Staphylococcus strains used in this work were chosen on the basis
of different characteristics. In particular, S. aureus ATCC 6538P is
areference strain for antimicrobial testing; S. aureus ATCC 25923
and ATCC 20372 are clinical isolates. As for their ability to form
biofilm, S. aureus strains were classified as reported: ATCC 25923
is a strong biofilm producer, ATCC 6538P is a medium/strong
biofilm producer and ATCC 20372 is a medium/weak biofilm
producer according to Cafiso et al. (2007).

Several cold adapted bacteria produce molecules able to
interfere with S. aureus biofilm formation. These molecules
display a different efficiency on different S. aureus tested strains
and in all strains the anti-biofilm molecules seems to be
proteinaceous. On the contrary only few Polar strains produce
anti-biofilm molecules active on S. epidermidis O-47 and RP62A
biofilms, and none are able to interfere with S. epidermidis XX-
17 biofilm formation. It is important to underline that XX-17
strain produces a biofilm characterized by a polysaccharide ica-
independent poorly characterized so far.
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TABLE 3 | Effect of physi hemical tr on the anti-biofilm activity of cold-adapted bacteria super on S. epid idis 0-47, S. aureus
6538P and P. aerugi PAO1, respectively
Proteinase K treatment Heat treatment

S. epidermidis S. aureus P. aeruginosa S. epidermidis S. aureus P, aeruginosa
TAA207 P ND <10% 100% ND <10% 100%
TAES6 P <10% <10% ND 90%NS <10% ND
TAES7 P <10% <10% 80%** 100% <10% 100%
TAE79 P <10% <10% 85%** 100% <10% 100%
TAEBO P <10% ND 70%** 100% ND 100%
TAD1 P <10% <10% 85%** 80% <10% 100%
TAD18 P ND <10% ND ND <10% ND
TAB87 P ND <10% ND ND <10% ND
PSY273 P <10% <10% ND 90%NS <10% ND
PSYAP <10% ND 100% 90%NS ND 100%
TAA207 B ND ND 100% ND ND 90%MS
TAES6 B ND <10% 100% ND 40% 100%
TAES7 B ND <10% 70% ND <10% 100%
TAE79B <10% <10% 80% 80%* <10% 100%
TAESO B <10% <10% 100% 90%NS <10% 100%
TAD1 B <10% <10% 100% 60%** <10% 100%
TAD18B ND <10% <10% ND 50% 100%
TAB87 B ND <10% 80%NS ND <10% 100%
PSY273 B <10% <10% 70%** 100% <10% 100%
PSYAB <10% ND 100% 100% ND 100%

With P letter was designated the cell-free supematants of cold-adapted strains grown in planktonic condition; with B letter was designated the cell-free supernatants of
cold-adapted strains grown in sessile condition. Data are reported as percentage of residual activity compared with each untreated supernatant. Differences in mean
absorbance were compared to the untreated control and considerend significant when p < 0.05 (*p < 0.05, *p < 0.01, ***p < 0.0017; NS, Not Significant) according to
Student’s t-test. ND, not determined.

A SN planktonic

TAES6 TAEST TAETY TAESO TAD1 pPSY2 PSYA
B SN biofilm
TAET9 TAES0 TADI PSYA

FIGURE 4 | Analysis of surfactant capability of each Polar supernatant on S. epidermidis 0-47. The center of each well of a 24-well tissue-culture-treated
polystyrene microtiter plate was coated with each supematant. After evaporation, the wells were then filled with staphylococci and incubated at 37°C.

Then wells were rinsed with water and stained with 1 ml of 0.1% crystal violet. Stained biofims were rinsed with water and dried, and the wells were photographed.
(A) Supernatants derived from planktonic growths. (B) Supernatants derived from biofilm growths.

Staphylococcus epidermidis RP62A is a reference strain isolated
from infected catheter; S. epidermidis XX-17 and O-47 are clinical
isolates. The clinical isolate O-47 is a naturally occurring non-
functional agr mutant characterized by a frameshift mutation
within agrC (Vuong et al., 2003) while the S. epidermidis XX-
17 is an ica defective mutant (Artini et al., 2013). Determination

of S. epidermidis biofilm formation showed a strong production
for the O-47 strain, medium/strong production for the reference
strain RP62A and a medium/weak biofilm formation for the XX-
17 strain defined according to the literature (Cafiso et al., 2004).
Moreover, the six staphylococcal strains considered here were
previously investigated to assess the presence of genes coding
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for various proteins involved in adhesion and biofilm formation
(Artini et al., 2013).

In P. aeruginosa the biofilm matrix is totally different,
because the bacterium produces three exopolysaccharides, the
glucose-rich Pel polysaccharide (Friedman and Kolter, 2004),
the mannose-rich Psl polysaccharide (Friedman and Kolter,
2004), and alginate (Govan and Deretic, 1996). In particular, for
P. aeruginosa we used the reference strain PAO1 since the biofilm
characterization of this strain was previously reported (Yang etal.,
2005).

The reported differences in biofilm features of the three
pathogens could explain the different ability of cold adapted
bacteria supernatants to impair their biofilm formation. It is
interesting to note that, in all reported cases, the supernatants
proved to be non-biocidal and specifically directed against
biofilm.

All studied Polar strains are able to produce anti-biofilm
molecules against P. aeruginosa biofilm. Furthermore in all cases
the anti-biofilm molecules seems to have the same chemical-
physical features (were not heat-labile and seem to have a non-
protein nature), except in case of TAD18 B. These results could
suggest that the molecule responsible for the anti-biofilm activity
is the same for all cold-adapted strains. In particular, Polar anti-
biofilm molecules involved in the inhibition of P. aeruginosa
biofilm could be polysaccharides or a small molecule acting
as quorum sensing inhibitors. Several studies have identified
different bacterial polysaccharides and signaling molecules that
inhibit biofilm formation by wide spectrum of bacteria including
P. aeruginosa (Valle et al., 2006; Wittschier et al., 2007; Kim et al.,
2009).

The increase of biofilm production following the treatment
with such supernatants is an interesting result. This latter
strengthens the hypothesis regarding the production of
bacterial molecules able to regulate the biofilm formation
inter- and intra- species in different environmental niches.
The regulatory pathways of this phenotype could be linked to
competition dynamics of extreme habitats (i.e., Polar niches).
The identification of the molecules responsible for these
mechanisms could be interesting and also open new perspectives
for the control of bacterial biofilm formation. It is worth to
note that “row” supernatants that we used represent a complex
pool of chemical cues that could be characterized by different
capabilities either responsible for impair biofilm formation and
increase it.

Data reported in this paper demonstrate that anti-biofilm
activity of cold-adapted bacteria supernatants deriving from
planktonic and sessile cell cultures display several differences
in terms of specificity and efficiency. Some biofilm-specific
metabolites previously reported (Gjersing et al., 2007; Booth
et al., 2011; Yeom et al, 2013) may exhibit an antagonist
effect against competing microorganisms. Indeed, several studies
showed that bacterial biofilm constitute untapped sources of
natural bioactive molecules antagonizing adhesion or biofilm
formation of other bacteria (Papa et al., 2013b; Rendueles et al.,
2013). Furthermore, differences between activity of supernatants,
derived from sessile and planktonic cultures, could be linked to a
different concentration of active molecules produced in these two

growth conditions. This latter could be particularly relevant if the
active molecules are involved in quorum sensing signaling.

Moreover, in this paper we report that several cold-
adapted strains (TADI1, TAE79, TAE80, PSY273 and PSYA),
belonging to different genera, are able to produce different anti-
biofilm molecules active against S. epidermidis, S. aureus and
P. aeruginosa biofilms.

The preliminary chemical characterization of the anti-
biofilm molecules indicates that the same bacterium produces
different molecules active against different targets. For
example, TAD1 produces a thermo-stable protein active
against S. epidermidis Dbiofilm, a thermo-labile protein
active against S. aureus biofilm, and a non-proteinaceus
molecule able to impair P. aeruginosa biofilm. Furthermore
the supernatants of TADI1 deriving from biofilm and
planktonic growth showed also a different behavior in
surface coating assay, suggesting the production of an anti-
biofilm surfactant molecule only when TADI is grown in
sessile form. Also for the supernatants deriving from TAE80
growths were evidenced the presence of different anti-biofilm
molecules that are able to specifically act against the different
bacterial species tested. In particular, we analyzed the dose
dependent profile of TAES80 supernatants deriving form
planktonic and biofilm growths tested against strongest
biofilm producers belonging the three different species
(Supplementary Figure S1). Both TAE80 supernatants (TAES0B
and TAE80P) showed an anti-biofilm activity clearly dose-
dependent against S. aureus 25923 and S. epidermidis O-47
while their activity against P. aeruginosa does not seem to be
dose-dependent.

The ability of cold-adapted marine bacteria to produce
several anti-biofilm molecules could suggest that the capacity
to avoid the biofilm and colonization of competitor bacteria
is a selective advantage in this extreme environment. Besides
their ecological meaning, the anti-biofilm molecules from cold-
adapted bacteria may have interesting biomedical applications
combined with conventional antibiotics in order to eradicate
biofilm infection.
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CHAPTER IlI

Cryoprotectants



Topic lll: Study of “cryoprotectant” molecules for biotechnological application

The application of cryopreservation to living cells and tissues has revolutionized
many Biotechnology areas, such as plant and animal breeding programs, and
modern medicine.

Freeze-thaw cycles are quite common in the cold Polar Regions. Cold-adapted
microorganisms are accustomed to being frozen within their habitats. Such
organisms are also expected to have evolved adaptations to survive repeated
freezing and thawing cycles, as these processes tend to damage living cells and
attenuate cell viability. Cold-adapted bacterium Colwellia psychrerythraea strain 34H
(C psychrerythraea 34H), whose genome was sequenced [38], has attracted
particular attention because it was reported to produce cryoprotectants [50] as a
survival strategy [40]. In particular, C psychrerythraea 34H cells are surrounded by a
polysaccharidic capsule. Amongst all molecules to show cryoprotectant activity, the
importance of sugars as CPA was clearly recognized by Maximov in the early 1900’s
[51].

In this part of my thesis the chemical analysis of purified capsular material from C
psychrerythraea 34H cells revealed the occurrence of a novel structure amongst
bacterial polysaccharides: a linear tetrasaccharide repeating unit containing two
amino sugars and two uronic acid, of which one is amidated by a threonine. The
presence of amminoacid is quite uncommon in marine bacteria. The decoration of
the polysaccharide with Thr is particularly intriguing, as glycosilated Thr residues are
essential for the interaction of anti-freeze glycoproteins (AFGPs) with ice crystals
[52]. In line with this indirect observation, in vitro assays demonstrated that the C.
psychrerythraea 34H capsular polysaccharide is endowed with ice re-crystallization
inhibition activity.
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ABSTRACT: The low temperatures of polar regions and
high-altitude environments, especially icy habitats, present
challenges for many microorganisms. Their ability to live
under subfreezing conditions implies the production of
compounds conferring cryotolerance. Colwellia psychrerythraea
34H, a y-proteobacterium isolated from subzero Arctic marine
sediments, provides a model for the study of life in cold
environments. We report here the identification and detailed
molecular primary and secondary structures of capsular
polysaccharide from C. psychrerythraea 34H cells. The polymer
was isolated in the water layer when cells were extracted by
phenol/water and characterized by one- and two-dimensional

NMR spectroscopy together with chemical analysis. Molecular mechanics and dynamics calculations were also performed. The
polysaccharide consists of a tetrasaccharidic repeating unit containing two amino sugars and two uronic acids bearing threonine
as substituent. The structural features of this unique polysaccharide resemble those present in antifreeze proteins and
glycoproteins. These results suggest a possible correlation between the capsule structure and the ability of C. psychrerythraea to

colonize subfreezing marine environments.

B INTRODUCTION

Cold-adapted bacteria are microorganisms able to thrive in
habitats where the average temperatures are permanently or
transiently below 15 °C, and often well below that value. They
have successfully colonized all cold environments, including
alpine and polar settings, the deep ocean, caves, terrestrial and
ocean subsurface, and the upper atmosphere. Besides a general
interest in understanding mechanisms underlying their ability
to survive and grow at temperatures near or below the freezing
point of water, in recent years cold-adapted microorganisms
have received extra consideration due to the potential
biotechnological applications of their enzymes.'~

Because microorganisms are at thermal equilibrium with
their environment, it is reasonable to assume that structural and
functional components in psychrophiles (optimal growth at

v ACS Publications  © 2014 American Chemical Society 179
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<15 °C) have adapted, to some degree, to the requirements of
a low temperature existence,” including the possible presence of
ice crystals in their immediate surroundings.

The reported mechanisms of bacterial adaptation to low
temperature include the overexpression of cold-shock and heat-
shock proteins, the presence of unsaturated and branched fatty
acids that maintain membrane fluidity,® the different phosphor-
ylation of membrane proteins and lipopolysaccharides,®™"" and
the production of cold-active enzymes,'? antifreeze proteins
(AFPs), and cryoprotectants.”® The latter are chemical
substances that generally include small molecules, such as
glycine betaine, some amino acids, sugars (glucose, fructose),

Received: July 25, 2014
Published: December 19, 2014

DOL 10.1021/ja5075954
J. Am. Chem. Soc. 2015, 137, 179-189



Journal of the American Chemical Society

and sugar alcohols (mannitol, glycerol). However, in the past
decade, the high molecular mass extracellular exudates of
psychrophiles have reached a prominent position among the
cryoprotectants.*'> These exudates, which are a rich source of
carbohydrate-containing compounds, influence the physico-
chemical environment of bacterial cells and are believed to
contribute to numerous processes involved in microbial cold-
adaptation.

The potential roles of extracellular polysaccharide substances
(EPS) in the cold-adapted bacterial lifestyle have been
investx;gated from both environmental and organismal perspec-
tives.'“"® Initial chemical characterizations of EPS produced
and secreted by cold-adapted bacteria in culture have revealed
complex mixtures composed primarily of large sugar com-
pounds, with lesser fractions of protein, lipid, and various small
molecules. Nichols and coauthors demonstrated that exopoly-
saccharides produced by Antarctic bacteria were very diverse
and that most of the EPS contained charged uronic acid
residues; several also contained sulfate groups and some strains
produced large polymers.' The presence of EPS can also alter
interactions between the cell and the environment because EPS
coatings determine the surface chemistry reactivity of cells by
increasing the type and number of functional groups available
for interaction, as demonstrated for the cold-adapted organism
Hymenobacter aerophilus.®

Despite their important roles in cryoprotection and environ-
mental interactions, few exopolysaccharide structures from
cold-adapted bacteria have been accurately elucidated.”'**! In
addition, an increased understanding of the structural character-
istics of these polymers is a prerequisite to potential
biotechnological exploitation of cold-adapted bacterial EPS.

Colwellia psychrerythraea 34H is a Gram-negative bacterium
belonging to the phylum y-proteobacteria. Enriched from Arctic
marine sediments at —1 °C, it proved to be strictly
psychrophilic.'® C. psychrerythraca 34H produces extracellular
polysaccharides'>** with cryoprotectant function and apparent
ice-affinity,”** yet its structural characteristics are not well
known. In this study, we demonstrated that under the applied
growth conditions C. psychrerythraea 34H cells are charac-
terized by the presence of a capsule, which was purified as
capsular polysaccharide (CPS) and subjected to complete
structural determination. We further investigated the three-
dimensional structure of the macromolecule by molecular
mechanics and dynamics calculations. The results revealed an
intriguing model, where the apparent “zigzag” structure exhibits
on the edge putative ice-interaction sites.

B MATERIALS AND METHODS

2

Cell Growth. C. psychrerythraea 34H'>** was grown aerobically at
4 °C in Marine Broth medium (DIFCO 2216). When the liquid
culture reached late exponential phase (ODgy = 2), cells were
harvested by centrifugation for 20 min at 5000 rpm and 4 °C. Cells
used for transmission electron microscopy (TEM) were grown at 4 °C
as colonies on a 15% agar-containing Marine Broth plate.

Transmission Electron Microscopy. TEM analysis was per-
formed by the Interdepartmental Centre for Electron Microscopy
Service, University of Naples Federico II. The samples were prepared
for TEM observations as detailed in Basile et al.* Briefly, specimens
were fixed with 3% glutaraldehyde, post-fixed with 1% osmium
tetroxide, dehydrated with ethanol up to propylene oxide, and
embedded in Spurr’s epoxy medium. Ultrathin sections (60 nm thick)
were collected on copper grids and stained with uranyl acetate and
lead citrate. A FEI EM 208S transmission electron microscope, with an
accelerating voltage of 80 kV, was used for observations.
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Capsular Polysaccharide Isolation and Purification. Dried
cells (48 g) were extracted first with phenol/chloroform/light
petroleum (PCP) method to recover lipooligosaccharide (LOS) for
core oligosaccharide structural characterization™ and then by hot
phenol/water method as reported previously.”’”* A 300 mg amount of
water extract was dialyzed and then digested with proteases, DNases,
and RNases to remove contaminating proteins and nucleic acids. The
water extract was hydrolyzed with 1% aqueous CH;COOH (9 mL,
100 °C, 5 h). The resulting suspension was then centrifuged (10000g,
4 °C, 30 min). The pellet was washed twice with water, and the
supernatant layers were combined and lyophilized (80 mg). The
supernatant portion was then fractionated on a Biogel P-10 column
(Biorad, 1.5 X 110 cm, flow rate 17 mL/h, fraction volume 2.5 mL),
eluted with water buffered (pH 5.0) with 0.05 M pyridine, and 0.05 M
acetic acid, obtaining two fractions. The first, eluted with the void
volume, contained a polysaccharidic material (25 mg), while the
second was constituted by oligosaccharides (48 mg). The poly-
saccharidic material was further purified on a Sephacryl S-400HR
(Sigma, 1 X 110 cm, flow rate 15.6 mL/h, fraction volume 2.5 mL)
eluted with 0.0 M ammonium hydrogen carbonate, providing a major
fraction containing a fairly pure polysaccharide (CPS, 6 mg).

DOC-PAGE Analysis. PAGE was performed using the system of
Laemmli® with sodium deoxycholate (DOC) as detergent. The
separating gel contained final concentrations of 14% acrylamide, 0.1%
DOC, and 375 mM Tris/HCI (pH 8.8); the stacking gel contained 4%
acrylamide, 0.1% DOC, and 125 mM Tris/HCl (pH 6.8). CPS
samples were prepared at a concentration of 0.05% in the sample
buffer (2% DOC and 60 mM Tris/HCl [pH 6.8], 25% glycerol, 14.4
mM 2-mercaptoethanol, and 0.1% bromophenol blue). All concen-
trations are expressed as mass/vol percentage. The electrode buffer
was composed of SDS (1 g/L), glycine (14.4 g/L), and Tris (3.0 g/L).
Electrophoresis was performed at a constant amperage of 30 mA. Gels
were fixed in an aqueous solution of 40% ethanol and 5% acetic acid.
LOS and CPS bands were visualized by both silver staining and Alcian
blue as described previously.**'

Static Light Scattering (SLS). SLS measurements were performed
as reported.’”” A homemade instrument composed by a Photocor
compact goniometer, a SMD 6000 Laser Quantum 50 mW light
source operating at 5325 A, a photomultiplier (PMT-120-OP/B), and
a correlator (Flex02-01D) from Correlator.com was used. All
measurements were performed at (25.00 + 0.05) °C with temperature
controlled through the use of a thermostat bath. The mass-average
molecular weight, Mw, was obtained from the equation K;sC,/Ry = 1/
M,, + 2BC, at two different concentrations of C, (1 and 0.5 mg/mL),
where C, is the CPS mass concentration, B is the second virial
concentration, and Ky = 47°ny*(dn/de,)*/NyA*, where ny = 1.33 is the
refractive index of water, dn/dc, is the refractive index of CPS, and 4 is
the laser wavelength. The excess Rayleigh ratio was measured at two
different angles (6 = 90° and 40°). The values of R, were calculated by
using toluene as reference. From the extrapolation of the scattering
intensity of the two solutions at 0 concentration and the 0 angle
(Zimm plot), the molecular weight was evaluated.

Sugar and Amino Acid Analysis. Monosaccharides were
analyzed as acetylated methyl glycosides. Methanolysis was performed
in 125 M HCI/MeOH (0.5 mL, 80 °C, 20 h), and the sample was
extracted twice with hexane. The organic layer containing the fatty
acids methyl esters was directly analyzed, while the methanol layer was
dried and acetylated with Ac,0 and pyridine (50 uL, 100 °C, 30 min).
Methylation was performed with CH;I in DMSO and NaOH (20
h).¥** The product was carboxymethyl reduced with NaBD,,
hydrolyzed with 2 M TFA (120 °C, 2 h), reduced with NaBD,, and
finally acetylated with Ac,O and pyridine (50 uL each, 100 °C, 30
min). 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.** All the samples were analyzed
on an Agilent Technologies 6850A gas chromatograph equipped with
a 5973N mass-selective detector and a Zebron ZB-5 capillary column
(Phenomenex, 30 m X 0.25 mm i.d., flow rate 1 mL/min, He as carrier
gas). Acetylated methyl glycosides were analyzed accordingly with the
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Figure 1. Transmission electron microscopy images of thin sections of Colwellia psychrerythraea 34H. The black arrows indicate the bacterial capsule.

following temperature program: 150 °C for 3 min, 150 °C — 240 °C
at 3 °C/min. For partially methylated alditol acetates the temperature
program was 90 °C for 1 min, 90 °C — 140 °C at 25 °C/min, 140 °C
— 200 °C at 5 °C/min, 200 °C — 280 °C at 10 °C/min, and 280 °C
for 10 min. Analysis of acetylated octyl glycosides was performed at
150 °C for § min, then 150 °C — 240 °C at 6 °C/min, and 240 °C for
S min, while analysis of acetylated butyl ester of the amino acid was
performed at 100 °C for 2 min, 100 °C — 180 °C at 3 °C/min, then
180 °C — 300 °C at 15 °C/min.

NMR Spectroscopy. 'H and *C NMR spectra were recorded
using a Bruker Avance 600 MHz spectrometer equipped with a cryo-
probe. 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, 'H—'*C DEPT-
HSQC; heteronuclear multiple bond correlation, 'H-"*C HMBC; and
2D F2-coupled HSQC) were performed using standard pulse
sequences available in the Bruker software. The mixing time for
TOCSY and ROESY experiments was 100 ms. NOESY experiments
were performed at mixing times of 70, 100, 150, and 200 ms, in order
to identify genuine NOEs effects. Chemical shifts were measured at
298 K in D,0. TOCSY (mixing time 100 ms) and NOESY (mixing
time 200 ms) experiments were also performed in H,0/D,0 9:1.

