
 
 
 
 

 

METAGENOMICS OF POLAR 

MARINE SEDIMENTS: STUDY OF 

MICROBIAL BIODIVERSITY AND 

ISOLATION OF NEW BIOCATALYSTS 

FOR USE IN INDUSTRIAL 

PROCESSES 

 

Concetta De Santi 

 
 

 
 

 
Dottorato in Scienze Biotecnologiche – XXVI ciclo 

Indirizzo Biotecnologie Industriali  
Università di Napoli Federico II  

 

 
 

 





Dottorato in Scienze Biotecnologiche – XXVI ciclo 
Indirizzo Biotecnologie Industriali  
Università di Napoli Federico II  

 
 
 

 
 
 
 

 

METAGENOMICS OF POLAR 

MARINE SEDIMENTS: STUDY OF 

MICROBIAL BIODIVERSITY AND 

ISOLATION OF NEW BIOCATALYSTS 

FOR USE IN INDUSTRIAL 

PROCESSES 

 

 
Concetta De Santi  

 
Dottoranda: Concetta De Santi 
 
Relatore: Prof. Giovanni Sannia 

 

Correlatore: Dott. Donatella de Pascale  
 
Coordinatore: Prof. Giovanni Sannia 



 
 
 
 

 



 
 
 
 

 

 

 

 

                                                                                                There will be a time 

 when you believe everything is finished. 

    That will be the beginning. 
 Louis L’Amour 

 

 

 

 

                           

 

 

             Ai mie i  geni tor i  
    



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



INDEX 
SUMMARY            1 
RIASSUNTO            2 
 
GENERAL INTRODUCTION         7 
 
        1. Understanding Bioprospecting        8 

2. Metagenomic and Genomic Approach      10 
3. Psychrophilic Enzymes        13 
4. Lipases and Esterases        15 
5. Biotechnological Application of Lipolytic Enzymes    16 
6. Aim of the thesis         19 
7. References          19 
 

Chapter I: Bioprospecting around arctic islands:  
Marine bacteria as rich source of biocatalysts 
   

1.1 Introduction          27 
1.2 Results and Discussion        28 
1.3 Experimental Section        38 
1.4 Conclusions         41 
1.5 References         41 

 
Chapter II: Biochemical characterization and structural 
analysis of a new cold-active and salt tolerant esterase 
from the marine bacterium Thalassospira sp. 
 

2.1 Introduction         47 
2.2 Material and Methods        49 
2.3 Results          51 
2.4 Discussion          55 
2.5 References         57 

 
Chapter III: Identification of a new cold-active and salt  
tolerant esterase isolated by functional screening of  
arctic metagenomic libraries 
 

3.1 Introduction         74 
3.2 Material and Methods        75 
3.3 Results          80 
3.4 Discussion          81 
3.5 References         83 

 
PUBLICATIONS          99 

COMMUNICATIONS  99 

EXPERIENCES IN FOREIGN LABORATORIES             100 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

1 
 

SUMMARY 
 
Marine bioprospecting is a highly topical research subject since the marine 
ecosystem is a relatively unexplored source of enzymes with potential biocatalytic 
activity. Development of new biocatalysts from marine extreme environments, such 
as Polar Regions, can be considered value-added. In fact, there is an increasing 
demand in bio discovering powerful biocatalysts for biotechnological applications in 
terms of esterase/lipases from cold environments. This is due to their salt tolerance, 
hyperthermostability, barophilicity, cold adaptivity, substrate specificity and affinity.  
The first session of the research project was focused on functional-based screening 
method to screen a collection of 100 marine bacteria isolated from Svalbard and 
Lofoten islands for their ability to produce a broad spectrum of cold-active enzymes. 
The isolated bacteria were classified by 16S rRNA sequencing and the phylogenetic 
distribution of the detected activities was evaluated with the interest for finding new 
cold-active biocatalysts.  
In the second session of the project, a gene encoding for an esterase was amplified 
by PCR from a bacterial sequenced genome belonging to Thalassospira sp. 
GB04J01. After cloning and gene heterologous expression in E. coli, the recombinant 
protein was obtained as high level in soluble form and then purified to homogeneity. 
A full structural and functional protein characterization was carried on and in addition, 
the enzyme was able to form diamond crystals which diffracted at 1.7 Å.  
This was the first biochemical characterization and structural analysis of a cold-active 
esterase isolated from the genus Thalassospira. 
A parallel session of the project was aimed at identifying and at characterizing a new 
cold-active and salt tolerant esterase isolated from Arctic metagenomic libraries. 
Taking advantage of an “omic” technique, such as Metagenomics, it was possible to 
access to unculturable microbes in such extreme environment, the Arctic. 
A fosmid containing an ORF encoding a gene with potential esterase/lipase activity 
was detected by functional screening on tributyrin agar plates. The positive clones 
employing the largest halo size were sequenced and a gene encoding a putative 
lipase was found.  
Gene cloning and expression were followed by a production of the recombinant 
protein in a soluble form. A biochemical approach highlighted protein features with a 
functional characterization methodology. 
To achieve the summarized results several expertise in different research fields were 
required. The research activity was realized through short exchanges of researchers 
between Italy and Norway. This research project and the data obtained strongly 
represent a contribution to enhance the market of cold-active lipolytic enzymes of 
white biotechnology field as powerful biocatalysts. 
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RIASSUNTO 
 