Structure Calculations. A simplified model of the polysaccharide
having about five repetitions of the tetra-saccharide A-B-C-D (M1, see
Figure Sa) was constructed through the carbohydrate builder within
the Glycam web server,® while the Thr residue attached to the a-
galactopyranuronic acid was constructed employing the builder
module in the Maestro package of the Schroedinger Suite 2014.
Restrained simulated annealing (SA) calculations were performed on
M1 using the AMBER 14.0 package® with sugars described by the
latest GLYCAMO6 force field (GLYCAM_06j-1);** parameters for
Thr residue were retrieved from the ffl4sb force field within the
AMBER 14.0 package as well as missing bond parameters. For
annealing simulations, the General Born solvation (igb = 2) with
monovalent salt concentration corresponding to 0.1 M was used. The
complex was heated to 600 K in the first S ps, cooled to 100 K for the
next 13 ps, and then cooled to 0 K for the last 2 ps. The temperature
of the system was maintained with a varying time constant: 0.4 ps
during heating, 4 ps during cooling to 100 K, 1 ps for the final cooling
stage, and then reduced from 0.1—0.05 for the last picosecond. The
force constants for NOE constraints were increased from 3 to 30 kcal
mol™ A™* during the first § ps and then maintained constant for the
rest of the simulation. These force constants were applied in the form
of a parabolic, flat-well energy term, where r is the model distance or
torsion angle and k is the respective force constant.
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The values for r, and r, represent upper and lower distance bounds,
defining the energetic penalty before and after the flat-well energy
term. The upper distance bounds were retrieved by NOE cross-peak
volume integrations performed with the iNMR (www.inmr.net), using
the NOESY experiment collected at mixing time of 100 ms. The NOE
volumes were then converted to distance restraints after they were
calibrated using the known fixed distance (H6,D/H6,D) (Tables S1
and S2).

An unrestrained energy minimization step completed the SA run.
This SA/energy minimization procedure was repeated 200 times. SA
simulations were then analyzed by clustering the resulting M1
conformations through the average linkage method and a cluster
member cutoff of 125 A root-mean-squared difference (rmsd)
calculated on the sugars rings atoms within the central 2 repetitions
of the tetramer A-B-C-D. This clustering allowed selecting 33 different
conformational clusters for which the most populate one had a
frequency of occurrence of 51/200 conformations. Moreover,
conformations of this latter cluster feature the lowest overall potential
energy and NMR restraint violations. Thus, the representative
structure (i.e., the closest to the centroid of the cluster) of this cluster
was considered for subsequent molecular dynamics (MD) simulations.
After charge neutralization by the addition of 11 Na' ions, the complex
was solvated with 10277 water molecules in a truncated octahedral box
of pre-equilibrated TIP3P water.”” Several equilibration steps were
performed comprising minimization of the solvent molecules with the
polysaccharide M1 fixed, minimization of the whole system, and slow
heating to 300 K with weak positional restraints on M1 atoms under
constant-volume conditions. The following 20 ns production runs
were agglied in the NPT ensemble. The particle mesh Ewald
method™ was used to evaluate the electrostatic interactions with a
direct space sum cutoff of 10 A. With the bond lengths involving
hydrogen atoms kept fixed with the SHAKE algorithm, a time step of 2
fs was employed.*' Related conformational substates populated during
the MD simulation were analyzed with the AMBERS’s PTRAJ
module.** For the production run trajectory, the first frame
configuration was taken as a reference for subsequent mass-weighted
rmsd calculations considering all atoms excluding hydrogens.
Hlustrations of the structures were generated using Chimera.**

Ice Recrystallization Inhibition Assay. Ice recrystallization was
measured using an Optical Recrystallometer (Otago Osmometers,
New Zealand) as reported elsewhere.**** The solutions were prepared
in ultrapure Milli-Q water with 9%c NaCl. We measured the CPS
sample (10 mg/mL = 6.6 uM) and positive and negative controls. As a
positive control we used a recombinant AFP from the sea-ice diatom
Fragilariopsis cylindrus. The protein was provided by M. Bayer-Giraldi
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and produced recombinantly in E. coli as described previously."* As a
negative control we used chondroitin, a CPS produced by an
engineered E. coli K4.% Al particle solutions (CPS, AFP, and
chondroitin) were measured at the same concentration of 6.6 uM.
Furthermore, we measured a particle-free solution of Milli-Q water
with 9 %o NaCl. We injected 200 uL solution in a cold, thin glass
sample tube and shock-froze the sample at —80 °C. Ice was annealed
in the Optical Recrystallometer for 1.5 h at —4 °C. The device was
cooled by a refrigerated circulating fluid and connected to a dry air
(nitrogen gas) source to avoid condensation on the sample tube
surface. The intensity of the light transmitted through the sample was
recorded over time, where its increase is a measure for recrystallization.
The increase was reported as I, — I, where I, is the intensity at a
moment t and I, is the initial intensity. The procedure was repeated
three times for each sample.

B RESULTS

Cell Growth and TEM. The presence of capsular structures
around cells of C. psychrerythraca 34H grown at 4 °C was first
highlighted by classic Indian ink staining*’” (data not shown)
and then confirmed by TEM analysis. TEM images (Figure 1)
revealed details of the cell envelope, including the presence of a
capsular structure surrounding most of the observed cells.

CPS Extraction, Purification, and Characterization.
The extraction protocol used on dried C. psychrerythraea 34H
yielded 95 mg of LOS extract. The purified sample was
visualized by 14% DOC-PAGE using either silver nitrate or
Alcian blue staining methods (Figure 2). The silver nitrate

a) b)

Figure 2. Analysis of the CPS fraction from C. psychrerythraea 34H by
14% DOC-PAGE. The gel was stained with silver nitrate (a) and
Alcian blue dye (b).

showed the presence of only one band at low molecular masses,
corresponding to LOS, which has been characterized else-
where.”® Instead, the Alcian blue staining method, which is
sensitive to polyanionic substances, allowed us to visualize
bands at higher molecular masses, too. Sugar and fatty acid
analysis of the sample showed the presence mainly of
galacturonic acid (GalA), glucuronic acid (GlcA), 2-amino-2-
deoxy-glucose (GleN), and 2-amino-2-deoxy-galactose (GalN),
together with 3,6-dideoxyhexose, mannose, and 3-hydroxylated
dodecanoic acid, which belong to the LOS, confirming its
presence in the aqueous extract. The molecular masses of CPS
and LOS species were expected to be very different on the basis
of the DOC-PAGE analysis. Nevertheless, the well-known
ability of the LOS to form micellar aggregates in aqueous
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solution did not allow the separation of the two molecular
species by size exclusion chromatography. As an alternative, the
sample was hydrolyzed under mild acidic conditions to cleave
the glycosidic linkage between the lipid A and the saccharidic
region of the LOS. After centrifugation, the supematant
containing the CPS and the core oligosaccharidic portion of
the LOS was separated from a precipitate constituted by the
lipid A. The supernatant mixture was separated on a Biogel P-
10 chromatography column, using pyridinium acetate buffer as
eluent. Two fractions were obtained: the first one, eluted in the
void volume, contained the higher molecular mass material; the
second one (OS) contained species with lower molecular mass,
corresponding to the core oligosaccharide of the LOS. A further
purification of the higher molecular mass material on a
Sephacryl S-400HR chromatography column, using ammonium
hydrogen carbonate as eluent, resulted in obtaining a major
fraction containing the CPS under study. The evaluation of the
molecular mass of CPS was obtained through the SLS
technique. The analysis indicated an average molecular weight
of 1500 kDa and revealed the presence of a single distribution
around 100 nm (Figure S1). The large size of the scattering
object suggests that probably the CPS self-assemble in a single
aggregate.

To determine monosaccharide composition a methanolysis
reaction followed by an acetylation was performed on the CPS,
and the obtained acetylated methyl glycosides were injected
into the GC-MS. This analysis revealed the presence of GalA,
GlcA, GleN, and GalN, besides a signal attributed to a
threonine residue on the basis of the comparison with an
authentic standard. The absence of fatty acids in the GC-MS
chromatogram indicated that the LOS was definitively
removed. A Dp-configuration was identified for all the
monosaccharides, whereas 1-configuration was found for
threonine. Finally, the methylation analysis revealed the
presence of 4-substituted GlcA, 3-substituted GlcN, and 3-
substituted GaIN. No indications about the GalA substitution
were found.

CPS polysaccharide was then analyzed by one- and two-
dimensional NMR (DQE-COSY, TOCSY, ROESY, NOESY,
'H-"*C DEPT-HSQC, 'H-"C HMBC, 2D F2-coupled
HSQC). The 2D NMR analyses allowed the complete
characterization of all of the spin systems. The anomeric
configurations have been deduced from the "¢ 4, coupling
constants and, inter alia, by 3]1—{1,}{1 and chemical shifts values.

The 'H—"C DEPT-HSQC NMR spectrum (Figure 3, Table
1) displayed the presence of four anomeric cross-peaks at &
5.31/98.3 (A), 4.50/104.7 (B), 4.35/104.5 (C), and 4.36/102.3
ppm (D). The correlations present in the COSY, TOCSY, and
HMBC spectrum (Table 1, Figures $2—S4) indicated a gluco-
configuration to residues B and C and a galacto-configuration to
residues A and D. In particular, for residue B, starting from H1
signal in the COSY and TOCSY experiments, H2 up to HS
signals were rapidly identified, due to large *Ji;} ring coupling
constants. Then, the identification of H6 protons was obtained
from HMBC spectrum, based on the correlations between C4
carbon atom at § 69.8 ppm and the two H6 protons at § 3.78/
3.61 ppm. As for residue C, we observed a coincidence of the
chemical shift value of its proton anomeric signal with that of
D. Therefore, after identification of H2 of C at § 3.23 ppm in
the COSY spectrum, the glucuronic acid was recognized, due to
the cross-peaks from this proton up to HS in the TOCSY
experiment. This last was in turn connected in the HMBC
spectrum with a carboxyl signal at 6 1754 ppm. The
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Figure 3. Carbinolic anomeric (a) and aliphatic (b) regions of 'H,"’C DEPT-HSQC spectrum of CPS from C. psychrerythraea 34H. The spectrum
was recorded in D,0 at 298 K at 600 MHz. The letters refer to residues as described in Table 1.

Table 1. 'H and '*C NMR Assignments of CPS“

H1 H2

residue C1 c2

A, 2-a-0-GalpA6LThr 531 372
983 792

B, 3-f-0-GlepNAc 4.50 375
104.7 56.0

C, 4-f-0-GlepA 4.35 323
1045 739

D, 3-f-p-GalpNAc 4.36 3.84
1023 520

H3 H4 HS H6ab
c3 c4 cs c6
379 409 416 -

692 712 729 1715

362 338 335 3.78-361
833 69.8 768 621

348 3.65 3.59 -

749 81.0 773 1754
376 419 3.56 3.71-3.64
793 66.1 76.1 623

“Spectra were recorded in D,O at 298 K. Signals at § 5.31/98.3 ppm, previously assigned respect to acetone as internal standard (8 H 2.225 ppm and
8 C 31.45 ppm), were used as reference. Additional chemical shifts: NAc at § 1.86/23.7 ppm (CH,), 176.4 ppm (CO), 1.77/23.8 ppm (CH,), 176.0
ppm (CO); Thr at § 1.05/20.5 ppm (CH,), 4.18/69.8 ppm (CHOH), 4.15/60.8 ppm (CHNH), 177.2 ppm (COOH).

correlations in the TOCSY experiment of H2 of D with only
H3 and H4 indicated an interruption of magnetization transfer
between H4 and HS, due to the small ¥4, 5 coupling constant
value, according to a galacto-configuration. The HS was
therefore identified in the NOESY and ROESY spectra (Figures
S5 and S6) by NOE contacts between HS and H1/H3. The
galacturonic acid residue A was recognized on the basis of the
presence of cross-peaks from H1 up to H4 in the TOCSY
spectrum. Then, in the same experiment, starting from H4 at §
4.09 ppm the HS resonance was easily identified at 4 4.16 ppm.

An additional spin system of a threonine residue was present.
In fact, three resonances at 1.05/20.5, 4.18/69.8, and 4.15/60.8
ppm, attributed to CH,;, CHOH, and CHNH groups
respectively were found. Finally, threonine carboxyl group (&
1772 ppm) was revealed by the long-range scalar coupling
present in the HMBC experiment (Table 1, Figure S4). An
integration of all anomeric signals in the "H NMR spectrum
showed a ratio of 1:1:2 (Figure S7), thus indicating a
tetrasaccharide repeating unit. The stoichiometric substitution

of threonine was deduced from the integration of its methyl
signal at 6 1.05 ppm with that of H2 of C at § 3.23 ppm, as
indicated from the ratio of 3:1 (Figure S7).

Residue A was assigned to a 2-substituted galactopyranuronic
acid as its C2 resonance was shifted downfield (6 79.2 ppm)
with respect to that of an unsubstituted galacturonic acid unit,**
and its & configuration was deduced from the J¢,, coupling
constant value (181 Hz). Moreover its HS proton showed a
long-range scalar connectivity with its C6 carbon atom at 171.5
ppm. This last value was shifted upfield with respect to the
reference value,”® thus indicating that the carboxyl group is
involved in an amide linkz\ge.“g This fact indicated that
threonine substitutes the position C6 of residue A, according
to NOESY spectrum in H,0/D,0 (see below). Residue C was
assigned to a 4-substituted glucuronic acid, as its C4 resonance
was shifted downfield (§ 81.0 ppm) with respect to the
reference value,™ and its f§ configuration was inferred from the
e (169 Hz). In addition, both its H4 and HS protons
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showed a correlation in the HMBC spectrum with a carboxyl
signal at § 175.4 ppm (Figure S4).

Residues B and D were identified as a 3-substituted /-

lucosamine and f-galactosamine, respectively, on the basis of
Jim values (169 Hz for both) and the correlations of their
H2 protons at 6 3.75 and & 3.84 ppm, with the nitrogen-bearing
carbons at § 56.0 and 52.0 ppm, respectively. Moreover, both
residues showed downfield chemical shifts for their C3 carbons
(6 83.3 and 79.3 ppm, respectively). Both H2 protons were also
shifted downfield indicating the presence of acyl substituents on
the amino groups, which are acetyl groups. In fact, both methyl
signals at & 1.86 and 1.77 ppm displayed in the HMBC
experiment long-range scalar couplings with signals at § 56.0/
176.4 and 52.0/176.0 ppm, respectively (Figure S4).

The sequence of residues and the confirmation of the
attachment points of glycosidic linkages were obtained by an in
depth analysis of the HMBC, NOESY, and ROESY spectra
(Figures S4—S6). Long range scalar correlations were observed
in the HMBC spectrum for C1 of D (C1D) and H4 of C
(H4C), HIC and C3B, and H1B and C2A. The substitution of
residue D by the residue A was deduced from the ROESY and
NOESY experiments, as both spectra showed inter-residue
dipolar couplings between HI1A and H3D and H4D. Inter-
residue dipolar couplings were also observed between H1D and
H4C, HIC and H3B, and H1B and H2A.

Finally, the amide linkage between threonine and C6 of
galacturonic acid was confirmed by a NOE contact between the
amino acid NH (6 7.60 ppm), identified in the TOCSY
experiment (Figure S8), and HS of residue A (5 4.16 ppm),
measured in a NOESY experiment in H,0/D,0 (Figure S9).

All the above data allowed us to attribute a linear structure to
the repeating unit of the CPS from C. psychrerythraea 34H, as
illustrated in Figure 4.

e
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Figure 4. Primary repeating tetrasaccharide structure of the capsular
polysaccharide isolated from C. psychrerythraea 34H.

Three-Dimensional Structure Characterization. In
order to determine the three-dimensional structure of the
CPS, an in-depth analysis of all NMR experiments was
performed. The large proton—proton coupling constants
observed in residues B and C suggested that all the protons
are in axial positions. Then, the large coupling between H2 and
H3 in residues A and D also suggested a trans-diaxial
arrangement of these hydrogens. These data, along with
NOE connectivities in the NOESY spectra between 1,3-diaxial
protons, unambiguously indicated that all four 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 NOEs between H2A and H1B, and between H1A/
HI1B-HSB-H3D-H4D, H3B/HI1C, H4B/H1C-H2C, and H5B/
HIC, indicating the relative spatial orientation of the sugars.
Interestingly, NOEs between H1B/H4D and H4B/H1D clearly
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indicated that the sugar moieties B and D were spatially close to
each other. In order to build a three-dimensional model taking
into account all of the experimental data, restrained molecular
mechanics and dynamics calculations were performed. Consid-
ering that the molecular weight of the polysaccharide is
approximately 1500 kDa, and that performing reliable structure
calculations at atomic level on a such high molecular mass
structure is not possible (especially considering the lack of long-
range distance restraints), we opted to create a simplified model
(M1, Figure Sa), taking into account about five repetitions of
the tetramer A-B-C-D. Using the approach described in
Materials and Methods, a total of 200 structures were
generated. The calculations provided a mixture of isoenergetic
conformers characterized by no NOE violations >0.4 A (Table
S3).

However, the central repeat, having a more realistic
environment, could be clustered in a well-defined family having
a good superimposition with rmsd values of 0.77 A calculated
on all heavy atoms of the sugar rings (Figure 6, Figure S10).
Thus, the representative structure (i.e, the closest to the
centroid of the cluster) of this cluster was subjected to MD
simulations to probe its thermodynamic stability and to further
refine this model in explicit solvent.

Ice Recrystallization Inhibition Assay. In order to
determine if CPS actively interacts with ice, we tested its effect
as ice recrystallization inhibitor. Ice grains recrystallize over
time, as large crystals develop at the expense of smaller ones.
Some molecules able to attach to ice, for example AFPs, inhibit
recrystallization.”**' Due to light refraction at ice grain
boundaries, light transmittance through ice is directly propor-
tional to the size of crystals in the sample. Large ice crystals
result in high light transmittance, while small crystals result in
low transmittance. Therefore, the recrystallization of ice crystals
can be followed recording the change of light intensity over the
time. Chondroitin, an anionic polysaccharide constituted by
alternating N-acetyl galactosamine and glucuronic acid residues,
was used as negative control due to the similarity of its
structure with that of CPS.

The ice recrystallization assay (Figure 7) showed that the
presence of CPS inhibits recrystallization. Indeed, the light
intensity change of the CPS-sample was smaller than the
increase recorded for both negative controls. The chondroitin
had no statistically relevant effect on ice recrystallization.

H DISCUSSION

Cold-adapted bacteria colonize a large portion of Earth’s
biosphere. They survive and thrive in alpine, polar, and other
cold regions via numerous molecular adaptations.* Many of the
adaptive mechanisms have been deduced from genomic and
proteomic data, but extracellular strategies that may contribute
to surviving in extreme environments are less well investigated
by such approaches. The extracellular exudates, composed
primarily of exopolysaccharides, that are produced by
psychrophilic and ice-dwelling microorganisms have reached a
prominent position among the cryoprotectants.'*™"*' The
term exopolysaccharide includes either cell-membrane associ-
ated or totally cell-free macromolecules. When the exopoly-
saccharide is firmly associated with the bacterial cell surface, the
microorganism presents a capsule that can be recognized by
cither light or electron microscopy.” The aim of this study was
to characterize the primary and the three-dimensional
structures of the capsular material produced by the
stenopsychrophilic bacterium C. psychrerythraea 34H. Further-
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Figure 5. (a) Front view of the average M1 structure deriving from the 20 ns MD production run together with a pictorial representation of its sugar
residue sequence. Repetitions 1,2, 3, 4, and S are represented as blue, red, green, yellow, and magenta sticks, respectively. The C2 atoms of the A1—
A6 sugar residues, used to calculate the hinge angles are represented as spheres. Plots of the hinge angle values (deg) formed by the C2 atoms of the
A1-A2-A3, A2-A3-A4, A3-A4-AS, and A4-AS-A6 are represented in (b), (c), (d), and (e), respectively. The degree of flexibility for each hinge angle is
calculated as the standard deviation from the values obtained from the last 20 ns of simulation.

more, we tested whether CPS interacts with ice by assessing its
ice-recrystallization inhibition activity.

C. psychrerythraea 34H has been considered a model for the
study of bacterial growth and survival strategies in cold marine
environments.”> The synthesis of extracellular polysaccharides
appears to be important to cold—adagtation of this strain,
especially in subfreezing environments. 172324 Data reported
here unravel the structure of a CPS surrounding individual cells
of C. psychrerythraea 34H (Figure 1), which in turn defines the
organism’s interface with its environment.
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The results of chemical and spectroscopic analyses of the
purified capsular material revealed a structure new among
bacterial polysaccharides: a linear tetrasaccharide repeating unit
containing two amino sugars and two uronic acids, of which
one is amidated by a threonine (Figure 4).