Ambienti definiti “estremi” come quelli Polari rappresentano una notevole risorsa in 
termini di biodiversitá microbica. Date le condizioni estreme di temperatura, 
pressione e salinitá, a cui gli organismi sopravvivono, non risulta sempre possibile 
accedere geneticamente ad un’ampia parte di microrganismi perché non coltivabili in 
laboratorio. Con l’interesse, dunque, di voler esplorare tale biodiversitá, é nata e si é 
poi sviluppata e perfezionata nel corso degli anni, una tecnica “omica” che affianca la 
genomica. Questa tecnica, definita metagenomica, ha permesso, con le sue notevoli 
potenzialitá, di esaminare la biodiversitá completa su una scala molto piú ampia, 
applicando differenti metodi di analisi, consentendo una valutazione diretta della 
diversitá dei gruppi e fornendo una serie di dati rilevanti per misurare e modellare i 
processi biologici. Piattaforme sempre più ricercate, con un ridotto impatto in termini 
di costi e di tempi di sequenziamento, hanno portato all’identificazione di un gran 
numero di genomi.  
Questa tecnica trova il suo maggior impiego non solo nell’identificazione di composti 
naturali bioattivi, che possono trovare largo impiego nelle industrie farmaceutiche, 
ma anche di enzimi particolarmente interessanti per aziende operanti nel settore 
delle biotecnologie industriali.  
Un’analisi volta all’identificazione di biocatalizzatori dotati di particolari caratteristiche, 
come una migliore efficienza catalitica in particolari condizioni di reazione, é infatti 
favorita dall’utilizzo di collezioni metagenomiche derivanti da siti contaminati o da 
ambienti polari, quest’ultimi dotati di particolari caratteristiche come estremi di pH, 
temperatura o concentrazione salina. 
L’impiego di enzimi come biocatalizzatori per i moderni processi industriali si 
prospetta, dunque, come una vantaggiosa alternativa ai tradizionali processi chimici 
per diversi motivi. In primo luogo, data la loro specificitá, restituiscono un prodotto di 
maggiore qualità attraverso processi produttivi “puliti” a ridotto impatto ambientale in 
quanto non rilasciano prodotti di scarto inquinanti e sono essi stessi biodegradabili. 
Inoltre, dal punto di vista economico, il ridotto consumo di energia, materie prime ed 
acqua richiesto nelle bioconversioni, consente l’ottenimento di prodotti di qualità 
superiori a costi sostanzialmente ridotti. Le molte potenzialità offerte dalle peculiari 
caratteristiche di batteri e biocatalizzatori psicrofili che li rendono vantaggiosi, in molti 
processi industriali, risultano in sintonia con gli obiettivi della white biotechnology e 
rappresentano dunque un campo in cui é interessante continuare a investire.  
Esterasi e lipasi sono alcuni dei maggiori biocatalizzatori utilizzati. Le ragioni di 
questo successo sono numerose e relative all’ampia varietà di substrati riconosciuti, 
combinata all’esclusiva chemoselettivitá, regioselettivitá e stereoselettivitá 
frequentemente mostrata da questa classe di enzimi. 
A tal proposito, il lavoro svolto durante il mio dottorato di ricerca é stato dedicato 
all’identificazione di nuovi biocatalizzatori, da fonti microbiche artiche, da utilizzare 
nel campo della white biotechnology. A tale scopo sono stati utilizzati due diversi 
approcci, genomico e metegenomico, per arrivare all’isolamento di due esterasi 
psicrofile, a partire da una collezione di batteri marini isolati da sedimenti marini. Le 
metodologie sperimentali adottate e i risultati conseguiti sono elencati di seguito. 
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1) Identificazione di una serie di classi enzimatiche mediante functional 
screening, a partire da una collezione di batteri marini psicrofili isolati in 
Artide. 
Avvalendoci di una collezione di 100 batteri marini psicrofili, abbiamo investigato il 
potenziale biotecnologico di tali microganismi come produttori di enzimi quali 
cellulasi, xilanasi, chitinasi, DNasi, proteasi ed esterasi/lipasi. 
Tutti i batteri, identificati mediante sequenziamento del gene del 16S rRNA, sono 
stati isolati nell’ambito di due spedizioni artiche, presso le Lofoten e le isole Svalbard 
e messi a nostra disposizione dall’Universitá di Tromsø in Norvegia. 
La metodologia sperimentale, che ci ha permesso di arrivare all’identificazione delle 
attivitá enzimatiche extracellulari d’interesse, é stata quella del functional screening.  
Diversi substrati sintetici sono stati aggiunti al terreno di crescita, su piastre solide di 
agar, in funzione dell’attività enzimatica di interesse.  
La concentrazione di substrato utilizzata é stata scelta in base al suo grado di 
tossicitá nei confronti dei vari batteri. Le piastre sono state incubate per diversi giorni 
a due temperature: 4°C e 20°C. L’attivitá é stata valutata in base alla presenza di un 
alone su piastra, in corrispondenza della colonia, indice di una degradazione del 
substrato da parte dell’enzima. Per la determinazione di alcune attivitá enzimatiche é 
stata necessaria l’aggiunta di un colorante, Congo Red o blu di Coomassie. 
L’incubazione delle piastre, in presenza dei coloranti e la successiva decolorazione, 
é stata ottimizzata per meglio evidenziare, laddove presente, l’attivitá extracellulare. I 
risultati ottenuti sono stati messi a confronto e analizzati per identificare i batteri 
migliori quali produttori delle diverse classi di enzimi. Un approccio futuro prevede il 
sequenziamento del genoma dei batteri selezionati e l’isolamento di enzimi di 
potenziale interesse biotecnologico. 
 
Risultati conseguiti 
 
Sulla base delle attivitá enzimatiche riscontrate, una percentuale superiore al 45% 
dei batteri analizzati é risultata in grado di produrre enzimi quali esterasi, proteasi e 
DNasi. Il 41%, 23%, 9% e 7% dei batteri é stato in grado di produrre enzimi quali: 
amilasi, chitinasi, cellulasi, xilanasi rispettivamente. 
Tutti i batteri sono cresciuti in maniera ottimale in presenza del terreno di crescita 
commerciale Marine broth senza richiedere alcuna ulteriore aggiunta di cloruro di 
sodio. 
L’analisi filogenetica della collezione di batteri é stata condotta sulla base delle 
sequenze dei 16S rRNA. Un albero filogenetico é stato costruito per meglio 
determinare le loro affiliazioni. Il risultato ottenuto ha evidenziato come dei 60 batteri 
gram-negativi, 53 appartengano al phylum dei Proteobacteria mentre 9 a quello dei  
Bacteroidetes. Dei 40 batteri classificati come gram-positivi, 29 erano appartenenti al 
phylum degli Actinobacteria e 12 a quello dei Firmicutes. 
Analizzando i risultati ottenuti, é stata riscontrata un’attivitá esterasica, proteasica e 
DNasica ugualmente distribuita tra Proteobacteria, Bacteroidetes, Actinobacteria e 
Firmicutes mentre differenze sono state rivelate per le altre attivitá analizzate. In 
tabella sono stati elencati gli enzimi di interesse ricercati e le diverse specie 
batteriche produttori di tali enzimi come esito del functional screening effettuato.  
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Enzimi di interesse Specie batteriche  

ESTERASI 
Pseudoalteromonas, Pseudomonas, 

Shewanella, Acinetobacter, Roseovarius, 
Psychrobacter 

CELLULASI 
Serratia, Photobacterium, Moritella, 

Pseudoalteromonas 

XILANASI 
Promiconospora, Serratia, 

Pseudoalteromonas, Clavibacter 

CHITINASI 
Pseudomonas, Photobacterium, Serratia, 

Brevundimonas, Roseobacter, 
Shewanella 

AMILASI 
Pseudoalteromonas,Serratia, 

Flavobacterium, Photobacterium, 
Psychrobacter 

 
 
2) Identificazione e caratterizzazione strutturale e funzionale di una esterasi 
psicrofila isolata dal batterio marino artico Thalassospira sp. 
 
Il ceppo batterico Thalassospira sp. GB04J01 é stato isolato da una gorgonia a 
ventaglio (Paramuricea placomus) nell’ambito di una spedizione scientifica lungo il 
Vestfjorden, Norvegia del Nord.  
Il genoma del batterio é stato interamente sequenziato e messo a nostra 
disposizione, da parte dell’universitá di Tromsø, con l’intento di isolare una sequenza 
codificante per un enzima ad attivitá lipolitica. La scelta é ricaduta su di un gene, 
annotato come putative carboxylesterase, la cui sequenza amminoacidica é risultata 
identica al 36% per 114 amminoacidi, ad una carbossilesterasi Est2 da 
Alicyclobacillus acidocaldarius (1QZ3A). Il gene é stato clonato ed espresso in 
opportuno vettore e la proteina, ThaEst2349, prodotta ad alte rese in forma solubile. 
La presenza di una coda di sei istidine all’estremitá C-terminale ha facilitato la 
procedura di purificazione della proteina, in termini qualitativi e quantitativi, che é 
risultata pura al 98%. 
Un’ampia caratterizzazione funzionale e strutturale della proteina ricombinante é 
stata effettuata per identificare il pH ottimale, la temperatura ottimale, e valutare la 
termostabilitá, l’attivitá esterasica in presenza di cationi metallici, possibili inibitori, 
detergenti e solventi organici. Tutti i saggi di attivitá spettrofotometrici sono stati 
condotti in presenza di substrati sintetici quali esteri del p-nitrofenile con catene 
aciliche a lunghezza variabile misurando spettrofotometricamente a 405 nm il rilascio 
del prodotto, paranitrofenolo, a seguito della reazione enzimatica. 
 