Even though the glycosyl composition may be comparable to
that of EPS produced by many marine bacteria, the presence of
amino acids is quite uncommon.****** Sulfates or organic acids
have generally been found as substituents on the sugar
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Figure 6. (a) Superimposition of the 51 conformations of M1 belonging to the most populated cluster as calculated through annealing simulations.
For clarity reasons, only the central 2 repetitions of the tetramer A-B-C-D, on which the clustering was attained, are represented. (b) Representative
M1 conformation of the most populated cluster. The central 2 repetitions of the tetramer A-B-C-D are represented as cyan sticks, while the
remaining repetitions are displayed as transparent white sticks.
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Figure 7. Recrystallization of frozen samples as assayed in the Optical Recrystallometer. The light intensity increase as a function of time is indicative
of the recrystallization processes of ice crystals. Measurements were performed for 1 h at 4 °C. We measured a solution with CPS (red), a positive
control with AFP from F. cylindrus (blue), a negative control with chondroitin (gray), and a particle-free positive control (black). The solutions were
prepared in ultrapure Milli-Q water with 9%¢; NaCl, particle concentration was adjusted to 6.6 uM. The curves are an average of three samples; error
bars show standard deviation.

backbone;*® protein has been detected in some bacterial EPS galactosyl-(1—3)-a--galactosamine) linked to the threonine
but their relation with the sugar backbone is unknown.**%7 residue. >
The decoration of the polysaccharide with Thr is particularly It is noteworthy that the polysaccharide described here
intriguing to consider. In fact, amino acid motifs are common, displays a structural feature very close to that present in AFGPs.
and crucial for the interaction with ice, in several different kinds Actually, a f-N-acetyl-galactosamine is substituted by an a-
of AFPs.*™> For example, antifreeze glycoproteins (AFGPs) galacturonosyl residue bearing an amide-linked threonine.
isolated from fish blood plasma consist of a regular tripeptide AFPs are known to control ice growth by attaching to ice
sequence of Ala-Ala-Thr with a disaccharide fragment (f-p- crystals by their ice-binding-site. The spacing between relevant
186 DO 10.1021/ja5075954

. Am. Chem. Soc. 2015, 137, 179-189

90



Journal of the American Chemical Society

le (A1:42A3-A9)

. Average=99.41°£28.18°

150 10
Time (ns)

Angle (A2-A3AS-AS)

Average= 102.25° £ 26.67°

Time (ns)

Average= 41.80° £ 73.99°

Time fos)

Figure 8. Three representative conformations of M1 describing the pseudodihedral angles during the last 20 ns of the MD simulation formed by the
C2 sugar atoms of the A residues, (a) A1-A2-A3-A4, (b) A2-A3-A4-AS, and (c) A3-A4-AS-A6. The top of the picture depicts the three superimposed
conformations describing the lowest, average, and highest values of the three pseudodihedral angles. These are also depicted as pictorial
representations (stick and balls) in the middle of the picture in a 90° rotated view to better show the changes in the dihedral angles. In the bottom of
the picture the plots describing the three pseudodihedral angles during the 20 ns simulation are reported.

amino acids on the ice-binding sites often resembles the atomic
distances typical for the ice lattice. Several times, the amino
acids show a repetitive pattern or periodic folding, thus showing
regularly spaced OH groups.”>™® The periodic folding of this
kind of structure is of particular interest, along with the
composition of the polysaccharide, which is composed of
repetitive tetrasaccharide units. In order to determine a possible
spatial arrangement of the CPS, all the NMR experiments were
analyzed and molecular mechanics and dynamics calculations
were performed. We focused our attention on a simplified
model (M1) of the capsule comprising basically five repeats of
the tetrasaccharide base unit. A number of isoenergetic
conformations were obtained; only information about the
local conformation adopted by the polysaccharide could be
retrieved. Interesting structural features characterized the
obtained models. First of all, the chains of the sugars A-B-C-
D were fairly linear. Furthermore, the orientation of sugars B
and D, linked to equatorial position O2 and axial position O1
of sugar A, conferred a “hairpin-like” disposition to the chains.
This portion of the polysaccharide seems to be repeated in the
space forming an overall “zigzag” structure, where threonines of
sugars A are placed at the very corner of the polysaccharide.
The analysis of the 20 ns MD trajectories gave an idea of the
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flexibility of the computed structure. In particular, plotting of
the angle formed by the C2 atoms of each A sugar residues
(Figure Sa) allowed monitoring the hinge motions experienced
by M1 during the dynamic calculations. The angles ranged
roughly from 80° to 110°, and the angle formed by the residues
A4-A5-A6 turned out to be the most flexible one (92.83° +
17.36, Figure Se). This result was expected considering that this
angle is formed by the terminal repetitions of the molecule.
Furthermore, the flexibility of the model was also monitored by
plotting of three pseudodihedral angles formed by the C2 sugar
atoms of the A residues: A1-A2-A3-A4, A2-A3-A4-AS, and A3-
A4-AS-A6 (Figure 8). As depicted in Figure 8a,b, the Al-A2-
A3-A4 and A2-A3-A4-AS pseudodihedral angles range from a
minimum of ~20° to a maximum of ~180°. Nevertheless,
calculating the averages and the standard deviations for the
aforementioned angles makes clear that the most frequent
variation from the average is +20° (see the bottom plots of
Figure 8ab). On the other hand, plotting the A3-A4-AS-A6
pseudodihedral angle values demonstrated that after about 13
ns of dynamic the terminal repetition (formed by A6-DS-CS-
BS-AS residues) rotates from the remaining part of the
polysaccharide of about 320°. In this case, calculation of the
standard deviation (see the bottom plots of Figure 8c) suggests
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that this terminal end of the polysaccharide is indeed very
flexible. Altogether these data suggest that the computed
model, although maintaining an overall “zigzag” arrangement, is
very flexible and that the overall structure can be imagined like
a spatial repetition of an hairpin-like substructure, where the
threonines are placed externally and available to interact with
the ice.

These results, the resemblance of our CPS structure to that
of AFGPs, and the lack of sequence coding for a known AFP in
the genome of C. psychrerythraea 34H®® prompted us to assay
for ice recrystallization inhibition activity of the Colwellia CPS-
purified extract. Our analyses of ice recrystallization activity
suggest that CPS interacts with ice in a way resembling AFPs,
further supporting structural CPS observations. Results showed
that CPS has an effect on recrystallization, whereas other
particles like chondroitin in our negative particle control have
no statistically relevant effect. It is therefore conceivable that
CPS binds to ice, pinning and immobilizing ice grain
boundaries with an effect similar to that reported for AFPs.
The results showed an effect less marked with respect to that
displayed by a recombinant AFP from the sea-ice diatom, which
is a strong inhibitor of recrystallization compared to other
AFPs.** However, the comparison between two very different
molecules, such as a polysaccharide and a protein, may not be
appropriate or rigorous. Besides ice-binding patterns, the size,
composition, and conformation of the molecules also play roles
in modulating the effect on ice. Furthermore, it should be
considered that the natural concentrations of both CPS and
AFP, and therefore the effective magnitude of ice activity under
relevant environmental or physiological conditions remains
unknown.

The only other example of a polysaccharide reported to have
properties resembling AFP activity was extracted from a freeze-
tolerant beetle, Upis ceramboides.®® The fact that the
polysaccharide examined also contained lipid leaves unresolved
whether the polysaccharide or the lipid component was
responsible for the activity.®

This study has demonstrated for the first time the existence
of a capsular polysaccharide that in its purified form is endowed
with ice recrystallization inhibition activity. Its unique structure,
in contrast to that isolated from the beetle U. ceramboides, is
strongly related to that of AFGPs, both for the presence of a
Thr residue and for the Gal-Gal disaccharide motif.
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CONCLUSIONS

Cold marine regions have been underexplored, and indigenous microbiota may be
endowed of a more interesting chemical repertoire. The microorganisms that thrive in
these cold environments are referred to as psychrophiles or cold-adapted. A
preliminary characterization of molecules isolated from these bacteria suggested that
these compounds may found applications in many biotechnological fields.

In my PhD project | worked on three chemical classes of bioactive compound from
marine microorganisms: antimicrobial Volatile Organic Compounds (VOCs), anti-
biofilms molecules, and cryoprotectants.

| demonstrated that Pseudoalteromonas haloplanktis TAC125 is able to produce
volatile bioactive molecules endowed with an inhibitory activity against human
pathogens belonging to the Burkholderia cepacia complex (Bcc). Moreover one of
these molecules, methylamine, was identified and | demonstrated that this molecule
is able to inhibit the growth of several Bcc strains in dose-dependent way.

My work also proved that Pseudoalteromonas haloplanktis TAC125 is able to
produce anti-biofilm molecule/s against the biofilm of one of the major human
opportunistic pathogens, Staphilococcus epidermidis. Moreover, | demonstrated that
cold-adapted bacteria belonging to Pseudoalteromonas, Psychrobacter, and
Psychromonas genera are able to produce anti-biofilm compounds active against
opportunistic pathogens such as Staphilococcus aureus and Pseudomonas
aeruginosa.

As for cryoprotectant molecules, my attention was focused on the cold adapted
bacterium Colwellia psychrerythraea 34H.

Colwellia psychrerythraea 34H resulted to have a capsula with a very peculiar
structure. The particularity of this molecules is the presence of a threonine on a linear
tetrasaccharide repeating unit, likely the presence of threonine is responsible of
cryoprotectant activity of capsular material.

In conclusion, my PhD work clearly demonstrated that cold adapted bacteria are very
promising source of biotechnologically relevant molecules.
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Cold-adapted bacteria are microorganisms that thrive at very
low temperatures in permanently cold environments (0-
10 °C). Their ability to survive under these harsh conditions
is the result of molecular evolution and adaptations, which
include the structural modification of the phospholipid mem-
brane. To give insight into the role of the membrane in the
mechanisms of adaptation to low temperature, the charac-
terization of other cell-wall components is necessary. Among
these components, the lipopolysaccharides are complex am-
phiphilic macromolecules embedded in the outer leaflet of
the external membrane, of which they are the major constitu-

ents. The cold-adapted Colwellia psychrerythraea 34H bac-
terium, living in deep sea and Arctic and Antarctic sea ice,
was cultivated at 4 °C. The lipooligosaccharide (LOS) was
isolated and analysed by means of chemical analysis. Then
it was degraded either by mild hydrazinolysis (O-deacyl-
ation) or hot KOH (4 m; N-deacylation). Both products were
investigated in detail by 'H and '*C NMR spectroscopy and
by ESI FT-ICR mass spectrometry. The oligosaccharide por-
tion consists of a unique and very short species with the fol-
lowing general structure: o-L-Col-(1—2)-a-p-GalA-(1—2)-a-
p-Man-[3-P-p-Gro)-(1—5)-a-p-Kdo-4-P-Lipid-A.

Introduction

Microorganisms can thrive in what we call extreme envi-
ronments on Earth. Macelroy named these lovers (“philos”
to Greeks) of extreme environments “extremophiles”.']
They had to adapt to one or several extreme physicochemi-
cal parameters: thermophiles and hyperthermophiles live
above 60 °C near geysers and hydrothermal vents; halo-
philes thrive in hyper-saline environments; alkaliphiles pre-
fer high pH: and acidophiles thrive at low pH.?! Cold-
adapted microorganisms include both steno-psychrophilic
(formerly “true psychrophile™) and eury-psychrophilic (for-
merly “psychrotolerant” or “psychrotrophic”) organisms.
The former show an optimal growth temperature of 15 °C,
and a maximum temperature for growth of 20 °C; the latter
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have the ability to grow at temperatures below 15 °C, but
have maximum growth rates at temperature optima above
18 °C.3# To survive extremes of pH, temperature, and sa-
linity, microorganisms have been found to develop unique
defenses against their environment, leading to the biosyn-
thesis of unusual molecules ranging from simple osmolytes
to complex secondary metabolites. In addition, the cell en-
velope shows adaptive changes in the face of the extreme
environmental conditions, particularly in its lipid composi-
tion.

Microorganisms that thrive in permanently or seasonally
very cold habitats solve the “freezing risk” by adopting
heterogeneous strategies, such as the maintenance of mem-
brane fluidity by increasing the synthesis of unsaturated
fatty acids, and by changing the chain length of the fatty
acids,> 7 and also the quality and quantity of phosphoryl-
ation.®?] The outer membrane of Gram-negative bacteria
forms a barrier for the cell, and it is made up of phospho-
lipids, outer-membrane proteins (OMP), and lipopolysac-
charides (LPS). The lipopolysaccharides are complex am-
phiphilic macromolecules embedded in the outer leaflet of
the external membrane of which they are the major con-
stituents. Smooth-form lipopolysaccharides (S-LPS) consist
of three covalently linked regions, the glycolipid lipid A,
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also known as the endotoxin for human pathogens, the oli-
gosaccharide region (core region), and the O-specific poly-
saccharide (O-chain, O-antigen). Rough-form lipopolysac-
charides (R-LPS), also named lipooligosaccharides (LOS),
lack the polysaccharide portion.'!"! In order to check
whether a role is played by the lipopolysaccharides in the
molecular mechanism of adaptation to low temperatures,
the complete structural determination of these molecules
must be undertaken.

Cobvellia psychrerythraea strain 34H, a Gram-negative
bacterium isolated from Arctic marine sediments, is an in-
tensively investigated steno-psychrophilic bacterium.'? It
has cardinal growth temperatures (optimum of 8 °C, maxi-
mum of 19 °C, and extrapolated minimum of —14.5 °C)!2
that rank among the lowest of all characterized bacteria,
which makes this bacterium an attractive model to study
the adaptive strategies of the cellular envelope to a sub-zero
lifestyle.

In this paper, we report the structural characterization
of the carbohydrate backbone of the LOS of Cohwellia
psychrerythraea 34H. The lipooligosaccharide was degraded
both by mild hydrazinolysis (O-deacylation) and hot KOH
(4 M; N-deacylation). Both products were investigated by
chemical analysis, by 'H and '3*C NMR spectroscopy, and
by electrospray-ionization Fourier transform ion cyclotron
resonance mass spectrometry.

Results and Discussion

LPS Extraction and Preliminary Analysis

Colwellia psychrerythraea strain 34H cells were grown
aerobically, and the recovered cell pellet was extracted using
phenol/chloroform/light petroleum (PCP) to obtain the
crude LPS.["3 When it was analysed by DOC-PAGE elec-
trophoresis, the crude LPS showed positive silver staining.
In particular, a rough LPS (LOSpcp) was revealed (Fig-
ure 1). Subsequent extraction by the phenol/water
method!" yielded only a low amount of the lipooligosac-
charide (LOSy), the purity of which was lower than that
of the LOSpcp The sugar composition of the LOSpcp was
obtained by GC-MS analysis of the acetylated methyl
glycosides. Thus, the occurrence of D-galacturonic acid
(GalA), 2-amino-2-deoxy-p-glucose (GIcN), p-mannose
(Man), 3,6-dideoxy-L-xylo-hexose (colitose, Col), and 3-de-
oXy-D-manno-oct-2-ulopyranosonic acid (Kdo) was re-
vealed. The latter residue was revealed only after de-
phosphorylation of the LOSpcp, which was achieved by HF
treatment. This result suggested the presence of a phosphate
group on this residue, which prevented the detection of Kdo
by GC-MS."'3 Methylation analysis indicated the presence
of terminal Col, 6-substituted GIcN, 2-substituted GalA,
and 2,3-disubstituted Man. The methylation data also re-
vealed that all the residues were in the pyranose form.

The absolute configurations of the sugar residues were
determined by GC-MS analysis of the corresponding acet-
ylated 2-octyl glycosides.'!
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Figure 1. 14% DOC-PAGE analysis of Colwellia psychrerythraca
strain 34H LOSpcp (lane A) and Escherichia coli O55:B5 LPS used
as standard (lane B).

GC-MS analysis of the fatty acid methyl esters revealed
the presence of decanoic, dodecanoic, 3-hydroxydodecan-
oic, tetradecenoic, tetradecanoic, pentadecenoic, pentade-
canoic, 3-hydoxytetradecenoic, esadecenoic, esadecanoic,
octadecenoic, and octadecanoic acids.

Mass Spectrometric Analysis of the O-Deacylated LOSpcp

The LOSpcp was O-deacylated with anhydrous hydraz-
ine" and the product obtained (LOS-OH) was analysed
by ESI FT-ICR MS. The charge-deconvoluted spectrum
showed the presence of one main species (M) at
1844.607 Da. Other signals were attributed to potassium
and sodium adducts (Figure 2). To obtain further structural
information, the LOS-OH was subjected to capillary skim-
mer dissociation (CSD), which generated the Y and B frag-
ments!'®! resulting from the cleavage of the Kdo/lipid A
linkage.!"]

The CSD spectrum (Figure 3) showed the presence of a
fragment at 922.176 Da, which was assigned to the core oli-
gosaccharide, and a second fragment at 922.423 Da, which
was assigned to the lipid A-OH. In particular, the following
composition was assigned to the core oligosaccharide: Gro-
ColGalAManKdoP, (accurate mass 922.175 Da), where
Gro represents a glycerol residue. To the lipid A-OH was
assigned the following composition: GIcN,P,[C12:0(3-
OH)|[C14:1(3-OH)] (accurate mass 922.426 Da), in agree-
ment with the information obtained by chemical analysis.

NMR Spectroscopic Analysis of the Fully Deacylated
LOSpcp

To characterize the core oligosaccharide, the LOS-OH
was further N-deacylated by strong alkaline hydrolysis, and
the resulting oligosaccharide (OS) was analysed by one- and
two-dimensional NMR spectroscopy (Table 1, Figures 4, 5,
6, and S1).
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Figure 2. Charge-deconvoluted ESI FT-ICR mass spectrum of the LOS-OH isolated from Colwellia psychrerytraea strain 34H. The
spectrum was acquired in negative-ion mode.
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Figure 3. Charge-deconvoluted CSD mass spectrum of the LOS-OH isolated from Cohwellia psychrerytraea strain 34H. The spectrum was
acquired in negative-ion mode.

Table 1. 'H and *C NMR assignments of the fully deacylated oligosaccharide of the LOSpcp from Colwellia psychrerythraea strain 34H.
The values are referenced to acetone as internal standard ('H: 6 = 2.225 ppm; '*C: § = 31.45 ppm). The spectra were recorded at 302 K.

Residue I-H 2-H 3-H 4H  5H  6aH 6b-H/7-H 7b-H/3-H
C-1 C2 C3 c4 G5 C6 C7 C-8

A 5.56 3.38 3.88 339 409 3.80 421

4-GlepN-1-P 928 55.3 70.6 71 B9 703

B 5.30 403 3.93 3.69 414 388 3.65

2-g-Manp 1002 808 715 686 76 624

¢ 5.16 384 4.09 424 441 -

2-0-GalpA 017 769 70.0 723 734 1748

D 497 3.95 1.93 381 413 LI3

a-Colp 015 647 34.2 9.6 682 168

E 4.8 3.07 381 381 370 346 3.69

6-B-GlepN-4-P 99.9 56.8 72.9 755 753 637

F - - 1.95-2.15 449 420 376 3.76 3.64-3.86

5-a-Kdop-4-P 1742 1010 355 7.2 741 728 704 649

In particular, '"H-'"H DQF-COSY (double quantum-fil- relation spectroscopy), 'H-'H ROESY (rotating-frame nu-
tered correlation spectroscopy), 'H-'"H TOCSY (total cor- clear Overhauser enhancement spectroscopy), 'H-'3C
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Figure 4. 'H NMR spectrum of the oligosaccharide (OS) obtained by strong alkaline hydrolysis of the LOSpcp The spectrum was
recorded in D,O at 302 K at 600 MHz. The letters refer to the residues as described in Table 1 and Scheme 1.
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Figure 5. Alcohol signals region (5 = 3.0-4.6 ppm) of the 'H-'*C DEPT-HSQC spectrum of OS. The spectrum was recorded in D,O at

302 K at 600 MHz using acetone as an internal standard (0y =
described in Table 1 and Scheme 1.

DEPT-HSQC (distortionless enhancement by polarization
transfer-heteronuclear single quantum coherence), 'H-'3C
HSQC-TOCSY, 'H-'3C HMBC (heteronuclear multiple
bond correlation), 2D F2-coupled HSQC, and *'P NMR
spectroscopy were performed.

The 'H NMR spectrum (Figure 4) of the fully deacylated
LOSpcp showed the presence of five anomeric proton sig-
nals (A-E) between 6 = 4.7 and 5.7 ppm. By taking into
account all the 2D NMR experiments, the spin systems of
all the monosaccharides were identified.
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2.225 ppm and dc = 31.45 ppm). The letters refer to the residues as

Residue A was assigned as the 6-substituted o-GlepN-1-
P of lipid A on the basis of the multiplicity of the anomeric
proton signal due to its phosphorylation (3J;p = 6.1 Hz).
Moreover, the C-2 resonance occurred at 0 = 55.3 ppm,
which indicated a nitrogen-bearing carbon atom, and the
C-6 resonance was shifted downfield by glycosylation to ¢
= 70.3 ppm.

Residue E, with C-1/1-H signals at 6 = 99.9/4.82
("Jeor.1.u = 166.3 Hz), was assigned as the lipid A 6-substi-
tuted B-GlecpN-4-P residue, as a result of its C-2 chemical

Euwr. J. Org. Chem. 2013, 3771-3779
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Figure 6. Anomeric region of the 'H-'*C HMBC spectrum of OS. The spectrum was recorded in D,0 at 302 K at 600 MHz using acetone
as an internal standard (d; = 2.225 ppm and dc = 31.45 ppm). The letters refer to the residues as described in Table 1 and Scheme 1.

shift at 6 = 56.8 and its linkage to O-6 of residue A. In fact
1-H of residue E showed a long-range scalar coupling with
C-6 of residue A in the HMBC spectrum. The B-anomeric
configuration was corroborated by the intraresidue NOE
correlations observed between 1-H and both 3-H and 5-H
in the ROESY spectrum. Moreover, the downfield shifts of
4-H and C-4 are diagnostic for the presence of a phosphate
group linked at 0-4.12%

The Kdo (residue F) proton and carbon chemical shifts
were identified starting from the diastereotopic protons 3,,-
H and 3.-H. The chemical-shift difference between these
protons depends on the configuration of the C-1 carbon
atom, being different for the o and § anomers. In this case,
the difference of A(3,-H — 3.4-H) = 0.2 ppm allowed us to
assign an o configuration to the residue.*'’ Moreover, both
protons showed a correlation in the DQF-COSY spectrum
with a signal at 6 = 4.49 ppm, assigned as Kdo 4-H, which
was in turn correlated to a carbon atom with signal at 6 =
71.2 ppm in the DEPT-HSQC spectrum. Both 4-H and C-
4 resonances were shifted downfield relative to reference
values,|”?l and the observed chemical shifts were diagnostic
for the presence of a phosphate in that position.>3l The
Kdo 5-H proton was identified by vicinal scalar coupling
with 4-H in the DQF-COSY spectrum, and the correspond-
ing carbon atom was downlfield shifted to ¢ = 74.1 ppm
indicating glycosylation at this position. In addition, the
Kdo anomeric carbon atom showed a long-range corre-
lation with 6-H of residue E, thus confirming its linkage to
the lipid A backbone.

Residue B was assigned as a 2-substituted a-mannopyr-
anose on the basis of the small J; ;5.4 and J544 5.4 cou-
pling-constant values. The glycosylation at the C-2 position
was inferred by comparing the carbon chemical shift values

Ewr. J. Org. Chem. 2013, 3771-3779
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with standard values,** and the a-anomeric configuration
was established by the Jc.j,.u coupling-constant value,
which was 1764 Hz. The HMBC spectrum (Figure 6)
showed the presence of a long-range scalar coupling be-
tween the 1-H proton of this residue and C-5 of Kdo, thus
indicating that this position was substituted by residue B.

Residue C, with 1-H/C-1 signals at ¢ = 5.16/101.7 ppm,
was identified as a 2-substituted o-galactopyranuronic acid,
since its C-6 signal occurred at § = 174.8 ppm, and its C-2
signal was shifted downfield to 6 = 76.9 ppm. The ¢-anom-
eric configuration was inferred from its Je.p 1.4 coupling-
constant value of 176.3 Hz. This residue was linked to resi-
due B at the O-2 position, as shown by the presence of a
correlation between 1-H of residue C and C-2 of residue B
in the HMBC spectrum (Figure 6).

The last residue (D) of the core oligosaccharidic chain
was identified as a terminal o-colitose, since its 3-H/C-3 and
6-H/C-6 signals occurred at 6 = 1.93/34.2 and 1.13/
16.8 ppm, respectively. The a-anomeric configuration was
inferred from its Je.y ;. value of 173.9 Hz. Its 1-H showed
an interresidue NOE correlation with 2-H of residue C in
the ROESY spectrum, and a long-range scalar coupling
with the signal at 6 = 101.7 ppm of a carbon atom in the
HMBC spectrum (Figure 6). Thus, it was shown to be
linked to residue C at the O-2 position.

To sum up, the above data allowed the identification of
the main carbohydrate backbone of the lipopolysaccharide
from Colwellia psychrerythraea, as shown in Scheme 1.

The 3'P NMR spectrum of OS confirmed the presence
of only three phosphomonoester signals (Kdo-4-P at 6 =
3.9 ppm, GIcN-4-P at 6 = 3.5 ppm, and GlcN-1-P at 6 =
2.6 ppm), in contrast with the results obtained [rom the
analysis of the LOS-OH mass spectra, which indicated the
3775
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a-L-Col-(1—-2)-a-D-GalA-(1—2)-a-D-Man-(1—5)-0-D-Kdo4 P-(2—6)-B-D-GlecN4P-(1—6)-0-D-GIcN 1 P

Scheme 1.

presence of four phosphate groups. This, together with the
lack of the glycerol residue in the OS structure, suggested
that these groups did not withstand the alkaline treatment,
which is consistent with the lability of diesters under these
hydrolysis conditions.>” In addition, the finding of a 2,3-
disubstituted mannose in the methylation analysis did not
fit with the above reported structure.

NMR Spectroscopic Analysis of the LOS-OH

To establish the structure of the core oligosaccharide in-
cluding the labile groups lost during the harsh alkaline
treatment, the LOS-OH was analysed by NMR spec-
troscopy (Figures 7, S2 and S3). In particular "H-'H DQF-
COSY, 'H-'H TOCSY, 'H-'H ROESY, and 'H-"*C

ppmT| a
A2° E2
60
~ B
80
45 40 35
4b
IE
100 < Zz b £1
T T T
5.5 5.0 45  ppm

Figure 7. Carbinol (a) and anomeric (b) regions of the 'H-'*C DEPT-HSQC spectrum of LOS-OH from Colwellia psychreritraea strain

34H. The spectrum was recorded in D,O at 298 K at 600 MHz using acetone as an internal standard (dy

= 2.225ppm and Jdc =

31.45 ppm). The letters refer to the residues as described in Table 2 and Scheme 2.

Table 2. 'H and "*C NMR assignments of the LOS-OH from Colwellia psychrerythraea strain 34H. All the values are referenced to
acetone as internal standard ('H: 6 = 2.225 ppm; '*C: ¢ = 31.45 ppm). The spectra were recorded at 298 K.

Residue 1-H 2-H 3-H 4-H 5-H 6a-H 6b-H/7-H 7b-H/8-H
C-1 C-2 C3 C-4 C-5 C-6 C-7 C-8

A 5:27 3.80 3.67 3.47 391 3.76 4.06

a-GlepN-1-P 94.1 55.1 724 70.7 72.7 69.4

B 5.16 4.40 4.40 375 427 3.87 3.61

2-g-Manp-3-P 100.2 773 75.1 68.1 74.1 62.4

C 5.47 385 4.06 4.20 4.42 -

2-a-GalpA 99.7 75.1 70.0 72.2 73.4 nd

D 4.98 3.87 1.88-1.98 3.97 4.07 1.13

a-Colp 100.3 64.9 343 69.7 68.2 17.1

E 4.51 371 3.67 3.67 357 3.49 3.62

6-B-GlepN-4-P 102.5 56.2 724 75.5 75.1 64.2

F - - 1.89-2.16 447 4.19 3.76 3.91 3.68-3.78

5-a-Kdop4-P nd nd 355 70.1 74.5 72.9 69.8 64.3

t-Gro-1-P 3.79-3.83 3.77 3.49-3.56
67.7 719 634
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DEPT-HSQC spectra were acquired. Analysis of all the
spectra (Table 2) confirmed that the main carbohydrate
backbone was that shown in Scheme 1, but that additional
signals due to the glycerol residue were present.

In more detail, the signal of C-1 of the Gro residue oc-
curred at ¢ = 67.7 ppm in the '"H-"*C DEPT-HSQC spec-
trum (Figure 7), thus indicating its phosphorylation at C-1.
Furthermore, the signals of 3-H and C-3 of residue B were
shifted downfield to 6 = 4.40/75.1 ppm, thus indicating that
Gro was linked to the mannose residue at position O-3 by
a phosphodiester linkage, consistent with the presence of
the 2,3-disubstituted mannose in the GC-MS methylation
analysis. To determine the relative configuration of the Gro
residue, it was oxidized to glyceric acid. The product was
hydrolysed, the free glyceric acid was esterified with chiral
2-octanol, and the resulting octyl ester derivative was ana-
lysed by GC-MS.P% By comparison of its retention time
with that of a standard sample, it was found to be p-config-
ured.

In conclusion, the complete structure of the core lipid A
saccharidic backbone of the LPS from Coblwellia psychrer-
ythraea strain 34H is as shown in Scheme 2.

Conclusions

In this paper, we reported the complete structure of the
sugar backbone of the lipopolysaccharide fraction from

Ewr. J. Org. Chem. 2013, 3771-3779
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Colwellia psychrerythraea strain 34H, a strictly psychro-
philic marine bacterium isolated from deep sea and Arctic
and Antarctic sea ice.'>! The molecules were extracted by
the PCP method, and they had a lipooligosaccharide frac-
tion. The complete structural determination was achieved
by chemical analysis, NMR spectroscopy, and ESI mass
spectrometry. It is worth noting the lack of heptose resid ues
in the inner core of C. psychreritraea. Actually, in their
place, an o-mannose residue is linked to the Kdo. This
structural feature is commonly found in the Rhizobiaceae
family, but has never before been found in extremophiles.
Moreover, colitose and glycerol are present in the Colwellia
LOS. Both these residues have been already found in several
O-polysaccharides and K-antigens from Gram-negative
bacteria, but to the best of our knowledge, this is the first
time that they have been found in a core oligosaccharide.
Until now, only a few structures of LPSs from other cold-
adapted microorganisms have been characterised. By com-
paring the C. psychrerythraea 34H LOS structure with those
obtained from P. haloplanktis TAC125P27-28 and TAB23,>%
and from P arctica," it turned out that they have in com-
mon the lack of an O-chain and the presence of a high
charge density in the core region due to the presence of
acidic monosaccharides and phosphate groups. In addition,
the core regions have been found to be made up of only a
few sugar units. These structural features seem to be com-
3777
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mon to cold-adapted microorganisms. Recently, O-chain
polysaccharides were found in LPS from Psychrobacter
muricolla and cryohalentis. Although the latter micro-
organisms had been isolated at -9 °C, the LPS was ex-
tracted from bacterial cells grown at 24 °C.3%3!1 It would
be worth investigating the LPS produced at a lower growth
temperature.

Experimental Section

Bacteria Growth and LOS Isolation: Colwellia psychrerythraea 34H
was grown aerobically at 4 °C in marine broth medium (DIFCO™
2216). When the liquid culture reached the late exponential phase
(OD600 = 2), cells were harvested by centrifugation at 3000 g at
4°C for 20 min. Dried bacteria cells (4.8 g) were extracted by the
PCP method!"¥ to give LOSpcp (52 mg, yield 1.1% w/w of dried
cells).

Sugar and Fatty Acids Analysis: A sample of LOSpcp (0.5 mg) was
treated first with HF (48% aq.; 100 pL); then methanolysis was
performed. The monosaccharides obtained were acetylated and
analysed by GC-MS as described previously,!'>! while the fatty ac-
ids were analysed as methyl esters. The sugars were identified by
comparison with standard samples. In particular, the colitose stan-
dard was obtained from Escherichia coli O55:B5 LPS (Sigma). The
absolute configurations of the sugars were determined by gas
chromatography of the acetylated (S)-2-octyl glycosides.['! The ab-
solute configuration of Gro was determined by GC-MS analysis
of its 2-octyl ester derivative. Briefly, it was oxidized using 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO), then hydrolysed with TFA
(trifluoroacetic acid; 2 M), and esterified with chiral 2-octanol.[2¢]
All the sugar derivatives were analysed with an Agilent Technol-
ogies 6850A gas chromatography apparatus equipped with a mass-
selective detector 5973N and a Zebron ZB-5 capillary column
(Phenomenex, 30 m X 0.25 mm i.d., flow rate | mLmin !, He as
carrier gas). Acetylated methyl glycosides were analysed using the
following temperature program: 150 °C for 3 min, 150—240 °C at
3°Cmin . Fatty acids were analysed as follows: 140 °C for 3 min,
140—280 °C at 10 °Cmin ', 280 °C for 20 min. The analysis of
acetylated octyl glycosides was performed as follows: 150 °C for
5 min, then 150—240 °C at 6 °Cmin ', 240 °C for 5 min. The gly-
ceric acid octyl ester derivatives were analysed with the following
temperature program: 80 °C for 5 min, 80—200°C at 5 °Cmin ',
200—300 °C at 10 °Cmin .

Linkage Analysis: The linkage positions of the monosaccharides
were determined by GC-MS analysis of the partially methylated
alditol acetates. Briefly, the LOSpcp (1 mg) was methylated with
CH;l (300 uL) and NaOH powder in DMSO (1.0 mL) for 20 h.1*?
The product was treated with NaBDj to reduce the uronate groups,
then totally hydrolysed with TFA (2 m) at 120 °C for 2 h, reduced
again with NaBD,, acetylated with Ac,O and pyridine (50 uL each,
100 °C, 30 min), and the resulting product mixture was analysed
by GC-MS. The temperature program used was: 90 °C for 1 min,
90—140 °C at 25 °Cmin ', 140—200 °C at 5 °Cmin !, 200280 °C
at 10 °Cmin ', 280 °C for 10 min.

Deacylation of the LOS: The LOSpcp (20 mg) was first dried under
vacuum over phosphoric anhydride and then incubated with hy-
drazine (1.0 mL, 37 °C, 1.5 h). To precipitate the LOS-OH, cold
acetone was added. The pellet was recovered after centrifugation
(4 °C, 10000 g, 30 min), washed three times with acetone, and fi-
nally suspended in water and lyophilized (14 mg).I'” The LOS-OH
(8 mg) was dissolved in KOH (4™ aq.; 1.0 mL) and incubated at
3778
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120 °C for 16 h. The KOH was neutralized with HCI (2 m aq.) until
pH = 6, and the mixture was extracted three times with CHCl,.
The aqueous phase was recovered and desalted on a Sephadex G-
10 column (Amersham Biosciences, 2.5 X43 ¢m, 31 mLh !, frac-
tion volume 2.5 mL, eluent NH;HCO; 10 mwm). The eluted oligo-
saccharide mixture was then lyophilized (3.5 mg, 44% w/w).

NMR Spectroscopy: 'H and '*C NMR spectra were recorded with
a Bruker Avance 600 MHz spectrometer equipped with a cryo-
probe. All two-dimensional homo- and heteronuclear experiments
(COSY, TOCSY. ROESY, HSQC-DEPT, HSQC-TOCSY, 2D F2-
coupled HSQC, and HMBC) were performed by using standard
pulse sequences available in the Bruker software. The mixing time
for TOCSY, ROESY, and HSQC-TOCSY experiments was 100 ms.
Chemical shifts were measured in D,O at 302 K and 298 K for OS
and LOS-OH, respectively, by using acetone as an internal standard
(0 = 2.225 ppm and ¢ = 31.45 ppm).

Mass Spectrometry Analysis: Electrospray-ionization Fourier trans-
form ion cyclotron (ESI FT-ICR) mass spectrometry was per-
formed in the negative-ion mode with an APEX QE (Bruker Dal-
tonics) instrument equipped with a 7T actively shielded magnet.
The LOS-OH sample was dissolved at a concentration of ca.
10 nguL ! and analysed as described previously*¥ Mass spectra
were charge-deconvoluted, and the mass numbers given refer to the
monoisotopic masses of the neutral molecules.

Supporting Information (see footnote on the first page of this arti-
cle): The whole 'H-'3C DEPT-HSQC spectra of OS and LOS-OH,
as well as the proton spectra of LOS-OH are reported in this sec-
tion. The main signals are described in the main text of the article.
Moreover the elemental analysis of both the products are reported.
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Abstract

Considering the increasing impact of bacterial biofilms on human health, industrial and food-processing activities, the interest in the
development of new approaches for the prevention and treatment of adhesion and biofilm formation capabilities has increased. A viable approach
should target adhesive properties without affecting bacterial vitality in order to avoid the rapid appearance of escape mutants.

It is known that marine bacteria belonging to the genus Pseudoalteromonas produce compounds of biotechnological interest, including anti-
biofilm molecules. Pseudoalteromonas haloplanktis TAC125 is the first Antarctic Gram-negative strain whose genome was sequenced. In this
work the anti-biofilm activity of P. haloplanktis supernatant was examined on different staphylococci. Results obtained demonstrated that
supernatant of P. haloplanktis, grown in static condition, inhibits biofilm of Staphylococcus epidermidis. In order to define the chemical nature of
the biofilm-inhibiting compound, the supernatant was subject to various treatments. Data reported demonstrated that the biologically active

component is sensible to treatment with sodium periodate suggesting its saccharidic nature.
© 2013 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.

Keywonds: Anti-biofilm; Staphylococcus: Pseudoalteromonas; Antarctic

1. Introduction

Biofilm is the predominant mode of growth for bacteria in
most environments (Bendaoud et al., 2011) and particularly
with respect to chronic infections (Dohar et al., 2009). They
are relevant in a wide range of clinical domains including
medicine and surgery (Francolini and Donelli, 2010) and food
industry (Lequette et al., 2010). Biofilms also contaminate a
wide variety of infrastructure elements such as water and air
purification systems (Sublette et al., 2006), optical sensors

* Corresponding author. Tel.: 439 0649694261 fax: +39 0649694298.
E-mail addresses: rosanna.papa@uniromal .it (R. Papa), erparril @unina.it
(E. Parrilli), mena.l0@libero.it (F. Sannino), barbato.g @fastwebnet.it
(G. Barbato), tutino@unina.it (M.L. Tutino), marco.artini@uniromal.it
(M. Artini), laura.selan@uniromal.it (L. Selan).

(Kerr et al., 1998), marine and industrial equipments
(Holmstrom et al., 2002).

In medical settings, biofilms are the cause of persistent
infections-implicated in 80% or more of all microbial cases-
releasing harmful toxins and even obstructing indwelling
catheters (Epstein et al., 2012) or causing orthopaedic implant
infections (Drago et al., 2013). Staphylococci are recognized
as the most frequent causes of biofilm-associated infections
(Otto, 2008; Arciola et al., 2012). Taking into account the
increasing impact of bacterial biofilms, the interest in the
development of new approaches for the prevention and treat-
ment of adhesion and biofilm formation capabilities has
amplified. A viable approach should target adhesive properties
without affecting bacterial vitality in order to avoid the rapid
appearance of escape mutants. Many bacterial biofilms secrete
molecules such as quorum sensing signals (Ni et al., 2009),

0923-2508/$ - see front matter © 2013 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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surfactants (Kiran et al., 2010), enzymes (Kaplan, 2010), and
polysaccharides (Qin et al., 2009; Valle et al., 2006) that
function regulating biofilm architecture or mediating the
release of cells from biofilms during the dispersal stage of the
biofilm life cycle (Kaplan, 2010).

These compounds often exhibit broad-spectrum biofilm-
inhibiting or biofilm-detaching activity when tested against
biofilms cultured in vitro. Such compounds may represent a
novel source of anti-biofilm compounds for technological
development.

Marine bacteria belonging to the genus Pseudoalteromonas
produce compounds of biotechnological interest, including
anti-biofilm molecules (Klein et al., 2011). Marine bacteria
from Antarctica represent an untapped reservoir of bio-
diversity, indeed, Antarctic microorganisms can synthesize a
broad range of potentially valuable bioactive compounds
(Jayatilake et al., 1996).

Pseudoalteromonas haloplanktis TAC125 is the first Ant-
arctic Gram-negative strain whose genome was sequenced
(Medigue et al., 2005). Genomic and metabolic features of this
strain, accounting for its remarkable versatility, were discovered
by combining genome sequencing and further in silico and
in vivo analyses. P. haloplanktis TAC125 was also the first
Antarctic bacterium in which an efficient gene-expression
technology was set up allowing the production of homologous
and heterologous recombinant proteins (Rippa et al., 2012;
Corcheroetal., 2012). The host versatility was recently widened
by the development of an efficient genetic scheme for the con-
struction of genome targeted insertion/deletion mutants, which
allows a deeper understanding of P. haloplanktis TAC125
physiology (Giuliani et al., 2012; Parrilli et al., 2010).

In this work we examined the anti-biofilm activity of P.
haloplanktis culture supernatant, grown in static or in dynamic
condition, on different Staphylococcus epidermidis and
Staphylococcus aureus strains. P. haloplanktis TAC125 secre-
ted an anti-biofilm activity which impaired biofilm develop-
ment of S. epidermidis. Results obtained demonstrated that
the cell-free supernatants of P. haloplanktis grown in static
condition strongly inhibited bacterial adhesion. In particular, S.
epidermidis showed the highest susceptibility to the treatment.
This strong inhibitory effect was also observed on the mature
biofilm of S. epidermidis. Interestingly, the P. haloplanktis
supernatant was devoid of antibacterial activity against free-

Table 1
Strains used in this study.

living bacteria, showing that its activity was specifically
directed against biofilm. The chemical nature of the biofilm-
inhibiting compound was preliminarily determined using var-
ious treatments. Treatment with sodium periodate impaired
P. haloplanktis supernatant capacity to inhibit biofilm for-
mation suggesting that the biologically active component could
be a polysaccharide.

2. Materials and methods
2.1. Bacterial strains and culture conditions

Bacterial strains used in this work are listed in Table 1.
Bacteria were grown in Brain Heart Infusion broth (BHI,
Oxoid, UK). Biofilm formation was assessed in static assay
and planktonic cultures were performed under vigorous agi-
tation (180 rpm). P. haloplanktis TAC125 was grown at 4 °C
while staphylococci were grown at 37 °C.

2.2. Biofilm formation of P. haloplanktis TACI125

Biofilm formation of P. haloplanktis TAC125 was obtained
at 4 °C in Brain Heart Infusion broth (BHI, Oxoid, UK). The
wells of a sterile 24-well flat-bottomed polystyrene plate were
filled with 1 ml of BHI, and an opportune dilution of Antarctic
bacterial culture in exponential growth phase (about 0.1 OD
600 nm) was added into each well. The plates were aerobically
incubated for 96 h at 4 °C. After rinsing with PBS, adhered
cells were stained with 0.1% crystal violet, rinsed twice with
double-distilled water, and thoroughly dried as previously
described (Christensen et al., 1985). The dye bound to
adherent cells was resolubilized with 20% (v/v) glacial acetic
acid and 80% (v/v) ethanol per well. The OD of each well was
measured at 590 nm. Each data point is composed of three
independent samples.

2.3. Preparation of P. haloplanktis TAC125 supernatants

SN4B is the supernatant of a liquid culture of P. hal-
oplanktis TAC125 grown without shaking (biofilm) and
SN4A is the supernatant of a liquid culture of P. haloplanktis
TAC125 grown with shaking (planktonic  growth),
respectively.

Strain Origin

Reference and/or source

Antarctic sea water®
Clinical isolate
Clinical isolate

P. haloplanktis TAC125
aureus 6538P
aureus 25923
aureus 20372
aureus 1511
epidermidis RP62A
epidermidis O-47
epidermidis XX-17
epidermidis 1521

“

Clinical isolate from septic arthritis

Clinical isolate from infected catheter
Reference strain isolated from infected catheter
Clinical isolate from septic arthritis

Clinical isolate from infected catheter

Clinical isolate from infected catheter

Medigue et al., 2005
ATCC collection
ATCC collection
ATCC collection

Our collection

ATCC collection
Heilmann et al., 1996
Our collection

Our collection

# Isolated from Antarctic coastal sea water sample collected in the vicinity of the French Antarctic station Dumont d’ Urville, Terre Adélie (66°40’ S; 140° 01 E).
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2.3.1. Preparation of SN4B

The wells of a sterile 24-well flat-bottomed polystyrene
plate were filled with 900 pl of BHI and 100 pl of overnight P.
haloplanktis TAC125 bacterial culture was added into each
well. The plates were incubated at 4 °C monitoring biofilm
formation each 24 h. After 96 h, supernatant was recovered
and centrifuged at 13,000 rpm. Supematant was then trans-
ferred into a Centricon tube (Millipore, Billerica, MA, USA)
with 10 kDa MWCO. It was 10-fold concentrated by cen-
trifugation at 4000 rpm, 4 °C. Supernatant was sterilized by
filtration through membranes with a pore diameter of 0.22 um,
and stored at 4 °C until use.

2.3.2. Preparation of SN4A

P. haloplanktis TAC125 bacterial culture was grown in
planktonic form at 4 °C under vigorous agitation (180 rpm).
Supernatant was recovered by centrifugation at 13,000 rpm at
4 °C and processed as above described.

2.4. Biofilm formation of staphylococci

Biofilm formation of staphylococcal species was evaluated
in the presence of SN4A and SN4B supernatants. Quantifi-
cation of in vitro biofilm production was based on method
previously reported (Artini et al., 2011). Briefly, the wells of a
sterile 48-well flat-bottomed polystyrene plate were filled with
400 pl of the appropriate medium. 1/100 dilution of overnight
bacterial cultures was added into each well. The first row
contained the untreated bacteria, while each of the remaining
rows contained serial dilutions of SN4A and SN4B starting
from 1:2. The plates were incubated aerobically for 24 h at
37 °C. After rinsing with PBS, adhered cells were stained with
0.1% crystal violet, rinsed twice with double-distilled water,
and thoroughly dried as previously described (Christensen
et al., 1985). The dye bound to adherent cells was resolubi-
lized with 20% (v/v) glacial acetic acid and 80% (v/v) ethanol
per well. The OD of each well was measured at 590 nm. Each
data point is composed of three independent samples.

Assay on preformed biofilm was also performed. The
wells of a sterile 48-well flat-bottomed polystyrene plate were
filled with 400 pl of 1/100 diluted overnight bacterial cultures
grown in BHI. The plates were aerobically incubated for 24 h
at 37 °C. After 24 h the content of the plates was poured off
and the wells washed with sterile distilled water to remove
the unattached bacteria. The remaining attached bacteria
were treated with 400 pl of the appropriate medium con-
taining serial dilution of SN4A and SN4B (starting from
100%) aerobically incubated for 2, 4, 8 and 24 h at 37 °C.
After each time-point the plates were treated as previously
described. Each data point is composed of four independent
samples.

2.5. Initial attachment assay
The attachment assay was carried out as previously reported

with slight modifications (Nithya and Pandian, 2010). Over-
night cultures were diluted 1/100 in BHI and grown at 37 °C up

to reaching 0.5 OD mlI~". The wells of a sterile 48-well flat-
bottomed polystyrene plate were filled with 100 pl of bacte-
rial cultures and 300 pl of the appropriate medium containing
serial dilution of SN4B. The assay was carried out for 1 h at
37 °C to allow the cells to adhere to the surface. After incuba-
tion, the plates were processed as previously described. Each
data point is composed of four independent samples.

2.6. Physico-chemical characterization of SN4B anti-
biofilm compound

To examine the heat sensitivity, the culture supernatants
were incubated for 1 h in a water bath at 50 °C and cooled on
ice. For the protease treatment, proteinase K (Sigma Aldrich,
St Louis, MO) was added to SN4B at a final concentration of
1 mg ml~" and the reactions were incubated for 1 h at 37 °C.
As controls, SN4B was incubated for 1 h at 37 °C without
proteinase K, which did not impair the anti-biofilm activities.
For the polysaccharide treatment, NalO4 at a final concen-
tration of 20 mM was added to supernatant for 12 h at 37 °C.
As controls the same treatment was performed on BHI broth to
exclude an anti-biofilm effect due to the NalO4. For each of
the above tests, the anti-biofilm activities of treated and
untreated culture supernatants were compared using the
microtiter plate assay against S. epidermidis O-47. Each data
point is composed of four independent samples.