Risultati conseguiti 

L’enzima ThaEst2349 si é rivelato particolarmente attivo a pH 8,5 in presenza del 
tampone Tris-HCl. L’attivitá elevata riscontrata a pH alcalino é dovuta alla 
protonazione del residuo di istidina coinvolto nella triade catalitica; questo risultato ci 
ha permesso di considerare l’enzima una esterasi alcalina. La temperatura ottimale 
dell’enzima é risultata pari a 45°C mentre una completa inattivazione dell’enzima é 
stata riscontrata ad una temperatura pari a 70°C. 
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Un’altra interessante proprietá enzimatica riscontrata é stata l’elevata termostabilitá a 
40°C dopo un’incubazione di 2 ore. Una spiegazione di tale comportamento risiede 
nell’elevata flessibilitá strutturale dell’enzima psicrofilo, dovuta a un numero ridotto di 
legami idrogeno e ad un aumento del numero di residui di metionina, se comparato 
con altre strutture di esterasi. 
L’enzima ricombinante ha mostrato specificitá di substrato verso esteri del p-
nitrofenile a catena corta dai due ai cinque atomi di carbonio (C2-C5). Il substrato p-
nitrofenil acetato (C2) é risultato quello ottimale. Questo dato conferma la natura 
esterasica dell’enzima. 
Per meglio comprendere le caratteristiche dell’enzima, in vista di un suo possibile 
utilizzo come catalizzatore di sintesi organica, siamo andati a valutarne l’attivitá in 
presenza di solventi organici. Una notevole inattivazione si é avuta in presenza di 
solventi quali metanolo, acetonitrile, etanolo e acetone. Tuttavia, l’enzima ha 
mostrato attivitá in presenza di DMSO (dimetilsolfossido), glicerolo ed etere dietilico. 
Saggi effettuati in presenza di un agente chelante, quale l’EDTA 
(etilediamminotetracetico), non hanno mostrato alcun effetto sull’attivitá enzimatica a 
differenza di cationi metallici quali Fe2+ e Cr2+ che hanno totalmente inibito l’enzima 
se presenti ad una concentrazione pari a 10mM. Invece, l’aggiunta di cloruri metallici 
quali,  CuCl2, MnCl2, HgCl2, SnCl2, CoCl2, LiCl, NiCl2, non ha portato ad alcun effetto 
inibitorio nei confronti dell’esterasi. 
Detergenti non ionici testati hanno incrementato l’attivitá enzimatica a differenza di 
quelli ionici, quali SDS (sodio dodecil solfato) o del CTAB (bromuro di cetil-
trimetilammonio) quale surfattante cationico con effetti tossici sull’esterasi. 
Considerando che l’enzima é stato isolato da un batterio marino, siamo andati a 
valutare la stabilitá e solubilitá dell’enzima in presenza di elevate concentrazioni di 
sale. Questo dato avvalora in suo possibile impiego di biocatalizzatore in determinati 
settori industriali.  
Il cristallo della proteina é stato ottenuto con una buona risoluzione pari a 1.7 Å. Da 
una cromatografia ad esclusione molecolare la proteina é risultata essere un dimero 
in soluzione ed, in termini di struttura cristallografica, le due catene A e B formano un 
dimero funzionale. Nota la struttura cristallografica, l’analisi strutturale sulle 
caratterisitiche psicrofile dell’enzima é stata portata avanti per confronto con altre 
esterasi ipertermofile, PcEstE, StoEst ed Est2, isolate da Pyrobaculum calidifontis, 
Sulfolobus tokodaii ed Alicyclobacillus acidocaldarius, rispettivamente. 
 
 
3) Identificazione e caratterizzazione funzionale di una nuova esterasi psicrofila 
isolata mediante functional screening a partire da una library metagenomica. 
 
Una delle tecniche “omiche” nota come metageomica é stata utilizzata per 
l’identificazione di un nuovo enzima ad attivitá lipasica da utilizzare come 
biocatalizzatore nel campo delle biotecnologie industriali. L’intento é stato quello di 
voler isolare il gene da quella parte di microrganismi, esistenti ma non coltivabili in 
laboratorio, che popola le regioni artiche; nello specifico, sedimenti marini prelevati 
nell’ambito di una spedizione scientifica presso le Lofoten e le isole Svalbard.  
L’estrazione del DNA metagenomico é stato effettuato a partire da tre campioni 
ambientali di natura diversa: CTD241-86, CTD249-119 e HH596.  
Il protocollo di estrazione é stato ottimizzato per ottenere un DNA qualitativamente 
ottimale e quantitativamente sufficiente per la costruzione di tre librerie 
metageomiche. I frammenti di DNA delle dimensioni di circa 40 Kb sono stati clonati 
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all’interno di un vettore fosmidico. Il DNA cosí ottenuto é stato impacchettato in 
particelle fagiche, utilizzate poi per infettare cellule di E. coli EPI300. Le cellule sono 
state piastrate in presenza di un agente selettivo, quale il cloramfenicolo, ed un 
numero pari a 384, 1000 e 2500 di cloni fosmidici é stato ottenuto per ciascuna 
library, rispettivamente. 
Le colonie ottenute sono state trasferite su piastre contententi un substrato sintetico, 
la tributirrina, per identificare i cloni fosmidici contenenti geni codificanti per esterasi e 
lipasi. I cloni risultati positivi su piastra sono stati sequenziati e, mediante analisi 
bioinformatica, é stato individuato un gene codificante per una putativa lipasi di 
classe 3. 
Si é deciso pertanto di clonare il gene ed esprimerlo, tramite un opportuno vettore, in 
un ospite eterologo quale E. coli BL21DE3. La resa di produzione della proteina 
ricombinante, Lip3, in forma solubile, non é stata elevata ma sufficiente ad effettuare 
una caratterizzazione biochimica per meglio comprenderne un possibile utilizzo 
quale biocatalizzatore. 
 