3. Results

3.1. Effect of P. haloplanktis TACI25 exoproducts on
biofilm formation of staphylococci

Biofilm formation of P. haloplanktis TAC125 was evaluated
at 4 °C in BHI with over a 96 h period. P. haloplanktis TAC125
was grown in the same medium used for staphylococci cultures
to avoid interference due to the medium composition. The best
production (more than about 2.5 OD 590 nm) of P. haloplanktis
TAC125 biofilm was obtained incubating the cells in static for
96 h at 4 °C (data not shown).

The effects of filter sterilized supernatants of P. hal-
oplanktis TAC125 cultures grown in planktonic and sessile
form at 4 °C on different S. epidermidis and S. aureus strains
(Table 1) were examined. SN4B was defined the supernatant
of P. haloplanktis deriving from static growth and SN4A the
supernatant of P. haloplanktis liquid culture grown in dynamic
condition, respectively. Preliminary experiments were carried
out to assess the effect of supernatants on the growth rate of S.
epidermidis and S. aureus. Bacterial cultures were separately
treated with SN4B and SN4A supernatants at a concentration
of 50% and growths were monitored over 24 h. In Fig. 1A the
growth curves of S. epidermidis O-47 in the presence and in
the absence of above described supernatants were reported. As
shown, SN4B and SN4A did not affect S. epidermidis dupli-
cation rate. Bacterial growth curves were found to be nearly
superimposible both in the presence and in the absence of
supernatants. Same results were obtained evaluating the effect
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Fig. 1. Inhibition of S. aureus and S. epidermidis biofilm formation by P. haloplanktis TAC125 SN4B supernatant. (A) Growth curves of S. epidermidis O-47 in the
presence and in the absence of 50% SN4B or SN4A supernatant. Growth was monitored by measuring the absorbance of the cultures at 600 nm. (B) Biofilm
formation by S. epidermidis O-47 in 48-well microtiter plate wells in the presence and in the absence of 50% SN4B supernatant. (C) Effect of SN4B treatment on
biofilm formation for each staphylococcal strain. SN4B supernatant was tested using serial dilutions starting from 1:2 (50%). Each data point represents the
mean + SD of three independent experiments. S. a., S. aureus species; S.e., S. epidermidis species.

of SN4B and SN4A supernatants on the S. aureus growth rate
(data not shown).

SN4A and SN4B supernatants effect on biofilm production
of staphylococci was evaluated and the SN4B supernatant
showed to have a good anti-biofilm effect on S. epidermidis
species (Fig. 1B) while it did not have effect on S. aureus
species (Fig. 1C). By contrast SN4A did not show any
inhibitory effect on tested strains (data not shown). SN4B had
a similar effect on all S. epidermidis strains tested showing a
species-specific effect. The inhibitory effect is clearly dose-
dependent with an efficacy higher than 50% already at 1:8
dilution (17% residual biofilm for S. epidermidis O-47).

Attachment behaviour of S. epidermidis biofilm formation,
in the presence and in the absence of SN4B culture
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supernatant was investigated. Initial attachment of the bacteria
to a solid surface is the first step in biofilm formation. As
reported in Fig. 2 SN4B culture supernatant at a concentration
of 50% decreased the attachment of S. epidermidis and this
effect was more pronounced on strongest biofilm former strain
0-47 (biofilm reduction of about 40%).

3.2. P. haloplanktis TAC125 exoproducts impair mature
biofilm of S. epidermidis

The effect of SN4B on S. epidermidis mature biofilm was
also tested. Single-species mature biofilm of S. epidermidis
RP62A and S. epidermidis O-47 was separately treated with
serial dilutions of SN4B starting from a concentration of 100%.
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Fig. 2. Effect of SN4B supernatant on initial attachment of S. epidermidis
species. Bacteria were treated with serial dilution of SN4B starting from 50%.
Each data point is composed of four independent samples.

The effect on preformed biofilm was evaluated at different
treatment time, SN4B supernatant didn’t disaggregate the S.
epidermidis mature biofilm after 2, 4, and 8 h (data not shown)
but it was able to impair mature biofilm of S. epidermidis after
24 h of treatment (Fig. 3). Indeed, the results showed a sig-
nificant reduction in the absorbance of the treated samples,
demonstrating that SN4B was also extremely effective in the
dispersal of S. epidermidis preformed biofilm (S. epidermidis
0-47 untreated bacteria OD 590 nm = 1.863 + 0.219; SN4B-
treated bacteria OD 590 nm = 0.457 + 0.122) (Fig. 3). This
result suggested that the supernatant action was not restricted to
initial bacterial attachment on abiotic surface but was also
effective on mature biofilm.

3.3. Physico-chemical characterization of P.
haloplanktis TACI25 anti-biofilm compounds

To have information about the chemical nature of the
biofilm-inhibiting compound, SN4B supernatant was dis-
pensed in several aliquots, each submitted to different chem-
ical and physical treatments. Percentage of inhibition of each
treated aliquot of SN4B was determined against S. epidermidis
0-47 (Table 2). Neither proteinase K treatment nor heat

mNT
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5% m25%
P "12%
£ 70,0 %
£
Z 60,0
3
=3
3 500
£ 100
3
30,0
20,0 -
10,0
00

S. epidermidis RP62A

S.epidermicis 0-47

Fig. 3. Effect of SN4B supernatant on 24 h biofilm of S. epidermidis species.
Data are reported as percentage of residual biofilm. The mature biofilm was
treated with serial dilution of SN4B starting from 100%. Each data point is
composed of four independent samples.

treatment affected the biofilm-inhibiting activity of SN4B
(Table 2). The biofilm-inhibiting material was heat stable, in
fact it retained about 91.5% of its inhibitory activity after 1 h
at 50 °C. Treatment of SN4B supernatant sodium metaper-
iodate significantly reduced its biofilm-inhibiting activity
(about 5% of residual activity). It has been shown that NalO,
is able to hydrolyse compounds by oxidizing the carbons
bearing vicinal hydroxyl groups and cleaving the C—C bonds,
this hydrolytic activity was demonstrated also against poly-
saccharides (Bendaoud et al., 2011). These data suggested that
the biologically active component could be a polysaccharide.

4. Discussion

Disrupting the multicellular structure of bacterial biofilm
was proposed as the most promising strategy for increasing the
sensitivity of pathogens in biofilm to antibiotics and host
immune systems (Costerton and Stewart, 2001). The rationale
of this work is to look for new compounds inhibiting virulence
rather than bacterial growth; in fact this choice may impose a
weaker selective pressure for the development of antibiotic
resistance relative to current antibiotics. Moreover, even in this
era of combinatorial chemistry, compounds from natural ori-
gin still provide a high number of interesting structures.

Marine bacteria produce several compounds which may be of
potential biotechnological interest, and in particular culture
supernatants derived from most of them have been shown to

Table 2
Effect of various treatments on the anti-biofilm activity of SN4B.

Treatment Percentage of residual biofilm*
None 0+52
50°C. 1 h 85407
Proteinase K, 1 hat 37 °C 243 +£22
NalOy, 12 h at 37 °C 94.7 £ 9.6

# Inhibition of SN4B was determined against S. epidermidis O-47 using the
microtiter plate assay and was reported as percentage of residual biofilm after
the treatment. The values were calculated from four replicates.
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exhibit anti-biofilm activity against both Gram positive and
Gram negative bacteria, including Acinetobacter, S. aureus,
Salmonella  typhimurium, Shigella sonnei, Listeria mono-
cytogenes and several Bacillus species (Rendueles et al., 2013).

Antarctic marine bacterium P. haloplanktis TAC125 has
several genes and operons that may play an important role in
colonization of both biotic and abiotic surfaces (Medigue et al.,
2005) and in the experimental conditions here used a strong
biofilm formation on polystyrene plates was observed. In this
work we examined the anti-biofilm activity of cell-free super-
natant of P. haloplanktis grown in sessile and in planktonic
condition on different staphylococci. Results obtained demon-
strated that only supernatant of P. haloplanktis grown in static
condition (SN4B) inhibits biofilm of S. epidermidis. This latter
result could be explained in consideration that specific envi-
ronmental conditions prevailing within biofilms may induce
profound genetic and metabolic rewiring of the biofilm-dwelling
bacteria (Beloin and Ghigo, 2005). This could lead to production
of biofilm-specific metabolites or polymers, some of which may
also exhibit an antagonist effect over competing micro-
organisms. Consistent with this hypothesis, several anti-biofilm
molecules have been identifilig:ed in cell-free extracts isolated
directly from mature in vitro cultured biofilms (Rendueles et al.,
2013). Although it has been considered that SN4B supernatant
derived from a static growth where could coexist both planktonic
and biofilm phenotypes. Thus the active compounds could be
produced by the planktonic cells stimulated by the oxygen
limitation since bacteria are grown without shaking.

It is interesting to note that previously characterized anti-
biofilm compounds have often a broad-spectrum biofilm inhib-
ition activity (Bendaoud et al., 2011; Klein et al., 2011;
Rendueles et al., 2013) while the P. haloplanktis TAC125 anti-
biofilm molecule seemed to be species-specific. P. haloplanktis
TAC125 supernatant is, in fact, inactive against biofilm of S.
aureus and Pseudomonas aeruginosa (data not shown).

Most of the known anti-biofilm molecules are also anti-
bacterial (bactericidal or bacteriostatic). By contrast, P. hal-
oplanktis TAC125 supernatant lacks of antibacterial activity
against free-living bacteria, making its activity specifically
directed against biofilms. Very few natural molecules were
reported to display anti-biofilm activity without being also anti-
bacterial. Such molecules could be polysaccharides (Valle et al.,
2006), biosurfactants (Das et al., 2009), or quorum sensing
inhibitors (Rasmussen and Givskov, 2006; Estrela et al., 2009).

Since the P. haloplanktis TAC125 anti-biofilm molecule has
been shown to exhibit no bacteriostatic nor bactericidal
activity, its anti-biofilm activity is likely to be mediated by
mechanisms other than growth inhibition. There are three
hypothetical non-antibacterial modes of action.

The first hypothesis is that the anti-biofilm molecule could
act as a surfactant molecule that modifies the physical charac-
teristics of bacterial cells and abiotic surfaces. Another possible
mode of action is competitive inhibition of multivalent carbo-
hydrate—protein interactions (Wittschier et al., 2007). Thus, the
anti-biofilm compound might block lectins or sugar binding
proteins present on the surface of bacteria, or block tip adhesins
of fimbriae and pili (Zinger-Yosovich and Gilboa-Garber,
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2009). The third hypothesis is that the P. haloplanktis TAC125
anti-biofilm compound might act as a signalling molecule that
modulates the gene expression of recipient bacteria (Kim et al.,
2009). Indeed, bacterial communication is one of the regulatory
mechanisms suggested to be involved in biofilm formation
(Parsek and Greenberg, 2005).

The results of the initial attachment assay indicate that the
culture supernatant SN4B inhibited the biofilm formation by
contrasting the initial attachment of bacterial cells to the surface.

Moreover the results here obtained demonstrated that the P.
haloplanktis TAC125 anti-biofilm action is effective on mature
biofilm, it is interesting to note that the action on mature
biofilm is not immediate but requires a prolonged time. This
latter result suggests that the anti-biofilm compound could act
as a signal that downregulated the adhesive properties of the
cell surface or the biofilm matrix rather than a surfactant that
rapidly carries its action.

There are different bacterial communication systems, both
strict intraspecific and interspecific systems. One system
suggested to serve as a bacterial intra- and interspecies com-
munication system uses the autoinducer-2 (AI-2) produced by
luxS gene, as a signalling molecule (Federle and Bassler, 2003;
Yoshida et al., 2005). LuxS has also been identified in S.
epidermidis (Xu et al., 2006; Li et al., 2008), but P. hal-
oplanktis TAC125 genome analysis revealed that the Antarctic
bacterium is devoid of luxS gene (Medigue et al., 2005) sug-
gesting the anti-biofilm activity could be due to a not identified
signalling molecule.

The anti-biofilm effects of P. haloplanktis exoproducts
could be due to a novel molecule or the synergistic actions of
different molecules. A preliminary physico-chemical charac-
terization of SN4B supports the hypothesis of a compound of
polysaccharide nature because treatment with periodate
impaired its capacity to inhibit biofilm formation.

It is well known that bacterial exopolysaccharides exhibit
highly variable structures and it is likely that they also perform
additional functions besides their implied function in matrix
stabilization and energy storage (Rendueles et al., 2013). In
fact, several studies showed that certain bacterial mutants
deficient in capsular polysaccharide production exhibit
increased biofilm formation (Valle et al., 2006; Flahaut et al.,
2008). These observations suggest that some bacterial exo-
polysaccharides can perform functions that inhibit or desta-
bilize the biofilm. Understanding the mode of action of SN4B
will require identification of the active molecules.

Since S. epidermidis is the main microorganism responsible
for most of the chronic graft infections, medical applications
could be proposed. The present study was intended at
obtaining new molecules with anti-adhesive properties whose
use could be proposed during persistent infection sustained by
staphylococci in combination therapy with antibiotics.
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Abstract Recombinant protein production in cold-adapted
bacteria has proved to be a valuable option to overcome
solubility concems often came up in conventional expression
hosts. ScFvs are examples of “difficult proteins™ due to their
tendency to form inclusion bodies when expressed in
Escherichia coli. In this paper, the recombinant production
of a single-chain antibody (ScFvOx) in the psychrophilic
bacterium Pseudoalteromonas haloplanktis TAC125 is report-
ed. The expression vector for the ScFvOx production was
designed to address the recombinant protein in the periplasmic
space and to allow the formation of the antibody disulphide
bonds. For periplasmic export, two different export mecha-
nisms were evaluated. By combining the genetic tools avail-
able for recombinant protein expression in psychrophilic hosts
with an ad hoc medium and fermentation modality and
optimised expression conditions at low temperatures, we ob-
tained the highest yield of soluble and epitope-binding
ScFvOx reported so far by conventional prokaryotic
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expression. The observed proficiency of the Antarctic bacte-
rium to produce recombinant antibody fragments was related
to the unusually high number of genes encoding peptidyl
prolyl cis-trans isomerases found in P haloplanktis TAC125
genome, making this bacterium the host of choice for the
recombinant production of this protein class.
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Introduction

Protein-engineering technology led to the development of
different formats of monoclonal antibody variable fragments
that can effectively replace the corresponding whole molecule
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in many applications, but exhibiting a reduced structural
complexity.

Single-chain variable fragment (scFv) is the minimal frag-
ment (~30 kDa) that still retains the active antigen-binding
unit of immunoglobulin molecules. Clinical applications re-
quire the availability of large amount of functional and cost-
effective scFvs. However, the recombinant production in the
conventional bacterial host Escherichia coli of this protein
family exhibits several issues, due to scFvs tendency to form
insoluble aggregates when overproduced in E. coli
(Somerville et al. 1994). To overcome these issues, several
approaches have been explored with some success, including
their co-expression with molecular chaperones or folding
catalysts (Levy et al. 2013), due to the notable observation
that immunoglobulin folding kinetics may be slowed down by
cis-trans isomerisation of Xaa-proline bond (Feige et al.
2010), or the lowering of expression temperature. This latter
approach is often applied when the recombinant products
accumulate into the inclusion bodies (IB) (Baneyx 1999),
since low temperature minimise hydrophobic interactions
(Yang et al. 1992), which are the drive force involved in IB
formation (Carrio et al. 2005). However, E. coli cultivation at
sub-optimal temperatures generally results in decrease in bio-
mass productivity, due to the temperature downshift effect on
the bacterial specific growth rate, and may induce the cold-
shock response (Coleman etal. 2003). On the contrary, the use
of naturally cold-adapted bacteria as host for recombinant
protein production may represent an effective alternative to
enhance conformational quality and solubility of pharmaceu-
tical protein products.

In this context, the marine bacterium Pseudoalteromonas
haloplanktis TAC125 is one of the few cold-adapted bacterial
species under intense investigation. Some of its physiological
and metabolic properties make this Antarctic Gram-negative
microorganism a promising cold cell factory. As an example,
itis one of the fastest growing psychrophiles so far character-
ized, able to duplicate in the range between 0 and 30 °C
(Tutino et al. 2001). The determination of P haloplanktis
TACI125 genome (Medigue et al. 2005) revealed that the
bacterial genome is characterized by a quite high number of
rRNA and tRNA genes (106, sometimes organized in long
runs of repeated sequences), which may account for its rele-
vant capacity for translation and fast growth performances at
low temperatures. Furthermore, the bacterium is remarkably
well adapted to protection against reactive oxygen species
(ROS) under cold condition, having evolved a novel anti-
ROS and anti-RNS strategy which makes use of a two-on-
two haemoglobin (Parrilli et al. 2010). Over the last decade, a
reliable gene transfer/gene expression technology has been
successfully achieved with the Antarctic bacterium
P haloplanktis TAC125 (Giuliani et al. 2012; Pamilli et al.
2008b; Rippa et al. 2012), which allow the addressing of
recombinant proteins towards any specific cell compartment

@ Springer

or to the extra-cellular medium (Parrilli et al. 2008a). The host
versatility was recently widened by the development of an
efficient genetic scheme, allowing the construction of genome
targeted insertion/deletion mutants and permitting to create
genetically engineered strains with improved features regard-
ing protein production (Giuliani et al. 2012; Parrilli et al.
2008a; Parrilli et al. 2010). In view of its application for
industrial purposes, laboratory-scale fermentation processes
have been developed, demonstrating the feasibility of
P haloplanktis TAC125 growth in batch (Parrilli et al. 2010),
in a C-limited chemostat cultivation (Giuliani etal. 2011), and
in fed-batch fermentations (Wilmes et al. 2010). The efficien-
cy of cold-adapted expression systems was also validated by
the successful production of difficult proteins and
biopharmaceuticals (Corchero et al. 2013; Dragosits et al.
2011; Gasser et al. 2008; Giuliani et al. 2011).

To further test the performances of psychrophilic expres-
sion system in recombinant antibody fragments production,
the anti-2-phenyl-5-oxazolone single-chain variable fragment
(ScFvOx) was chosen as model (Fiedler and Conrad 1995).
ScFvOx is a typical example of aggregation-prone scFv and it
has been used for years as model for IB refolding protocol
development (Patil et al. 2008). The recombinant production
was addressed in the periplasmic space to allow the formation
of the antibody disulphide bonds. Indeed, the gene fragments
encoding the signal peptide of two secreted cold-adapted
proteins were alternatively fused with the scFvOx gene, in
particular the sequences encoding the leader peptide belong-
ing to P haloplanktis TAC125 DsbA (disulphide bond forma-
tion, DsbA) (Madonna et al. 2006), a periplasmic protein, and
to P haloplanktis TAB23 secreted «-amylase (Feller et al.
1992). The production and the cellular localisation of the
recombinant proteins have been investigated. By the use of a
selected leader peptide a new expression system was devel-
oped for scFvOx production in lab-scale fermentation pro-
cesses. The protein was entirely translocated in the periplas-
mic space and produced in soluble and active form.

Materials and methods
Bacterial strains, genetic manipulations and culture conditions

E. coli DH5w [supE44, AlacU169 (280 lacZAM15) hsdR17,
recAl, endA1, gyrA96, thi-1, rel41] (Hanahan 1983) was used
as host for the gene cloning. E. coli strain S17-1(Apir) [thi,
pro, hsd (r” m") recA:RP4-2-TC"::Mu Km"::Tn7, Tp, Sm",
Apir] (Tascon et al. 1993) was used as donor in intergeneric
conjugation experiments (Parrilli et al. 2008b). E. coli cells
were routinely grown in LB broth containing 100 ug/mL of
ampicillin if transformed.

The Gram-negative Antarctic bacterial strain P haloplanktis
TAC125 is deposited and available at the Institut Pasteur
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Collection (CIP 108707) (Birolo et al. 2000) was grown in
different conditions when transformed by different gene ex-
pression systems. In particular, when transformed with con-
stitutive ones, the recombinant psychrophilic cells were grown
in shaken flasks at 15 °C in rich TYP medium (Parrilli et al.
2008b). When transformed with L-malate inducible gene ex-
pression system, recombinant P haloplanktis TAC125 cells
were grown in a stirred tank reactor 3 L fermenter (Applikon)
connected to an ADI 1030 Bio Controller (Applikon) with a
working volume of 1 L, in SCHATZ mineral medium (1 g
KH,PO,, 1 gNH4NOs, 10 gNaCl, 0.2 gMgSO,47H,0,0.01 g
FeSO47H,0, 0.01 g CaCl>-2H,0) supplemented with 0.5 %
(w/v) L-leucine, 0.5 % (w/v) L-isoleucine and 1.0 % (w/v)
L-valine (LIV medium), 100 ug mL~" ampicillin. Recombi-
nant protein production was initiated by addition of 0.4 % (w/v)
L-malate in early exponential phase (corresponding to about
0.6 ODgoonm) (Giuliani etal. 2011). The culture was carried out
at 15 °C in aerobic conditions (dissolved oxygen tension
(DOT) =30 %), airflow of 20 L h™' and a stirring rate of
500 rpm. The culture pH was maintained at 7.0 by automatic
addition of H,SO4 5 % (v/v). The cell biomass from a pre-
inoculum, performed in shaken flask with the same medium
and temperature used for the following experiment was used to
inoculate batch culture. Chemostat cultivation was then started
using a SCHATZ () medium supplemented with 0.5 % (w/v)
L-leucine and 0.4 % (w/v) L-malate as feeding at a dilution rate
of D=0.05 h™' (Giuliani et al. 2011). Cell growth was moni-
tored by measuring the optical density (OD) at 600 nm using a
UVIKON 922 spectrophotometer (Kontron).

For biomass determination, suitable sample volumes were
washed in demineralised water, collected and dried on pre-
weighed filter discs and dried at 110 °C until constant weight.
The dry cell weight was correlated with OD at 600 nm
throughout the following equation (Giuliani et al. 2011):

Dry cell weight (g L™') = 0.74 x ODgoonm

Amplification of scFv-c-myc gene and construction
of recombinant periplasmic expression vectors

DNA manipulation and analysis were performed according to
standard methods (Sambrook and Russell 2001). Plasmidic
DNA extraction and fragments purification was carried out
with the QIAprep Spin Miniprep Kit and Qiaquick gel extrac-
tion kit from Qiagen, respectively. Restriction enzymes, T4
DNA ligase, alkaline phosphatase, Phusion High-Fidelity
DNA Polymerase were supplied by Promega, Bochringer-
Roche, Fermentas or Finnzyme.

The scFvOx-c-myc gene was PCR amplified according to
standard methods (Sambrook and Russell 2001) from the
source vector pScPelB, a derivative of the pSEX100-phOx

phagemid vector (GenBank: X82190.1), kindly provided by
Dr B. Sochling, University of Halle (Germany), in order to
introduce 5" Smal-Sall and 3" EcoR1 restriction sites by using
primers Sc-SS-fw (5-CAGCCCCGGGTCGACATGGCCG)
and Sc-tagE respectively (5-GCTTGTCGAATTCCTATGCG
GCCC). The amplification was performed in a mixture con-
taining 60 ng of template, 50 pmol of each oligonucleotide
primer, 10 ul of 5x Phusion HF Buffer, 200 uM dNTP,
0.02 U/ul of Phusion HF DNA Polymerase in a final volume
of 50 ul. The mixture was incubated at 95 °C for 10 min
followed by 25 cycles of amplification (consisting of 30" at
98 °C, 30" at 55 °C and 60" at 72 °C) and a cycle in which the
extension reaction at 72 °C was prolonged for 15 min in order
to complete DNA synthesis. The amplified fragment was
cloned into pGEMTeasy (Promega) vector and its nucleotide
sequence was checked by sequencing to rule out the occur-
rence of any mutation during synthesis.

The scFvOx-c-myc gene was double digested with Sall/
EcoRI and inserted into the corresponding sites of the psy-
chrophilic periplasmic vectors pPM13psD and pPM13psA
(Vigentini et al. 2006), generating the pPM 13psD-scFvOx-c-
myc and pPM13psd-scFvOx-c-myc vectors used for the
screening of signal peptide for periplasmic secretion.

For pUCRP-scFv expression vector construction the psD-
scFvOx-c-myc gene was PCR amplified according to standard
methods (Sambrook and Russell 2001) from the previously
constructed pPM13psD-scFvOx-c-myc vector in order to in-
troduce the 3" Xhol restriction sites and to remove the stop
codon by using the primers PsD-N-fw (5'-CGGCGCATATGC
TTAAAAAATTAAAACTGAG) and the c-Myc-X-rv respec-
tively (5'-ATATCTCGAGGGCCCTTGCGGCCCCATTC).
The amplified fragment was cloned into pGEMTeasy
(Promega) vector and its nucleotide sequence was determined
to rule out the occurrence of mutations during synthesis. The
gene fragment was then digested with Ndel/Xhol and cloned
into a modified pUCRP vector (unpublished results from this
laboratory) in-frame to a C-terminal 6xHis tag coding sequence.

Recombinant ScFvOx production and cellular localization

Aliquots of recombinant P haloplanktis TAC125 cell pellet,
corresponding to 50 mL culture volume, were resuspended in
Na-phosphate buffer 50 mM pH 8.0, NaCl 300 mM,
phenylmethanesulfonylfluoride (PMSF) 1 mM and subjected
to 5 cycles of French Press (Sinstem, Limited Basic Z Model)
at 1.8 kbar. The resulting suspension was subjected to ultra-
centrifugation (Beckman 50.2Ti) at 45,000 rpm for 2 hat4 °C
and the supematant, corresponding to total soluble cell extract,
used for further analysis. The pellet, corresponding to cell
debris and insoluble matter, was dissolved in Laemmli Sample
Buffer (Sambrook and Russell 2001) solution and stored as
insoluble fraction for further analysis.
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The periplasmic proteins preparation was carried out by
resuspending bacterial pellets in 1/20 of culture volume of
borate buffer (Na,B,0, 200 mM, NaCl 130 mM, ethylenedi-
aminetetraacetic acid (EDTA) 5 mM, pH 8.0) and incubating
the mixture 18 h at 4 °C. The suspension was centrifuged at
8,000 rpm for 15 min at 4 °C and the supernatant used for
further analysis, while the recovered cell pellet was lysed as
reported above, leading to the recovery of the soluble fraction,
defined the cytoplasmic extract.

Protein samples (5 pg protein extracts and 500 ng pure
proteins) were analysed by sodium dodecyl sulphate poly-
acrylamide gel electrophoresis (SDS-PAGE) (10 % acrylam-
ide, w/v) according to standard methods (Sambrook and
Russell 2001). For Western blotting analysis, 1 pg protein
extracts were subjected to standard SDS-PAGE gel electro-
phoresis, and transferred to a polyvinylidene difluoride mem-
brane (PVDF) (Immobilon PSQ, Millipore). After blocking
the membrane 1 h at RT in blocking buffer (phosphate buffer
saline (PBS), 5 %w/v skimmed milk, 0.05 % v/v Triton
X-100) immunodetection was performed using anti c-Myc
mAb (Calbiochem), which were diluted 1:5,000 in blocking
buffer and incubated for 1 h at RT. Peroxidase conjugate
antimouse IgG (Calbiochem) diluted 1:10,000 in blocking
buffer was used as secondary antibody. Proteins were detected
by chemiluminescence (Pierce).

Concentrations of active ScFvOx were determined by
ELISA assay as previously described by Lange et al. (2005).
Refolded purified ScFvOx IB produced in E. coli (Lange et al.
2005) was used as standard for the assay.

Protein concentration was determined with the Bio-Rad
protein assay (Bradford 1976), using bovine serum albumin
as standard.

The 6xHis tagged recombinant ScFvOx was affinity puri-
fied on Ni**-NTA resin in batch conditions. 200 ul of HIS-
Select Nickel Affinity Gel resin (Sigma-Aldrich), pre-
equilibrated with binding buffer (Na-phosphate buffer
50 mM pH 8.0, NaCl 300 mM) were incubated with about
25 mg of crude protein extracts for 16 h at 4 °C while shaking.
Five washing steps were performed with washing buffer (Na-
phosphate 50 mM pH 8.0, NaCl 300 mM, imidazole 30 mM).
Protein elution was carried with 50 pl of elution buffer (Na-
phosphate 50 mM pH 8, NaCl 300 mM, imidazole 250 mM).
A second elution step was performed with 50 pl of the same
elution buffer supplemented with 500 mM imidazole.

Results

Choice of molecular signals for recombinant ScFvOx
secretion

Antibody fragments, as well as all antibody molecules, con-
tain disulphide bonds in their tertiary structure each in every
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immunoglobulin domain. To achieve soluble and biologically
competent production of recombinant antibody fragments in
P haloplanktis TAC125 a useful option is to address the
recombinant proteins into the periplasmic compartment where
the oxidising environment and the enzymatic repertoire allows
disulphide bonds formation.

Two different psychrophilic signal peptides were tested for
periplasmic secretion of recombinant ScFvOx in
P haloplanktis TAC125: one (PsA) isolated from a psychro-
philic P haloplanktis TAB23 «-amylase (Feller et al. 1992)
and the other (PsD) from the endogenous periplasmic protein
DsbA (disulphide bond oxidoreductase I) (Madonna et al.
2006). In order to assess the ability of the selected signal
peptides to promote recombinant ScFvOx translocation across
bacterial inner membrane, the scFvOx gene was fused to each
leader peptide encoding sequence into the P haloplanktis
periplasmic gene expression vectors under the control of a
strong constitutive psychrophilic promoter (Duilio et al.
2004). The resulting fusion proteins, PsA-ScFvOx, PsD-
ScFvOx, contain the c-Myc tag at their C-terminal end to
allow the product immunodetection.

Recombinant P haloplanktis TAC125 strains were grown in
TYP medium at 15 °C in shaken flasks. Protein patterns of the
soluble and insoluble cell extracts were analysed by SDS-
PAGE to evaluate the production of the ScFvOx by the psy-
chrophilic expression host. Interestingly, the analysis revealed
that no ScFvOx production (either in insoluble or soluble
forms) is obtained when its periplasmic translocation is driven
by the a-amylase signal peptide PsA (data not shown). On the
contrary, the periplasmic protein PsD-ScFvOx was produced
in fully soluble form by P haloplanktis TAC125 recombinant
cells (Fig. 1 panel a), since no recombinant protein was found
into the insoluble fraction (Fig. S1, lane B).

To assess the recombinant ScFvOx subcellular localisation,
recombinant cells were subjected to cellular fractionation (cyto-
plasm and periplasm). Total cellular soluble extracts and corre-
sponding periplasmic and cytoplasmic fractions of the recom-
binant P haloplanktis TAC125 strains were analysed by Western
blotting using specific anti ¢-Myc monoclonal antibodies. As
shown in Fig. 1 panel b, a specific signal is present in total
extract of recombinant cells showing an apparent molecular
weight corresponding to the expected one for recombinant
ScFvOx-c-Myc fusion protein (~35 kDa). The same specific
signal is present in the recombinant periplasmic fraction and
absent in the cormresponding cytoplasm, thus suggesting that
ScFvOx-c-Myc protein is totally translocated in the bacterial
periplasmic space and produced in soluble form.

Construction of an inducible psychrophilic gene expression
system and periplasmic ScFvOx recombinant production

Preliminary production trials by P haloplanktis TAC125
(pPM 13psD-scFvOx-c-myc) demonstrated that the amount

121



Appl Microbiol Biotechnol (2014) 98:4887-4895

4891

Mk A B C NC

119kDa £ = -
79kDa
47 kDa
‘_
33kDa .
25kDa =

Fig. 1 Panel a: SDS-PAGE analysis of ScFvOx production. 4, B and C
are total soluble protein extracts from recombinant PATAC125
(pPM 13psD-scFvOx) strain at respectively 24, 36 48 h cultivation. Mk
molecular weight protein ladder. Panel b: anti c-Myc Westem blotting

of recombinant protein produced was quite low, making dif-
ficult its functional characterization. Therefore, a novel gene
expression system was constructed, psD-scFvOx-c-myc gene
was PCR amplified to remove the stop codon and to add an in-
frame C-terminal 6xHis tag coding sequence; the resulting
gene was then cloned into pUCRP vector (Papa et al. 2007)
under transcription regulation of a psychrophilic promoter
inducible by L-malate addition, which production perfor-
mances in a fully defined growth medium (LIV medium) were
recently optimised (Giuliani et al. 2011).

The ScFvOx recombinant production was firstly carried
out by L-malate induced batch cultivation in LIV medium at
15 °C, following experimental conditions described in
(Giuliani et al. 2011). The production yield was evaluated by
ELISA assays in presence of the hapten 2-phenyl-5-oxazolone
on total soluble extracts from samples collected at different
times of cultivation. As shown in Fig. 2 panel a, after an
unusual lag phase (about 25 h long), P haloplanktis
TAC125(pUCRPscfvox) strain started to duplicate faster, and
also ScFvOx production titre enhanced rapidly, reaching the
highest observed yield after about 50 h incubation. A maxi-
mum yield of 4.69+0.12 mg L' of soluble and biologically
active ScFvOx was obtained leading to a specific productivity
0f 0.94+0.03 mg gX .

Cellular localisation of recombinant ScFvOx was also in-
vestigated by cellular fractionation and SDS-PAGE analysis
of total soluble protein extracts, cytoplasmic and periplasmic
fractions (Fig. 2 panel b). The analysis revealed that a band
corresponding to recombinant ScFvOx-c-Myc-6xHis (about
35 kDa) is present only in total and periplasmic extracts of
recombinant P haloplanktis TAC125 cells. The latter obser-
vation demonstrates that ScFvOx antibody fragment is not
only nicely produced in soluble and active form but it is also
efficiently and totally translocated in the periplasmic compart-
ment. The protein was never detected in insoluble cell debris
(data not shown).

Recombinant ScFvOx was affinity purified from total cel-
lular extracts collected after 48 h of batch cultivation in
optimised conditions by using the C-terminal 6xHis tag
(Fig. 3). The binding activity of purified ScFvOx was verified

T P C NC

ScFvOx

~35kDa —p M=

analysis of ScFvOx cellular localization on total soluble proteins (7),
periplasmic (P) and cytoplasmic fraction of recombinant PATACI125
(pPM 13psD-scFvOx) cells. Total soluble protein extract of P haloplanktis
TAC125 wild-type strain was used as negative control (NC)

by ELISA assay in the presence of the hapten 2-phenyl-5-
oxazolone. The analysis revealed a yield of 4.05+0.18 mg L™
of pure biologically active ScFvOx. Data collected indicate
that, apart from a slight loss due to the purification step, the
recombinant product obtained by the optimised psychrophilic
expression system is biologically competent.

ScFvOx production at low temperatures was also per-
formed by a continuous cultivation strategy. In particular,
P haloplanktis TAC125(pUCRPscfvox) strain was grown at
15 °C by a C-limited chemostat cultivation process, using the
optimised LIV medium for batch growth phase and SCHATZ
medium supplemented with 0.5 % (w/v) L-leucine and 0.4 %
(w/v) L-malate for feeding (Giuliani et al. 2011). Applying a
dilution rate of 0.05 h™', the system maintained the steady
state for at least five resident times in which both the cell
density and the product titre remain constant (Fig. 4). In these
conditions, a specific active ScFvOx productivity of 0.23+
0.05 mg L' h™' was achieved with a constant production
yield of about 4.5 mg L™".

Discussion

ScFvs are typical examples of proteins of relevant biotechno-
logical value whose recombinant production in conventional
host systems is sometimes poor. Their production in the
common E. coli-based systems could be hampered by: (i)
the need to address the ScFv production into the periplasmic
space, where the disulphide bridges can be correctly formed;
(ii) the tendency of these synthetic proteins to form insoluble
aggregates when overproduced. In this conjunction, the de-
velopment of a novel gene expression system in non-
conventional microbial hosts represents a certain priority.

The aim of this work was the development of a new
strategy for recombinant production of soluble scFv fragments
by the psychrophilic bacterium P haloplanktis TAC125.

A special attention was devoted to the choice of the suitable
signal peptide sequence to be used as periplasmic addressing
tag. Two are the major targeting routes that direct unfolded
proteins to the Sec translocase of inner membrane in Gram-
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Fig. 2 Panel a: ScFvOx titer, biomass yield and oxygen consumption
profiles in P haloplanktis TAC125 pUCRP-scfv batch cultivation in LIV
medium at 15 °C. Panel b: SDS-PAGE analysis of ScFvOx cellular
localization (cytoplasmic (C), periplasmic (P) and total (7) protein

negative bacteria, and signal peptide features (sequence and
distribution of specific amino acids) define which route will be
followed by a given preprotein.

T U W E1 E2 mk

120kDa
79kDa

43kDa

~ 30kDa

Fig. 3 SDS-PAGE analysis of ScFvOx affinity purification. 7' total
soluble extract; U unbound proteins fraction; ¥ wash fraction; £/ elution
using 250 mM imidazole as elution buffer; £2 elution using 500 mM
imidazole as elution buffer; mk molecular weight protein ladder
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extracts) produced in recombinant P haloplanktis TAC125 pUCRP-scfv
cells withdrawn after about 50 h incubation. The total soluble proteins of
P haloplanktis wild-type strain were used as negative control (NC). mk
molecular weight ladder

The most frequently occurring is the SecB-dependent pro-
cess (Wickner and Leonard 1996), in which the polypeptide is
post-translationally translocated in the periplasmic space, i.c.
after its complete synthesis (Dalbey and Chen 2004). To allow
the recognition of the preprotein by the SecYEG machinery,
the unfolded state of protein is required and therefore some
translocation problems could be experienced by those proteins
whose folding kinetic is faster than recognition event by the
export system. Indeed, if the protein acquires any three-
dimensional structure, it becomes an inadequate substrate for
the translocation machinery and it is retained in the cytoplasm
where it is often degraded (Chatz et al. 2013). P haloplanktis
TAC125 contains a classical Sec translocation system
(Medigue et al. 2005).

On the other side, bacteria have an equivalent of the eu-
karyotic signal recognition particle (SRP), which is able to

123



Appl Microbiol Biotechnol (2014) 98:4887-4895 4893
Fig. 4 ScFvOx titer, biomass ScFv titer ~+~biomass =—DOT
yield and oxygen consumption 7 1 r 100
profiles during P haloplanktis
TAC125 pUCRP-sc¢fv chemostat L 90
cultivation at a dilution rate of D= [ T
0.05h" ¢ s L 80
5 3 2 F 70
|
<9, . L 60
B4 — g
g2 L so G
ES =
ST 3 A
3% [
(%)
2.4 r 30
r 20
1 4
r 10
0 (o]

translocate the preprotein by a co-translational mechanism.
The bacterial SRP system (Schierle et al. 2003) recognises
hydrophobic regions displayed by the signal peptide of the
nascent preprotein during synthesis, and its translation and
translocation result to be simultaneous. In E. coli, SRP is
composed by Ffh protein, which interacts with a small 4.5S
RNA, while its receptor into the inner membrane is the inte-
gral inner membrane protein FtsY (Grudnik et al. 2009). A
P haloplanktis TAC125 genome search looking for the psy-
chrophilic homologues of Ffh and FtsY retrieved the ORFs
PSHAa0942 and PSHAa03 54 respectively, indicating that an
SRP-dependent translocation system is present in the cold-
adapted bacterium.

With the aim of defining which of the two routes results to
be the most proficient in scFvOx periplasmic production in
P haloplanktis TAC125, two preproteins were produced,
detaining a SecB-dependent signal peptide (PsA from alpha
amylase) or a SRP-dependent signal sequence (PsD from
DsbA). In the most common E. coli production host, it has
been reported that both translocation routes are effective in the
scFv recombinant production (Thie et al. 2008). Data present-
ed here demonstrate that only the co-translational molecular
signal (PsD) allows the scFvOx production, its periplasmic
translocation and accumulation in fully soluble and active
form. The total absence of protein in the cytoplasmic fraction
indicates a proper recognition and an efficient translocation.
On the other side, some hypotheses can be formulated to
justify the failure in production of the SecB-dependent
preprotein, most pointing toward the folding pathway likely
experienced by scEvOx in P haloplanktis TAC125 cytoplasm
prior the Sec-dependent translocation.

60 80 100
Time (h)

The optimal combination between addressing signals, gene
expression system and fermentation strategy allowed us to
reach a production yield of 4.69+0.12 mg L™" of soluble
and biologically active ScFvOx, which is the highest reported
so far by conventional prokaryotic expression systems even
after inclusion bodies refolding (Patil et al. 2008). Moreover,
performances of our optimised process led to a high specific
productivity (Ypx=0.94+0.03 mg gX ') suggesting that a
further increase in specific biomass yield would lead to higher
ScFvOx production titers.

It is widely accepted that scFv and Fab antibody fragments
folding rely on the activity of peptidyl prolyl cis-trans isom-
erases (PPlases) (Feige et al. 2010). Indeed, study of antibody
folding pathway demonstrated that after the formation of
variable and constant domain intra-chain disulphide bonds
(Vinci et al. 2004), the cis-trans isomerization of a peptidyl
prolyl bond directs folding into the native conformation,
allowing formation of the inter-chain disulphide bonds.
PPIlases activity is also involved in the prevention of antibody
fragments aggregation. Kappa light chain variable domains
(V) have two conserved prolines in the cis conformation at
positions L8 and L95 (Bothmann and Pluckthun 2000). cis-
trans isomerization of Pro-L95 residue is a rate-limiting step
in Vk domains folding and itis necessary for VL/VH docking
and consequently for the conformation of native protein.
Remarkably, co-expression of the periplasmic E. coli PPlase,
FkpA, resulted in a noteworthy improvement in secretion into
periplasm of functional scFv fragments containing either Vk
chains, which contain cis-prolines, or VA chains which do not
contain cis-prolines, suggesting that it has both PPlase enzy-
matic and molecular chaperone activities (Levy et al. 2013).
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cis-trans isomerization reaction can become a rate-limiting
step in protein folding when environmental temperature ap-
proaches water freezing point. A recent differential proteo-
mics analysis carried out on P haloplanktis TAC125 demon-
strated that ribosome-bound trigger factor is the main up-
regulated protein at low temperature (Piette et al. 2010).
Virtually all nascent polypeptides interact with this chaperone,
which is also endowed with a PPlase activity and can be
regarded as the primary folding factor for the growth of
P, haloplanktis TAC125 (Piette et al. 2010).

Furthermore, one of the often-observed adaptations to cold
lifestyle in bacteria genome is the amplification of the number
of genes coding for PPlases and/or the reduction of the proline
distribution amongst psychrophilic proteins (Feller 2013). The
genome of the mesophilic host E. coli is characterized by the
presence of 10 genes, encoding a set of PPlase, localised either
in the cytoplasm, in the periplasm or membrane associated.
When the same analysis was carried out on the P haloplanktis
TAC125 genome, 15 genes were retrieved (see supplementary
Table S1). Interestingly, besides the presence of homologues
of each mesophilic gene, other five genes were found in the
psychrophilic genome encoding a duplication of cytoplasmic
SlyD and PpiC and three other PPlases, predicted to be
localised one in the cytoplasm and two in the periplasmic
space. The comparison between the two bacteria therefore
results in the presence of three more cytoplasmic PPlase and
two more periplasmic PPlase, making P haloplanktis
TAC125 a naturally optimised host for the recombinant pro-
duction of antibody fragments.

In conclusion, our results demonstrated that the production
of recombinant proteins in psychrophilic bacteria is not only a
mature and reliable technology but it is also a successful
strategy to overcome the product solubility problems or in-
correct folding issues often occurring in conventional systems
such as in E. coli. In this context, P haloplanktis TAC125 and
the set-up gene expression strategies have a valuable biotech-
nological potential as non-conventional systems for the pro-
duction of “difficult” proteins and biopharmaceuticals such as
recombinant antibody fragments.
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Abstract Obtaining high levels of pure proteins remains the
main bottleneck of many scientific and biotechnological stud-
ies. Among all the available recombinant expression systems,
Escherichia coli facilitates gene expression by its relative
simplicity, inexpensive and fast cultivation, well-known ge-
netics and the large number of tools available for its biotech-
nological application. However, recombinant expression in
E. coli is not always a straightforward procedure and major
obstacles are encountered when producing many eukaryotic
proteins and especially membrane proteins, linked to missing
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posttranslational modifications, proteolysis and aggregation.
In this context, many conventional and unconventional eu-
karyotic hosts are under exploration and development, but in
some cases linked to complex culture media or processes. In
this context, alternative bacterial systems able to overcome
some of the limitations posed by E. coli keeping the simplicity
of prokaryotic manipulation are currently emerging as conve-
nient hosts for protein production. We have comparatively
produced a “difficult-to-express™ human protein, the lysosom-
al enzyme alpha-galactosidase A (AGLA) in E. coli and in the
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psychrophilic bacterium Pseudoalteromonas haloplanktis
TACI25 cells (P. haloplanktis TAC125). While in E. coli the
production of active hGLA was unreachable due to proteolytic
instability and/or protein misfolding, the expression of A<GLA
gene in P. haloplanktis TAC125 allows obtaining active en-
zyme. These results are discussed in the context of emerging
bacterial systems for protein production that represent appeal-
ing altematives to the regular use of E. coli and also of more
complex eukaryotic systems.

Keywords Recombinant protein - Expression systems -
Escherichia coli - Pseudoalteromonas haloplanktis TAC125 -
Human alpha-galactosidase A - Fabry’s disease

Introduction

The deep genetic and physiological characterization, short
generation time, ease of handling, established fermentation
know-how and finally the capacity to accumulate foreign
proteins to a high percentage of the total cellular protein
content have made Escherichia coli the most widely used
prokaryotic organism for recombinant protein production.
However, there are disadvantages in using E. coli as an
expression host. For instance, E. coli is not capable of pro-
ducing eukaryotic posttranslational modifications, such as
glycosylation, phosphorylation or disulphide bridge formation
in the reducing cytoplasm, which can be critical for the pro-
duction of folded, active proteins. Even so, several strategies
can be implemented to obtain specific posttranslational mod-
ifications as the use of E. coli strains which have been
engineered to maintain oxidizing conditions in the cellular
milieu or to send the recombinant protein to the periplasmic
space to allow cysteine bridging (Inaba 2009; Nozach et al.
2013; Prinz et al. 1997). In addition, a N-linked protein
glycosylation system has been recently identified in the hu-
man enteropathogen Campylobacter jejuni that can be trans-
ferred to E. coli (Wacker et al. 2006), opening up the possi-
bility of engineering recombinant products needing glycosyl-
ation for research and industrial applications.