Risultati conseguiti 

 
L’effetto del pH sull’attivitá enzimatica é stato valutato in un ampio intervallo che va 
da pH 5,0 a pH 10,5 in presenza di vari tamponi. L’attivitá piú elevata per Lip3 é stata 
osservata a pH 8,0. La temperatura ottimale dell’enzima é risultata invece pari a 
35°C mentre una completa inattivazione dell’enzima é stata riscontrata ad una 
temperatura pari a 70°C. 
L’enzima si é mostrato, inoltre, particolarmente stabile alle alte temperature. Infatti, 
persino a 60°C, dopo un’incubazione di 1 ora, il catalizzatore manteneva un’attivitá 
pari quasi al 90% rispetto a quella rivelata, nelle stesse condizioni sperimentali, in 
assenza di incubazione. Ancora una volta, la spiegazione di tale fenomeno risiede 
nell’elevata flessibilitá strutturale dell’enzima psicrofilo, soprattutto in corrispondenza 
del sito attivo, rispetto alle controparti mesofile. 
L’enzima ricombinante ha mostrato una migliore specificitá di substrato verso il 
paranitrofenilacetato ma é stato in grado di degradare anche esteri del paranitrofenile 
a catena piú lunga, fino ad un massimo di otto atomi di carbonio. 
L’effetto dell’attivitá di Lip3 in presenza del cloruro di sodio a varie concentrazioni, ha 
portato ad individuare un notevole incremento dell’attivitá enzimatica sia in termini di 
solubilitá che di stabilitá.  
L’attivitá di Lip3 in presenza di EDTA, DTT (ditiotreitolo), PMSF (fenil-metil-sulfonil-
fluoruro) e β-mercaptoetanolo ha mostrato un decremento dovuto ad un effetto 
inibitorio dei vari composti se aggiunti ad una concentrazione pari a 10mM. 
L’inibizione da PMSF puó essere spiegata in termini di inattivazione della serina, 
presente nella triade catalitica, e coinvolta in qualitá di nucleofilo nella reazione 
catalitica che avviene nel sito attivo. L’inibizione da DTT, invece, é da attribuirsi ad 
un ipotetico ponte disolfuro esistente. Non disponendo della struttura cristallografica,  
é stato costruito un modello di struttura 3D tramite modelling per omologia della 

sequenza dell’enzima di interesse con altri templati. 
Le strutture scelte appartengono ad una triacilglicerolo lipasi da Yarrowia  lipolytica 
(PDB ID: 3O0D), una lipasi da Gibberella zeae (3NGM), una lipasi da Penicillium 

expansum (3G7N) e da Serratia marcescens (2QUB).  
Un’analisi della superfice accessibile al solvente, ne mostra una natura idrofobica del 
59,6%, che lascia presagire una possibile interazione con solventi organici.  
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1. Understanding Bioprospecting  
 
The earth is rich in biological material that may not be completely understood. It’s 
often the case that remote areas use biological cures for disease that are not 
produced in laboratory and have not yet been packaged and patented by some 
companies. Great potential exists in these traditional medicines from small countries, 
and this has led to increased interest, in particular by advanced countries, in finding 
prospective beneficial biological substances, developing them through biotechnology 
and patenting them.  
This methodical search in nature for novel bioactive compounds is called 
bioprospecting and includes whole organisms, genes, chemical compounds, micro 
and macroorganisms. The term “bioprospecting” is usually credited to Thomas 
Eisner, a chemical ecologist who wrote an article in 1989 entitled “Prospecting for 
nature’s chemical riches” [1]. Years later, the Convention on Biological Diversity 
(CBD) Secretariat defines bioprospecting as “the exploration of biodiversity for 
commercially valuable genetic and biochemical resources” [2]. 
In recent years, the bioprospecting efforts are often characterized by high-throughput 
approaches, where robotized technologies are used to screen through large numbers 
of samples from specific environments or class of organisms. The screening of 
microbial natural products continues to represent the main route in order to discover 
novel bioactive and therapeutic compounds.  
A prospecting program might include collection of the material, screening to protect 
intellectual property interests and the eventual development of a commercial process 
or new products which may include modification of the chemical structure to increase 
efficacy. 
Bioprospecting may also include downstream testing and the development of other 
substances derived from the initial discovery. Final stages of the process include 
manufacturing and plans for larger scale production and marketing of the product [3]. 
Bioprospecting usually requires the collection of a very limited amount of biomass for 
the initial discovery. Even if further collections may be required after a promising 
discovery, bioprospecting generally does not involve risks to biodiversity in 
comparison with the large biomass removals involved in harvesting resources for 
food or mineral exploitation. 
Hence, the commercialization aspects of bioprospecting and potential profitability 
remain the critical aspects regarding its legal definition. The distinction lies between 
Marine Scientific Research (MSR) [4] and bioprospecting, as concerns any property 
rights arising from the planned future development of marine genetic resources 
discovered on scientific expeditions, is the subject of ongoing debate. 
The concerns are that: 