On the other hand, some proteins, especially large and
membrane proteins, simply fail to be produced in E. coli,
and they occur as proteolysed species or deposited in inclusion
bodies (Vallejo and Rinas 2004). Others are subjected to
premature termination of translation in the presence of repet-
itive DNA sequences or rare codons (Daly and Heam 2005;
Sallach et al. 2009) or have a low rate of internal translation
initiaton (Ferreira et al. 2013; Nakamoto 2009). A large num-
ber of studies describe the conversion of proteins accumulated
in inclusion bodies into soluble forms. Mainly, these methods
can be categorized into three altemative approaches. In the
first one, factors influencing the amount of recombinant pro-
tein present in the insoluble fraction can be modified through

@ Springer

careful optimization and control of the production conditions,
leading to the expression of the recombinant protein in its
soluble version. In this context, conventional approaches in-
clude gene expression at low temperature, use of promoters
with different transcriptional strengths, modifications of
growth media and the use of folding modulators (Kolaj et al.
2009). Alternatively, the protein can be extracted from inclu-
sion bodies either under native or denaturing conditions
(Martinez-Alonso et al. 2009). Finally, the target protein can
be engineered to achieve soluble expression through fusion of
solubility-enhancing tags (Sahdev et al. 2008; Torres et al.
2012).

In the recent years, a novel prokaryotic expression system
has been developed based on the use of the psychrophilic
bacterium Pseudoalteromonas haloplanktis TAC125 by driv-
ing the expression of genes of interest by both basal or
inducible promoters (Duilio et al. 2004a, b). In addition, as
was established for E. coli expression system, mutation of
genes coding for proteases greatly reduces proteolysis of the
recombinant protein (Parrilli et al. 2008). The system has
demonstrated to be especially useful in improving protein
solubility in relation to the widely used E. coli expression
system and gives higher protein yield for secreted proteins
(Cusano et al. 2006; Giuliani et al. 2014; Vigentini et al.
2006). Proteomics analysis points out the trigger factor chap-
erone as the main factor involved in protein folding during
recombinant protein expression under cold temperatures
(Piette et al. 2010).

The human «-galactosidase A (EC 3.2.1.22; x-Gal A or
GLA) is the lysosomal exoglycosidase responsible for the
hydrolysis of terminal «-galactosyl moieties from various
glycoconjugates. In the late 1980s, the full-length comple-
mentary DNA (cDNA) and the entire genomic sequence
encoding mammalian GLA were isolated and characterized
(Calhoun et al. 1985; Gotlib et al. 1996). The 1.4-kb full-
length ¢cDNA encodes a peptide of 429 residues, which
includes a 31-residue amino-terminal signal peptide. This
enzyme precursor is a glycopeptide (of approx. 55 kDa)
that is processed by cleavage of the signal peptide and by
oligosaccharide modifications in the Golgi and lysosomes
to form the mature, active, homodimeric enzyme (approx.
100 kDa). After cleavage of the signal peptide, the glyco-
peptide undergoes modification of its N-linked oligosac-
charide moieties in the Golgi apparatus, and then it is
transported to the lysosome via the mannose-6-phosphate
receptor (M6PR)-mediated pathway. Mutations in the
hGLA gene resulting in deficient or absent enzymatic
activity are the basis of Fabry’s disease, a disorder charac-
terized by progressive glycosphingolipid deposition in vas-
cular lysosomes leading to early demise from renal, cardiac
or cerebral vascular disease (Garman and Garboczi 2002).

The subunits of the glycosylated mature enzyme contain
four putative N-glycosylation consensus sites at positions
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Asnl39, Asnl92, Asn215 and Asn408 and five disulphide
bonds between residues Cys52-Cys94, Cys56-Cys-63,
Cys142-Cys172, Cys202-Cys223 and Cys378-Cys382
(Garman and Garboczi 2004; Saito et al. 2013). The human
enzyme has been purified from a variety of sources, and its
physical and kinetic properties have been also characterized
(Chen etal. 2000a, b; Corchero etal. 2011, 2012; Yasuda et al.
2004). However, the AGLA obtained from prokaryotic expres-
sion systems has neither been fully characterized nor purified
(Hantzopoulos and Calhoun 1987). Therefore, the objective of
this work is the production and purification of active AGLA
from prokaryotic cell factories.

Material and methods
Bacterial strains and plasmids

The E. coli strains used in this work were DHS« for plasmid
cloning and maintenance; BL21(DE3), Rosetta 2(DE3) and
Rosetta-gami B(DE3) (Novagen) for recombinant protein ex-
pression and S17-1(Apir) were used as donor in interspecific
conjugation experiments (Tascon et al. 1993). P. haloplanktis
TAC125 is a Gram-negative bacterium isolated from
Antarctic seawater and is deposited and available at the
Institut Pasteur Collection (CIP 108707) (Medigue et al.

Fig. 1 a. Expression vectors used

a

2005). Antarctic bacteria transformation was achieved by
intergeneric conjugation as previously reported (Duilio et al.
2004b).

The four E. coli expression vectors used in this work
(Fig. la) are as follows: (a) pReceiver-BO1-GLA (product
EX-Q0172-B01, OmicsLink ORF Expression Clone),
encoding a full-length version of AGLA under the control of
the T7 promoter; in this vector, 6 xHis-tag is fused to the N-
terminus of the AGLA open reading frame (ORF) for further
detection and purification purposes; (b) pGEX4T2-GLA,
encoding the mature form of the AGLA with a glutathione S-
transferase (GST) fused at its N-terminus; a His-tag and a
Tobacco etch Virus protease (TEVp) cleavage site were also
added in the designed PCR oligonucleotides of the AGLA
gene for purification purposes; (¢) pGEX4T2-Opt-GLA, syn-
thetic, codon optimized AGLA gene (GeneArt, Invitrogen;
KF500099) cloned into pGEX4T2 as previously described;
and (d) pGEX4T2-GLA-GFP, derived from pGEX4T2-GLA
in which the green fluorescent protein (GFP) coding sequence
was inserted into the EcoRI cloning site. Some other four
expression vectors used in E. coli strains are described in
Suppl. Fig. Sla.

Finally, the psychrophilic gene expression vector
pPM13psDs-GLA (e) was constructed as follows: the
pPM 13psDs shuttle vector, containing the strong constitutive
promoter PM 13 (Duilio et al. 2004a) correctly located with

in recombinant thLA production . Recombinant Cell Molecular
assays. Expression vectors used Plasmid name .
in E. coli strains: a-d Expression GLA compartment WEIght
vector used in
Pscudoal Jps syt Recei
! eceiver-B01-GLA H GLA ] cytoplasm  435aa 49.6 kDa
is shown in e. GS7, glutathione S- a)p k yiop
transferase; GLA, hGLA gene; b) pGEX4T2-GLA GST [ cytoplasm 640aa 73.6 kDa
GLAopt, hGLA gene codon
optimized for E. coli in ¢ and gene c) pGEX4T2-Opt-GLA GST [GLAopt ][] cytoplasm 640aa 73.6 kDa
codon optimized for
Pseud e haloplanktis d) pGEX4T2-GLA-GFP  GsT ] ( cytoplasm 876aa 100.1 kDa
in e. Tobacco Etch Virus protease :
clesvamsiie (THVS) locetin s e) pPPM13psDs-GLA GLAopt I} periplasm  405aa 46.3 kDa
marked by an arrow tip. His-tag is
marked by a striped box. Signal b
peptide of #GLA in a is marked
by a stippled box. b Amino acid 1.  MQLRNPELHL GCALALRFLA LVSWDIPGAR
sequence of AGLA. The first 31 31. ALDNGLARTP TMGWLHWERF MCNLDCQEEP
amino acids correspond to the 61. DSCISEKLFM EMAELMVSEG WKDAGYEYLC
peptide signal that is marked in 91. IDDCWMAPQR DSEGRLQADP QRFPHGIRQL
italics. The residues coded by rare 121. ANYVHSKGLK LGIYADVGNK TCAGFPGSFG
odo-n.s s sh-own ‘in bold 4 151. YYDIDAQTFA DWGVDLLKFD GCYCDSLENL
; e ’ tioa i X i 181. ADGYKHMSLA LNRTGRSIVY SCEWPLYMWP
Jeie e Z'o‘,‘, e';m"a an 211. FOKPNYTEIR QYCNHWRNFA DIDDSWKSIK
SCUUCHCE 15 Underilics 241. SILDWTSFNQ ERIVDVAGPG GWNDPDMLVI
271. GNFGLSWNQQ VTQMALWAIM AAPLFMSNDL
301. RHISPQAKAL LQDKDVIAIN QDPLGKQGYQ
331. LRQGDNFEVW ERPLSGLAWA VAMINRQEIG
361. GPRSYTIAVA SLGKGVACNP ACFITQLLPV
391. KRKLGFYEWT SRLRSHINPT GTVLLQLENT
421. MQOMSLKDLL
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respect to a psychrophilic Shine-Dalgarno sequence and the
93-bp encoding the signal peptide of P haloplanktis TAC125
DsbA was double digested by Sall-EcoRI. The synthetic
codon optimized #GLA gene (KF500099) was double
digested by Sall-EcoRI and cloned into pPM13psDs corre-
sponding sites (Fig. 1a).

Recombinant human GLA production and cellular
fractionation

The production process in recombinant E. coli cells was
performed by the Protein Production Platform (http://ibb.
uab.es/ibb) of the Institute of Biotechnology and
Biomedicine (IBB-UAB) and the Biomedical Networking
Center (CIBER-BBN). In short, shake flask cultures were
set at 37 °C and 250 rpm in LB-rich medium, plus 100 wg/
mL of ampicillin for plasmid maintenance in all expression E.
coli vectors. Expression of recombinant AGLA gene was
induced when the absorbance at 550 nm reached values
around 0.5, adding isopropyl -D-1-thiogalactopyranoside
(IPTG) at concentrations ranging from 0.1 to 1 mM.
Incubation proceeded then at different temperatures of 16,
20, 25 and 37 °C depending on the strain as indicated. After
induction of gene expression, 1.5-mL culture samples were
withdrawn at different times and soluble and insoluble frac-
tions were separated. In short, cells were harvested by centri-
fugation at 5000g (at 4 °C) for 15 min and resuspended in
200 puL of phosphate-buffered saline (PBS) (7.5 mM
Na,HPOy4, 110 mM NaCl, 2.5 mM NaH,PO,, pH 74) and
further sonicated. Soluble and insoluble fractions were sepa-
rated by centrifugation at 15,000g for 15 min at 4 °C.
Insoluble fractions were resuspended in PBS (same volumes
than those from their respective soluble fractions). Both frac-
tions were stored at —80 °C until further analysis.

P. haloplanktis TAC125 (pPM13psDs-GLA) recombinant
cells were cultured in aerobic conditions at 4 and 15 °C in
TYP broth (16 g/L yeast extract, 16 g/L bacto tryptone, 10 g/L
marine salt mix) at pH 7.5, supplemented with 100 pg/mL
ampicillin, and the recombinant AGLA production and its
cellular localization were evaluated in cell samples withdrawn
at different growth phases. Cell pellets (corresponding to
OD¢go nm=10) were resuspended in 1 mL of 50 mM Tris—
HCI at pH 8.0, 50 mM EDTA and disrupted by ultrasonic
treatment consisting of six cycles of 30 s on/l min off on ice.
The mixture was centrifuged for 15 min at 10,000g at 4 °C;
the resulting supernatant and pellet were collected as soluble
and insoluble fractions, respectively. Total P. haloplanktis
TACI125 (pPM13psDs-GLA) cell extract was obtained by
resuspending 0.5 ODggo nm cell pellet into 400 pL of sodium
dodecyl sulphate (SDS) loading dye, followed by 30 min
treatment at 90 °C.

The periplasmic cell extract was obtained by resuspending
bacterial pellets in 1/20 of culture volume of borate buffer
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(200 mM Na,B407, 130 mM NaCl, 5 mM EDTA, pH 8) and
incubating the mixture for 18 h at 4 °C. The suspension was
then centrifuged at 8000 rpm for 15 min at 4 °C. The super-
natant was stored as periplasmic extract, while the pellet was
resuspended in 1/20 of original culture volume of SDS load-
ing dye, followed by 30 min of treatment at 90 °C and stored
as cytoplasmic extract.

Recombinant protein detection

Total cell extracts, soluble, insoluble and periplasmic cell
fractions were analysed by SDS-polyacrylamide gel electro-
phoresis (PAGE) and Coomassie staining. For Western blot
studies, upon SDS-PAGE proteins were blotted onto nitrocel-
lulose membranes, AGLA immunoreactive bands were devel-
oped using either a rabbit polyclonal anti-GLA serum from
Santa Cruz Biotechnology, Inc. (a-gal A H-104: sc-25823)
raised against an epitope corresponding to amino acids 316-
429 at the C-terminus of the mature form of AGLA (Fig. 1b),a
rabbit polyclonal anti-GLA serum from Sigma Prestige
Antibodies (product HPA000237) raised against amino acids
302-412 of the mature form of AGLA, or a monoclonal
antibody anti-His-tag from GE Healthcare (product 27-
471001), and the corresponding secondary antibodies. GST
was detected with mouse monoclonal anti-GST antibody
(Santa Cruz Biotechnology, Inc.; SC-138) and GFP with
rabbit polyclonal anti-GFP antibodies (Santa Cruz
Biotechnology, Inc.; SC-8334).

For comparison purposes, gels were loaded with sample
volumes adjusted according to the OD of the culture. Samples
for quantitative comparison were run in the same gel and
processed as a set. Bands were analysed with the Quantity
One analysis software (BioRad).

Protein purification

GST-containing AGLA recombinant proteins were purified
from Rosetta-gami B cell cultures induced at 0.1 mM IPTG
for 16 h at 20 °C at 250 rpm. Cell pellets were resuspended in
PBS buffer (7.5 mM Na,HPO,, 110 mM NaCl, 2.5 mM
NaH,PO,, pH 7.4) in the presence of EDTA-free protease
inhibitors (Roche Applied Science), and cells were lysed
using a French Press (Thermo FA-078A) at 1100 psi. The
soluble fraction was separated by centrifugation at 15,000g
for 45 min at4 °C, filtered through 0.22-um filters and loaded
onto a 1-mL GSTrap HP column (GE Healthcare, 17-5281-
05). Bound GST-GLA protein was eluted with five column
volumes of elution buffer (50 mM Tris-HCI and 10 mM
reduced glutathione, pH 8.0). Positive fractions were collected
and dialysed against 0.01 M acetic buffer (pH 4.5), and protein
concentration was estimated using the Bradford method.

The pellets of E. coli or P. haloplanktis TAC125 cells
containing His-tagged AGLA proteins were resuspended in
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buffer A (20 mM Tris-HCl pH 7.5, 500 mM NaCl and 10 mM
imidazole) and cells disrupted by sonication in the presence of
EDTA-free protease inhibitors (Complete, 11873580001 from
Roche). The soluble cell fraction was separated by centrifu-
gation at 15,000g for 15 min at 4 °C. After filtration through
0.22-um filters, recombinant proteins were purified by affinity
chromatography in Ni** columns (HiTrap Chelating HP col-
umns, 17-0408-01 from GE Healthcare) in an AKTA™
Purifier (GE healthcare) fast protein liquid chromatography
system. Positive fractions in elution buffer (20 mM Tris-HCl
pH 7.5, 150 mM NaCl and 500 mM Imidazole) were collected
and dialyzed against 0.01 M acetic buffer (pH 4.5). Protein
concentration was estimated using the Bradford method.

Purified proteins were characterized by N-terminal se-
quencing by Edman’s automated degradation using in an
Applied Biosystems Procise 492 protein sequencer, and mo-
lecular weight was experimentally determined by mass spec-
trometry (UltraFlex MALDI-TOF mass spectrometer, Bruker
Daltonics, Bremen, Germany). Both analyses were performed
at the Proteomics and Bioinformatics Unit of the Scientific
Technical Service, SepBioEs, of the Autonomous University
of Barcelona.

Time course of TEV cleavage reaction of GST-GLA-GFP

Purified GST-GLA-GFP was dialysed against reaction buffer
(50 mM Tris-HCI, pH 8.0, 0.5 mM EDTA). Ten units of
TEVp (Invitrogen, 12575-015) was added to 20 pg of GST-
GLA-GFP and incubated at 30 °C; 30-uL aliquots were
removed at specified incubation times. Reaction was stopped
by adding 30 uL of stop solution (125 mM Tris-HCI, pH 6.8;
4 % SDS; 14 M (-mercaptoethanol; 20 % (v/v) glycerol;
0.01 % bromophenol blue), and samples were stored at
=20 °C until gel electrophoresis analysis. Protein samples
when performing AGLA activity assays were used without
buffer addition after protease incubation.

Enzyme assay of o-galactosidase A activity

The enzymatic AGLA activity was assayed with 4-
methylumbelliferyl «-p-galactoside (4MU-«-Gal, ref.
M7633, Sigma Chemical, St. Louis, MO) as a substrate, at a
concentration of 2.46 mM in 0.01 M acetic buffer (pH 4.5). A
typical 4MU-x-Gal assay was performed with a reaction
mixture containing 100 uL of substrate and 25 puL of enzyme
solution. Enzymatic reactions took place in agitation, at 37 °C
for 1 h. Reaction was stopped adding 1.25 mL of 0.2 M
glycine—~NaOH buffer (pH 10.4). The released 4-
methylumbelliferone (4-MU) was determined by fluorescence
measurement at 365 and 450 nm as excitation and emission
wavelengths, respectively. Samples ranging from 5 to 500 ng/
mL of 4-MU (ref. M1381, Sigma, St. Louis, MO) in 0.2 M
glycine-NaOH buffer (pH 10.4) were used as standard curve.

One unit of enzyme activity was defined as the amount of
enzyme releasing 1 nmol of 4-MU per milligram of enzyme
and per hour. ”GLA obtained from human fibroblasts or
HEK-293 T cells were used as positive controls (Corchero
etal. 2011).

Results
Recombinant expression of human GLA ORF in E. coli

Plasmid pReceiver-B0O1-GLA, which contains the complete
ORF of hGLA gene, was transformed in E. coli BL21(DE3)
and Rosetta(DE3) E. coli strains (Fig. 1a). The Rosetta strain
is able to compensate low concentrations of certain tRNAs of
E. coli and to improve recombinant protein translation. It
should be noticed that in the AGLA OREF, at least four critical
arginine codons are present in the DNA sequence (Fig. 1b).
Strains BL21(DE3) and Rosetta(DE3), with and without the
expression plasmid, were submitted to gene expression induc-
tion conditions and analysed by SDS-PAGE followed by
Western blot. Nitrocellulose membranes were developed ei-
ther with a polyclonal anti-GLA antibody (Sigma-Aldrich
Co.) raised against an epitope corresponding to amino acids
302-412 of the AGLA protein or with the monoclonal anti-
His-tag (Fig. 2a, b). Results showed that the polyclonal anti-
body from Sigma and the anti-His antibody detect a main
protein band corresponding to the degradation product of
about 40-42 kDa (expected MW 49.6 kDa), both antibodies
detecting this band as the main immunoreactive product,
while samples from not transformed cells did not show any
immunoreactive band. Also, both antibodies detected bands
that might be associated to protein aggregates or oligomers,
while proteolysis fragments were detected with the anti-His-
tag monoclonal antibody but not with the polyclonal antibody,
indicating a specific C-terminal cleavage. Finally, equivalent
protein bands were detected upon tRNA supplementation.
According to these results, only a product of approximately
42 kDa and probably other aggregated and degraded protein
products, recognized by the monoclonal anti-His-tag and the
anti-GLA antibodies, could be obtained in these strains trans-
formed with the pReceiver-B01-GLA expression vector.

In addition, cell fractionation studies performed in E. coli
BL21(DE3)/pReceiver-B01-GLA cultures showed that the
hGLA produced at different induction temperatures was exclu-
sively detected in the insoluble cell fraction (Suppl. Fig. S2).

Recombinant production of mature form of AGLA in E. coli
hGLA ORF present in pReceiver-BO1-GLA codes for
the 429 amino acid AGLA precursor including 31 amino

acid residues corresponding to the signal peptide, which
is naturally processed in the ER to a 398-amino acids
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Fig. 2 Crude extracts of induced a b
E. coli strains BL21(DE3) and
Rosetta(DE3), not transformed BLZ].‘DE3’ Rosetta BLZ].‘ DE3’ Rosetta
(minus sign) or transformed with i . . %
pReceiver-BO1-GLA (plus sign). M ( ) (+) ( ) (+) M ( ) (+) ( ) (+)
Samples were collected 3 h | ]
postinduction at 30 °C, and
equivalent amounts of protein 250 i
sample were loaded in each lane. 5
a Western blot developed with 150 “ 1
polyclonal anti-GLA from Sigma. 100 ‘
b Westem blot developed with 75 Ihes )
monoclonal anti-His-tag. |
Molecular weight marker 50 | b | 50
standards are indicated in |
kilodaltons (Dual color, BioRad) 37 . 37

25 25 ==
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mature form (Lemansky et al. 1987) (Fig. 1b). Since
cukaryotic signal peptides are not processed in prokary-
otic hosts, nucleotides coding exclusively for the mature
form of the AGLA ORF (32-429; Fig. 1b) were ampli-
fied by PCR and transferred to E. coli expression vec-
tors to improve protein folding in the heterologous
expression system (Suppl. Fig. Sla, expression vectors
a and b). In addition, to promote the formation of
disulphide bonds in the AGLA product, the experiments
were performed in either Rosetta-gami E. coli strain or
the protein was sent to the oxidizing environment pres-
ent in the periplasm. Expression of the mature form of
hGLA in E. coli under these conditions produced ag-
gregated forms of the recombinant protein and protein
bands compatible with degradation products (Suppl.
Fig. S3 and Suppl. Fig. S4).

It has been reported that purification of full-length human
proteins can be achieved by fusion to soluble proteins as GST
in E. coli (Braun et al. 2002). This DNA fragment was also
inserted into pGEX4T-2, which adds a GST fusion protein at
the N-terminal end of the desired protein product (Fig. 1a).

Protein expression experiments were carried out with
transformed Rosetta-gami B(DE3) cells with pGEX4T2-
GLA with the aim of using the fused GST for solubi-
lization and purification purposes. Several protein induc-
tion conditions were assayed (Suppl. Fig. S5). Specific
protein bands were detected in all tested conditions in
both soluble and insoluble fractions. A predominant
band was observed in the insoluble fraction with an
apparent weight below 75 kDa that would correspond
to the expected GST tagged recombinant AGLA, apart
from other protein bands compatible with aggregates
and proteolysed forms.
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Purification and characterization of the produced human GLA

Soluble GST-fused protein was purified by affinity chroma-
tography using a GSTrap HP 1 mL column (GE Healthcare).
Elution peak contains highly pure protein sample obtained in
one single chromatographic step, indicating that the chosen
purification strategy was appropriate (Fig. 3). However, mo-
lecular weight of the purified protein was again smaller than
expected. N-terminal sequencing of the protein band demon-
strated that corresponded to the initial amino acids of the
recombinant protein, although the first methionine was only
partially removed. In E. coli, methionine aminopeptidase
removes initial methionine with variable efficiency depending
on the penultimate amino acid, and it has been demonstrated
that the presence of an acidic residue as L present in AGLA
reduces its activity up to 20 % (Liao et al. 2004; Xiao et al.
2010a). Moreover, mass spectrometry of the affinity purified
sample revealed that the exact molecular weight of the product
was 68.9 kDa (theoretical weight 73.6 kDa). This size reduc-
tionin4.7 kDa is compatible with the elimination 0f29 amino
acids at the C-terminus of the protein since as it has been
demonstrated, the N-terminal end remains intact. Therefore, in
this proteolysed #”GLA protein, the last amino acid
corresponded then to S401 after which an arginine coded by
a rare codon has to be added at position 402. In addition, at
position 392, another arginine rare codon is present (Fig. 1b).

On the basis of the above-mentioned results, and to avoid
the presence of rare codons close to the proteolytic point of the
polypeptide chain, site-directed mutagenesis of the mentioned
arginine residues in the AGLA (R402 and R392 rare codons)
were performed using the QuikChange Lightning site-directed
mutagenesis kit (Stratagene) with oligonucleotides designed
by PrimerX (www.Bioinformatics.org). The resulting mutant
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Fig. 3 a Chromatogram of
recombinant GST-GLA protein
on GSTrap FF 1 mL column
obtained from soluble cellular
fraction of Rosetta-gami B(DE3)
induced cell culture. b Coomassie
blue stained SDS-PAGE of
soluble, insoluble cell fractions
and protein samples of affinity
chromatography. Flow through
(FT), wash (W), fractions 5-10 of
elution peak. Molecular weight
marker standards are indicated in
kilodaltons (Dual color, BioRad)
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pGEX4T2-GLA (pGEX4T2-GLAmutl; Suppl. Fig. Sla) was
sequenced and used in expression experiments. Western blot
analyses of the resulting protein samples showed that a GST-
hGLA protein could be obtained, but its molecular weight
corresponded to the 69-kDa truncated protein previously ob-
tained (data not shown).

Further analysis of the RNA sequence of the AGLA
revealed the presence of a putative E. coli transcription-
al terminator motif surrounding the nucleotide position
at which translation seems to finish (Nudler and
Gottesman 2002) (Suppl. Fig.S1b). Oligonucleotides
were designed to eliminate hairpin loop secondary struc-
tures in that region and were used to mutate the
pGEX4T2-GLA DNA sequence using the QuikChange
Lightning site-directed mutagenesis kit (Stratagene) gen-
erating pGEX4T2-GLAmut2 (Suppl. Fig. Sla). Protein
expression experiments showed that under these condi-
tions, the resulting recombinant protein was still

M

Time(rr;;n)

| S FTW 5 6 7 8 910

1— GST-hGLA

truncated, showing an apparent molecular weight of
69 kDa (data not shown). Protein aggregation was ob-
served in protein samples stored at 4 °C for 2 weeks
and confirmed in Superdex 200 10/300 GL (GE
Healthcare) gel filtration chromatography since a protein
peak was obtained in the void volume of the column.
Activity assays of purified GLA protein fused to GST
were performed using purified human GLA from a
mammalian expression system as positive control
(Corchero et al. 2012) as well as cellular extracts of
E. coli cells transformed with pReceiver-BO1-GLA and
pET22b-GLA but enzymatic activity was not detected in
any sample (Table 1).

A global codon optimisation of AGLA gene was attempted
next. For this purpose, a synthetic GLA gene was designed
and constructed (GeneArt; Invitrogen) which was cloned
within the pGEX4T2 vector to produce a pGEX4T2-Opt-
GLA expression vector with an optimized codon usage
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Table 1  Enzymatic activity of purified AGLA obtained from different

cell origins

Sample Origin Enzymatic activity
(umol/h/mg GLA)

Replagal Human fibroblasts 1945.8+24.2

GLA-HEK Human embryonic kidney ~ 1398.6+47.7

GLA-E. coli E. coli ND

GLA-P. haloplanktis P haloplankti; 77.4+0.3

ND not detected

(Fig. la, expression vector c¢). In that construct, the His-tag
purification module was fused at the C-terminus to differenti-
ate from the previous GST-ZGLA constructs in which the His-
tag module was located at the N-terminus of ZGLA. The
resulting expression vector was used to transform the
Rosetta-gami B(DE3) strain. Protein expression experiments
of the resulting strain indicated that once again, a truncated
protein was produced and hence, production of the intact
hGLA does not depend on optimized codon usage (Fig. 4a).
In addition, the detection of the GST-GLA recombinant pro-
tein with anti-GST antibodies demonstrated the presence of
GST in the final protein product (Fig. 4b). However, the same
samples were not detected by anti-His antibodies, indicating
that truncation of GLA protein occurred at the C-terminus
(Fig. 4c¢). On the other hand, GST-GLA obtained from the
expression of the non-optimized gene contained in pGEX4T2-
GLA was detected by both anti-GST and anti-His antibodies
since in this construction, His-tag peptide was located N-

Fig. 4 Detection of GST-GLA a
protein in Rosetta-gami B(DE3)/
pGEX4T2-Opt-GLA induced cell
cultures by Westem blot analysis

terminally between the GST and GLA coding sequences
(Fig. 1a).

Since an incomplete product was obtained regardless of the
strategies attempted so far, a protease cleavage analysis was
carried out using the ExPaSy PeptideCutter program.
However, no specific protease cleavage site was found at the
C-terminal end of the truncated GLA product obtained.
Nevertheless, to confirm these findings, the next attempted
strategy was the fusion of another protein (GFP (Hsich et al.
2010)) at the C-terminus of the GST-GLA with the aim to
protect GLA from a possible proteolysis at this end (Murby
etal. 1991). pPGEX4T2-GLA-GFP (Fig. la, expression vector
d) was obtained and transformed into Rosetta-gami B(DE3).
Protein expression assays using anti-GLA (Fig. 5a) and spe-
cifically anti-GFP Western blot experiments (Fig. 5b) demon-
strated that the whole fused protein GST-His-GLA-GFP could
be produced by this strain in contrast to previous experiments.
Purification and subsequent TEV proteolysis of the fused
protein (Fig. 5¢) did not succeed in producing an active
hGLA product despite the strategies attempted (GST and
His-tag affinity chromatography), and only background signal
was detected when determining the enzymatic activity of the
obtained product corresponding to the signal background of
the negative control (data not shown).

Recombinant production of mature form of AGLA
in P. haloplanktis TAC125

Recombinant P. haloplanktis (pPM13psDs-GLA) cells were
acrobically grown in complex rich medium at two different

b

using a polyclonal anti-GLA
antibody (Sigma), b polyclonal
anti-GST, ¢ monoclonal anti-His.
NC, non-induced cell cultures; C,
purified GST-GLA protein; 7,
total cellular fraction; S, soluble
fraction; /, insoluble fraction.
Molecular weight marker
standards are indicated in
kilodaltons (Dual color, BioRad)
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Fig. 5 Detection of GST-GLA- a
GFP protein in Rosetta-gami
B(DE3)/pGEX4T2-GLA-GFP

induced cell cultures by Western F

W FT s 1 M F

W FT § I M

blot analysis. a polyclonal anti-
GLA antibody (Sigma). b
Polyclonal anti-GFP antibody. F,
pooled positive protein fractions
obtained in GST affinity
chromatography; ¥, wash
fraction; F7, flow through; S,
soluble cell fraction; /, insoluble
cell fraction. ¢ Release of AGLA
protein from purified GST-GLA-
GFP recombinant protein by
Tobacco Etch Protease cleavage.
Cli, initial protein sample after

Anti-GLA

250
150
+«100 »

75

37

Anti-GFP

protein purification; Cl0, protein
sample at time 0; C//-CI4, protein
sampl at 1-4 h. Molecular weight
marker standards are indicated in C
kilodaltons (Dual color, BioRad)

M C|. cln C|1 CI; Cld

150

100

75

50 L

37 [ 5 | e GLA

e e e e s et e Tt )
Anti-GLA

temperatures (4 and 15 °C), and samples were withdrawn at
different times of cultivation. The #GLA production was
evaluated by SDS-PAGE followed by Western blotting anal-
ysis (using specific anti-GLA polyclonal antibodies) of total
soluble protein extracts, and it revealed the highest protein
yield after 24 h of cultivation at 15 °C (Fig. 6a, b). No
recombinant GLA protein was detected in insoluble protein
extracts (data not shown). A cell fractioning followed by
Western blotting analysis demonstrated that recombinant
GLA produced at higher temperature is also fully localized
in the bacterial periplasm (Fig. 6¢), while when produced at
4 °C, a fraction of the protein was still associated to the
cytoplasm, likely deriving from a less efficient translocation
across bacterial inner membrane. Furthermore, at the lower
temperature, the recombinant AGLA translocated in the peri-
plasm was also subjected to host encoded proteolytic cleav-
age, as demonstrated by the appearance of a lower molecular
weight specific band on Western blotting analysis shown in
Fig. 6¢c.

Soluble protein extracts from P. haloplanktis/pPM13psDs-
GLA grown at 15 °C for 24 h were used for His-trap affinity
purification (His-trap 1 mL column, GE Healthcare)

according to the protocol reported in the methods section. A
linear gradient was used for elution (20-500 mM imidazole in
15 min at 0.5 mL/min flow), thus obtaining a partial purified
protein (about 70 % purity) which has been used for the
determination of enzymatic activity (Fig. 6d). Although the
purified enzyme has the tendency to precipitate, it turned out
to be active and a value of 77.4+0.3 umol h™' mg " prot of
activity was recorded (Table 1).

Discussion

Recombinant protein production in heterologous expression
systems represents a major bottleneck in the development of
biopharmaceutical, industrial and research applications (Liras
2008). Even though high throughput techniques for cloning
and protein production have been already described (Barnard
et al. 2010; Nettleship et al. 2010; Savitsky et al. 2010; Xiao
et al. 2010b), purification of challenging proteins is still a
matter of trial-and-error approaches. As expression system,
E. coli offers many advantages over eukaryotic systems
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a 15°C ac

Fig. 6 a Coomassie blue stained SDS-PAGE of soluble cell fractions of
P. haloplanktis transformed with pPM13psDs-GLA at different
temperatures. b Western blot analysis of the same samples using a
polyclonal anti-GLA antibody (Santa Cruz Biotechnology). ¢ Detection
of recombinant <GLA in induced P. haloplanktis cell cultures. 7, total cell

referring to rapidity, simplicity and expenditure (Demain and
Vaishnav 2009). However, it has some disadvantages which,
in some cases, are difficult to override as the lack of many
posttranslational modifications and high tendency to form
aggregated species (Panda 2003). In the present study, a
human full-length protein, GLA, which has been purified
from eukaryotic expression systems (Chen et al. 2000a, b;
Corchero et al. 2012; Yasuda etal. 2004) and non-prokaryotic
source (Hantzopoulos and Calhoun 1987), has been selected
to try available expression methods in E. coli and the
Antarctica psychrophilic bacterium P. haloplanktis TAC125.
In 1987, Hantzopolus and coauthors described the production
of an active ”GLA in E. coli (Hantzopoulos and Calhoun
1987). However, such results have not been reproduced or
continued since then, and moreover, no purification protocol
has been published to date. The interest in developing a
production and purification system of human GLA from a
prokaryotic source relies on the high cost of the actual enzy-
matic replacement therapy in Fabry’s disease treatment which
consists in recombinant protein obtained from mammalian
cells having a great economical impact in patient expenditure.
We have shown that ”GLA can be detected in E. coli as either
aggregated and proteolytically cleaved forms in any experi-
mental condition tested. Aggregation of proteins seems to be
driven by the presence of specific amino acid sequences
(Espargaro et al. 2012), saturation of the folding machinery
(Kolaj et al. 2009) or to the lack of the required posttransla-
tional modifications as glycosylation (loannou et al. 1998).
However, full-length recombinant AGLA has been produced
when fused to GST and GFP, although purified protein is not
correctly folded lacking biological activity. The absence of

@ Springer

c 15°C 4°C
- T P CTP CNC
p « h-GLA
~ 48 KDA
d
h-GLA
~ 48 KDA

extract; £, periplasm; C, cytoplasm; NC, negative control. d Coomassie
blue stained SDS-PAGE of AGLA purification by affinity
chromatography. 7, total cell extract; /, unbound protein; 2 and 3,
washes; 4, eluted protein

enzymatic activity might be related to either unfolded protein
species or deletion of the C-terminal end of the protein which
seems to be critical (Miyamura et al. 1996). In addition, GLA
has four glycosylation sites added after signal peptide removal
in the Golgi apparatus. This sugar moieties (especially glyco-
sylation site located at residue Asn215) play a crucial role in
both folding and solubility and consequently in enzymatic
activity (Ioannou et al. 1998). However, when producing
hGLA in the psychrophilic expression system based in the
use of the Antarctic bacteria P. haloplanktis TAC125, the
functional full-length enzyme can be produced and purified.
It has been described in comparative studies that recombinant
protein production at low temperature has a positive effect in
protein yield (Dragosits etal. 2011; Duilio etal. 2004a) as well
as in protein conformation (Vigentini et al. 2006). The ability
of the P. haloplanktis TAC125 to produce active AGLA over
the proteolyitic and aggregation tendency of the protein in
E. coli might be related to the presence of high peptidyl prolyl
cis-trans isomerases genes found in P. haloplanktis TAC125
genome and more specifically to the upregulation of the main
molecular chaperone, trigger factor (Giuliani et al. 2014;
Piette et al. 2010). The folding activity in the psychrophilic
expression system can counteract the high tendency of the
hGLA to adopt unsuitable conformations. On the other hand,
in the E. coli cellular environment, the nascent AGLA poly-
peptides adopt unstable conformational species that are de-
tected by cellular proteases, mainly at the C-terminus of the
protein, leading to the formation of inactive aggregation-prone
protein species. Even though the full-length protein can be
produced in E. coli, the limited chaperone activity in this
expression system renders inactive protein. Therefore,
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microbial host range might be expanded to psychrophilic
expression systems when difficult-to-express proteins such
as full-length mammalian proteins are to be produced.
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Abstract: Psychrophilic microorganisms have successfully colonized all permanently cold
environments from the deep sea to mountain and polar regions. The ability of an organism
to survive and grow in cryoenviroments depends on a number of adaptive strategies aimed
at maintaining vital cellular functions at subzero temperatures, which include the structural
modifications of the membrane. To understand the role of the membrane in the adaptation,
it is necessary to characterize the cell-wall components, such as the lipopolysaccharides,
that represent the major constituent of the outer membrane. The aim of this study was to
investigate the structure of the carbohydrate backbone of the lipooligosaccharide (LOS)
isolated from the cold-adapted Psychrobacter arcticus 273-4. The strain, isolated from a
20,000-t0-30,000-year-old continuously frozen permafrost in Siberia, was cultivated at 4 °C.
The LOS was isolated from dry cells and analyzed by means of chemical methods.
In particular, it was degraded either by mild acid hydrolysis or by hydrazinolysis and
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investigated in detail by 'H and *C NMR spectroscopy and by ESI FT-ICR mass
spectrometry. The oligosaccharide was characterized by the substitution of the heptose
residue, usually linked to Kdo in the inner core, with a glucose, and for the unusual presence
of N-acetylmuramic acid.

Keywords: Psychrobacter arcticus strain 273-4; glycoconjugates; lipopolysaccharide;
N-acetylmuramic acid; structural determination; NMR spectroscopy

1. Introduction

Cold environments are arguably the most widespread on our planet and in our solar system [1].
At least 80% of terrestrial habitats and oceans are permanently cold, together with six of the other eight
planets of our solar system. Hence, understanding life’s adaptation to cold environments on our planet
could be useful in the search for and understanding of life on other planets [2].

Many microorganisms populate Arctic and Antarctic regions [3], and those inhabiting permafrost in
particular are good candidates to study cold-adaptation, due to the mean annual temperature between
—10 and —12 °C in the Arctic and between —18 and —27 °C in the Antarctic [4]. Although living
microorganisms can be successfully recovered either from ice or permafrost, the latter is a more
proficient environment to sustain longer growth time due to its heterogeneous soil particles and larger
reservoirs of nutrients [5—7].

One physiological response to the cold environment is the alteration of membrane components,
such as the presence of unsaturated and branched fatty acids in phospholipids that maintain membrane
fluidity [8], and the different phosphorylation of membrane proteins and lipopolysaccharides [9-14].

The lipopolysaccharides (LPSs) are the major component of the outer membrane (OM) of almost all
Gram-negative bacteria and of some cyanobacteria [15-18], constituting approximately 75% of the outer
surface. The LPSs are heat-stable amphiphilic molecules indispensable for the viability and survival of
Gram-negative bacteria, as they heavily contribute to the structural integrity of the OM and to the
protection of the bacterial cell envelope [19].

The structure of an intact smooth (S)-type bacterial LPS molecule can be divided into three covalently
linked domains: the glycolipid anchor, called lipid A, the intermediate core oligosaccharide (core), and
the O-specific polysaccharide (O-chain) [20]. However, the rough (R)-type LPSs (also called
lipooligosaccharides, LOSs) are completely devoid of the O-specific polysaccharide chain either due to
genetic mutation or the inherent nature of bacteria [21].

Extreme habitats drive microbial components to fulfill cell homeostasis through the maintenance of
membrane integrity. Thus, the structural characterization of LPSs of cold-adapted Gram-negative bacteria
grown at low temperatures could give insight into the cryo-adaptation phenomena understanding.

Until now, only LPSs from marine Arctic [11,22] and Antarctic [12,23] Gram-negative
microorganisms have been characterized, but very little is known about isolates from permafrost. It has
been shown that viable bacteria are abundant in Siberian permafrost [6,24], and the most frequently
isolated from the Kolyma permafrost of northeast Siberia include Arthrobacter, Exiguobacterium,
Flavobacterium, Sphingomonas, and Psychrobacter [4—6]. Psychrobacter is considered an indicator
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genus for permafrost and other polar environments [25], suggesting that many of its members are adapted
to low temperatures and have evolved molecular-level changes that aid survival at low temperatures.

Psychrobacter arcticus 273-4 is a Gram-negative bacterium isolated from a 20,000-to-30,000-year-old
continuously frozen permafrost horizon in the Kolyma region in Siberia that was not exposed to
temperatures higher than 4 °C during isolation [5].

In this paper, we report the structural characterization of the carbohydrate backbone of the LOS of
Psychrobacter arcticus 273-4 grown at 4 °C.

The lipooligosaccharide was degraded both by mild hydrazinolysis (O-deacylation) and by acetic acid
hydrolysis. The products were investigated by means of chemical analysis, by 'H and 3C NMR
spectroscopy and by electrospray ionization Fourier transform ion cyclotron resonance mass
spectrometry (ESI FT-ICR MS).

2. Results and Discussion
2.1. LPS Extraction and Purification

Psychrobacter arcticus strain 273-4 cells were grown at 4 °C and removed from the medium by
centrifugation. Dried bacteria cells were extracted using a phenol/chloroform/light petroleum (PCP)
mixture to obtain the crude LPS. Due to the very low amount of LPSpcp (0.03%), cells were extracted
by phenol/water method, and the aqueous phase was dialyzed and freeze-dried. In order to purify LPSw
from other cell contaminants, the sample was treated with DNase, RNase, and protease followed by
dialysis (LPSw, 3.1%). The puified sample (LPSw) was analyzed by DOC-PAGE electrophoresis,
and the silver nitrate staining showed bands at low molecular masses, thus revealing a rough LPS
(LOS, Figure 1).
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Figure 1. Analysis of the LPSw (Lane b) fraction from P. arcticus strain 273-4 byl4%
DOC-PAGE. The gel was stained with silver nitrate and was compared with LPS from
E. coli O127: B8 (Lane a).

The sugar composition of the intact LOS was obtained by GC-MS analysis of the acetylated methyl
glycosides and revealed the occurence of rhamnose (tha), galactose (gal), glucose (glc),
N-acetylmuramic acid (NAM), and 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo). Methylation analysis
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indicated the presence of 3-substituted Rha, terminal Glc, 4-substituted Glc, 3-substituted Gal, terminal
NAM, 3.4,6-trisubstituted Glc, 3,4-disubstituted Gle, terminal Kdo, and 4,5-disubstituted Kdo. The
methylation data also revealed a pyranose ring for all the residues. The absolute configurations of the
sugar residues were determined by GC-MS analysis of the corresponding acetylated 2-octyl glycosides;
all the hexoses were founded to be in the D-configuration, while rhamnose residue in the L-configuration.
The absolute configuration of N-acetylmuramic acid was supported by the NMR data (see below).

Fatty acids analysis revealed the presence of the following main components: 3-hydroxy dodecanoic
12:0(30H), 3-hydroxy tetradecanoic 14:0(30H), tetradecanoic 14:0, tetradecenoic 14:1, pentadecanoic
15:0, and pentadecenoic 15:1 acids.

2.2. Deacylation of the LPS

The LOSw was O-deacylated with anhydrous hydrazine and the product obtained (LOS-OH) was
analyzed by ESI FT-ICR mass spectrometry. The charge deconvoluted mass spectrum showed various
K-adducts [M + n(K — H)] of four main ion populations M1-M4 (Figure 2), the composition of which is
reported in Table 1. The most abundant ion population with a mass of 2633.927 u was attributed to the
following composition: DeoxyHexHexsKdo2NAMHexN2P2 [14:0(30H)] [12:0(30H)] (IM1 + (K — H)],
calculated monoisotopic mass: 2633. 934 u). The signal of M3, occurring at 162.052 u lower than M1,
suggested the presence of ion populations containing one hexose less. In addition, the intensity of the
signal of M3 suggests very low abundance of this glycoform. The ion populations M2 and M4 were
attributed the same sugar composition as M1 and M3, respectively, whereas the mass difference of
28.03 uis due to a 3-hydroxy dodecanoic in place of the 3-hydroxy tetradecanoic acid.

In addition, the methylation data revealed that the lack of the hexose residue for the ion populations
M3 and M4 was from the position O-6 of the 3,4,6-trisubstituted glucose.
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Figure 2. Charge deconvoluted ESI FT-ICR mass spectrum of the LOS-OH fraction isolated
from P. arcticus 273-4. The spectrum was acquired in the negative ion mode.
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Table 1. Composition of the main species observed in the charge deconvoluted ESI
FT-ICR mass spectrum of the O-deacylated LOS from P. arcticus 273-4. Mass numbers
given refer to the monoisotopic masses.

Species Observed Mass [u] Calculated Mass [u] Composition *
NAMDeoxyHexHexsKdoHexN,P,

MI-H +K 2633.926 2633.934
[14:0(30H)] [12:0(30H)]
M2H +K 2605.898 2605.903 NAMDecxyHexHex, K dojHexNiR
[12:0(30H)] [12:0(30H)]
NAMDeoxyHexHex;Kdo,HexN,P,
M3-H +K 2471.875 2471.882
[14:0(30H)] [12:0(30H)]
NA