• Very little is known about the conservation status of many species used as 
sources of marine genetic resources 

• Many species occur in vulnerable and fragile ecosystems 
• The effect on ecosystems of removal of marine genetic resources is poorly 

understood 
 

Marine bioprospecting 
Marine environments, including the subsurface, are believed to contain a total of 
approximately 3.67 × 1030 microorganisms. Roughly 71% of the earth's surface 
covered by the ocean, this environment represents 80% of life on earth, and an 
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enormous pool of potential microbial biodiversity and exploitable biotechnology or 
blue biotechnology [5].  
Marine bioprospecting is the action of searching for unknown organisms or genes 
that can constitute the basis of a new biological product, such as a drug or cosmetic. 
It has increased rapidly in recent years. Today, more than 18,000 natural products 
have to date been developed from about 4,800 marine organisms, and the number of 
natural products from marine species is growing at a rate of 4% per year. The marine 
environment represents a likely source of future products, as life there has been 
much less extensively explored than on land.  
Much of the marine biome under-investigated and the prospect for new and unique 
findings is high, especially in the microbial realm with a very rich variety of 
organisms, mostly of them undescribed [6].  
Advances in technologies for observing and sampling the deep ocean, such as 
remotely operated vehicles (ROVs), have given access to unexplored areas to 
scientific research. Coordinated scientific efforts such as the Census of Marine Life 
(Census of Marine Life: http://www.coml.org) have contributed to scientific research, 
resulting in many new and exciting discoveries. At the same time, high throughput 
genome sequencing, metagenomics and bioinformatics, have increased our ability to 
investigate and make use of marine genetic material. 
Since 1999, the number of patents of genetic material from marine species has 
increased at the rate of 12% per year. Marine species are about twice as likely to 
yield at least one gene in a patent than their terrestrial counterparts. 97% of natural 
products of marine origin are from eukaryotic sources (organisms with complex 
cells), and sponges alone accounting for 38% of the products [6]. 
By the end of 2007, only 10 compounds had been reported from deep ocean and 
ocean trench environments, with a further seven identified in 2010. Fewer than 10 
marine natural products have so far been reported from hot vent bacteria [7]. 
It is expected that the rate of discovery will continue to increase as technology 
develops. Conservation and sustainably use of marine biological diversity in areas 
beyond national jurisdiction (ABNJ) is one of the most long debated issue in 
international forum.  
 
Bioprospecting in polar regions  
Bioprospecting of marine environments is conducted almost exclusively in regions at 
extreme depths in the high seas or on the deep seabed below, specifically around 
sub-marine trenches, cold seeps, seamounts and hydrothermal vents.  
Polar regions are home to an enormous diversity of organisms, which are well 
adapted to the extreme conditions of their marine habitats. This makes these arctic 
species very attractive for marine bioprospecting. 
As a process, marine bioprospecting generally consists of four phases: 

• Phase 1: on-site collection of samples; 
• Phase 2: isolation, characterization and culture of specific compounds;  
• Phase 3: screening for potential uses, such as pharmaceutical or other uses; 
• Phase 4:product development and commercialization, including patenting, 

trials, sales and marketing [8]. 
Due to their location and characteristics, extremophilic organisms are difficult and 
expensive to access and study. Pure research projects have difficulty financed 
expeditions. Companies can be unwilling to undertake the financial risks of 
exploration in the absence of clear rules regarding ownership of the genetic 
resources in these areas. The significant expenses involved have led to a number of 



 

10 
 

public/private partnerships in which private companies finance public research 
expeditions, which then pass samples to the companies for commercial research.  
The biotechnology based on polar genetic and molecular aspects includes several 
key areas including enzymes, anti-freeze proteins, bioremediation, pharmaceuticals 
and other health related applications such as dietary supplements (nutraceuticals) 
and cosmetics. The commercialization of research expedition results based on 
marine bio-prospecting requires a long-term perspective, a cross-disciplinary 
approach, business expertise, sufficient capital and a willingness to take risk. 
 
2. Metagenomic and genomic approach 
 
This record of discovery on bioactive organisms and compounds, coupled with the 
knowledge that there is a largely undiscovered diversity of microorganisms, supports 
the issue for bioprospecting in polar regions. There is a particular interest in marine 
species that live in extreme environments, such as hydrothermal vents and 
seamounts. The capacity of deep, cold and hot vent ecosystems to produce novel 
chemistry and genes have been under-investigated, despite indications that 
biodiversity is high. 
The challenge is to access the organisms, by bringing them into laboratory culture, or 
to access the genetic information, through genomics and metagenomics [9].  
The combination of a culture-dependent and culture-independent technique has been 
considered the best approach towards a better understanding of how 
microorganisms survive and function in such extreme environments [10]. Two 
different approaches, genomics and metagenomics, can be utilized to implement a 
culture dependent or independent approach respectively. 
Genomics can be defined as the study of the genetic complement of a single 
organism. 
Metagenomics refers to all of the genetic information of a natural assemblage 
equivalent to the genomes of all of the organisms in the sample [11]. 
 
Culture-dependent method 
The development of techniques for analysis of 16S rRNA gene sequences unnatural 
samples has enhanced our ability to identify bacteria in terms of unique and 
previously unrecognized microorganisms [12]. The most application of culture-
dependent procedure in community analysis were carried out using synthetic medium 
supplemented with various nutrients [13,14]. 
Cultured microbes remain useful as they provide a mechanism to help pair genetic 
potential with physiology of isolated organisms but they do not necessarily provide 
comprehensive information on the composition of microbial communities and on the 
assessment the significance of cultured members in resident microbial communities. 
For example, culture-independent molecular methods have been employed to show 
that cultivated microorganisms from both temperate and extreme environments often 
may represent very minor components of the microbial community [15] because the 
most abundant environmental microbes are often the most difficult to grow in the 
laboratory since their metabolic and physiological requirements cannot be 
reproduced in vitro [16]. 
Hence, efforts are now underway to improve cultivation and sequencing 
technologies. Most of the marine compounds that have been successfully screened 
and structurally elucidated so far originate from isolated and culturable 
microorganisms, especially bacteria [17].!
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It is easy to understand that, if the scientific aim is to explore extreme environments 
with respect to the presence of novel biocatalysts, then there is a need to introduce 
metagenomic as culture-independent approach paired to an optimized heterologous 
expression system.!
 
Culture-independent method 
It has been reported that only 0.001–0.1% of the microorganisms which live in 
seawater, 0.25% in fresh water, 0.25% in sediments and only 0.3% of soil 
microorganisms are cultivable. Contrarily, typically 99% of the microbial diversity in 
any habitat is not accessible using classical microbiological cultivation technologies. 
So it stands to reason that many more genetic sequences valuable for products are 
yet to be discovered [18,19].  
Metagenomics is an extremely useful technique to access the uncultured majority, 
and can be broadly defined as the study of microbial communities using high-
throughput DNA sequencing technology without requirement for laboratory culture 
[20]. Metagenomics revolves around two categories of discovery:  

• Microbial biocatalysts for synthesis and production of secondary metabolites 
as bioactive products; 

• Genes or gene clusters encoding enzymes or enzyme systems applicable to 
product synthesis and development [21]. 
 

Methodology and strategy in metagenomics 
The experimental methodology for metagenomics consist of collecting desired 
samples and involves direct extraction of the entire genomic DNA from an 
environmental sample. Then, after a size-selection of the total DNA, DNA fragments 
are cloned into a suitable vector and then transferred into host cells, followed by 
sequence-based or function-based screening (Fig1). Although E. coli is commonly 
used, other hosts are also employed for additional expression capabilities.  
 

 
 
                       Fig1: Metagenomic expression library construction (www.scq.ubc.ca/?p=509) 

 
DNA is sequenced at random and the genome sequences assembled using the most 
sophisticated computer technology available. The development of next generation 
DNA sequencing technologies in many centers has provided greatly enhanced 
capabilities for sequencing large meta-datasets.  
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This technology has created new opportunities for the pursuit of large scale 
sequencing projects that were difficult to imagine just several years ago. With this 
extraordinary and powerful set of sequencing tools now available, it is not a surprise 
that metagenomics has become one of the fastest growing scientific disciplines. 
The new generation of sequencing technology (NGS) and Massively Parallel 
Sequencing (MPS) are often used interchangeably to refer to high throughput 
sequencing technologies. Sequencing by Synthesis (SBS) refers specifically to 
Illumina sequencing technology with its ability to sequence thousands of organisms 
in parallel. As a result, the sequencing of microbial genomes has become routine. 
Recent technical improvements allow nearly complete genome assembly from 
individual microbes directly from environmental samples or clinical specimens, 
without the need to develop cultivation methods [22]. 
At the moment, six platforms from the second and! the third generation sequencing 
technologies are available!with most platforms requiring short template DNAs (200–!
1000 bp) and with each template containing a forward and reverse site (Table 1) 
[23,24]. 
 
 
!

 
Table1: Technical specifications of Next Generation Sequencing platforms (Nikolaki et al., 2013) 

 

The biotechnological implications result from the possibility of recognizing new and 
heretofore unknown genes, gene products and processes suggested from the 
sequence. Once identified, the ‘lead genes’ can be isolated, cloned and expressed in 
suitable microbial hosts using existing molecular tools [25]. 
A huge number of natural products exist in non-culturable microbes with chemical, 
biological, and functional activities for potential uses in various industrial and 
biomedical applications [11]. In fact, unique bioactive compounds have been 
discovered through metagenomic cloning and expression of genomic DNA of 
uncultured terrestrial microbes, including terragines, violacein, indirubin, and 
turbomycins. Similar works on uncultured marine microorganisms such as sponges 
and ascidians introduced drugs such as cephalosporins (anti-microbial), cytarabine 
(anti-cancer), and vidarabine (antivirus), which are well established on the 
pharmaceutical market [26].  
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Novel biocatalysts from metagenome 
Functional analysis of the metagenomic data plays a central role in such studies by 
providing important clues about functional and metabolic diversity [27].  
Sequence-similarity-based screening and activity-based screening may retrieve 
valuable catalysts from the metagenome but the activity based approach holds more 
potential for identifying entirely novel active sequence [19].  
There is clearly demand for novel enzymes and biocatalysts, and metagenomics is 
currently thought to be one of the most likely technologies to provide the candidate 
molecules required. In the industrial field, metagenomics is focused on prokaryotes 
since their genomes can easily be targeted by the functional screening tools 
available today [28-30].  
In particular, useful biocatalysts from microbial resources are becoming popular with 
chemical industries as indispensable for the modern organic chemistry [31]. It is 
estimated that in 10% of processes may provide a superior synthetic solution over 
classical chemistry [32] and for this reason, the availability of an appropriate 
biocatalyst is now thought to be a limiting factor for any biotransformation process 
[33]. To be employed in any industrial application, enzymes need to function well 
according to several specific parameters, as activity, stability, specificity and 
efficiency.  
Metagenomics and the derived biomolecules can offer industry a specific contribution 
to every industrial field:  
- For industries that produce bulk products, for example in terms of detergent 
formulas. An enzyme backbone with peculiar functionality with a new sequence 
would be very attractive for patenting [34]. 
- For the pharmaceutical fine chemicals industries which need often to find multiple 
diverse biocatalysts to build internal toolboxes for biotransformations [35].  
- For the discovery of elusive metabolites: many pharmacologically active secondary 
metabolites are produced by bacteria that live in complex consortia, or by bacteria 
that inhabit niches that are difficult to reconstitute in vitro [36].  
This overview on Metagenomic applications in the discovery and development of 
novel enzymes highlights this omic technique as factors that could change the 
landscape of enzyme technology [21]. 
As for any technique there are advantages, it has been reported that in highly diverse 
environments, metagenomic approaches have not been so successful since the 
assembly is extremely challenging due to the highly heterogeneity of these samples. 
A way to overcome this issue is to use a single cell genomics approach that has 
been recently developed to permit the genome analysis of individual community 
members [37,38]. !
!

!

3. Psychrophilic enzymes 
 
Microorganisms represent a powerful resource for novel enzymes, biocatalysts and 
biologically active compounds [39]. Some microorganisms are able to survive in 
unusual environmental conditions, including the high temperatures of volcanic hot 
springs, the low temperatures of polar regions, high pressures in deep seas, very 
high salt concentrations, or very high and low pH values [40]. These microorganisms 
can be divided into three groups: psychrophiles, mesophiles, and thermophiles, 
depending on their optimal growth temperatures.  
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Psychrophiles are one of the most underutilized resources and there is not so much 
reported in the literature, about the biology of microorganisms in cold environments, 
especially in Polar Regions, but this scenario is changing. The new high-throughput 
DNA sequencing technologies have revolutionized the exploration of polar 
microbiology revealing microbial ecosystems with unexpectedly high levels of 
diversity and complexity. 
Large proportion of our planet is cold and most ecosystems are subjected to low 
temperatures since ~70% of the Earth's surface is covered by oceans that have a 
constant temperature of 4–5°C below a depth of 1,000 meters. In order to maintain 
metabolic rates even at low temperatures, psychrophiles contain thermolabile 
enzymes, named “cold-active enzymes”.  
The high specific activity at low temperature of cold-adapted enzymes is a key 
adaptation to compensate the exponential decrease in chemical reaction rates when 
the temperature is reduced. Such high biocatalytic activity arises from the 
disappearance of various non-covalent stabilizing interactions, resulting in an 
improved flexibility of the enzyme conformation. It is known that this adaptive feature 
is genetically encoded within the protein sequence and results from a long-term 
selection. 
Most psychrophilic enzymes have in common one property: a heat-labile activity, 
unrelated to the protein structural stability. Furthermore, the active site seems to be 
the most heat-labile structural element of these proteins. Activity of the cold-active 
enzyme is lost before the protein unfolds [41,42].   
Due to their high specific activity at low temperatures and their rapid inactivation at 
higher temperatures, extremozymes offer a great potential as biocatalysts in 
biotechnology and in food processing [43].  
These specific traits are responsible for the three main advantages of cold active 
enzymes in biotechnology:   

- lower concentration of the enzyme is required due to their high activity and this 
can reduce the amount of costly enzyme preparation in an industrial process;  

- efficient activation in tap water or room temperature, therefore avoiding 
heating during a process, either at domestic or industrial levels;  

- efficient inactivation due to their heat lability.  
Directed evolution experiments have highlighted that, in theory, cold activity of 
enzymes can be gained by several subtle adjustments of the protein structure [44]. 
Amino acids present on the protein surface of cold marine active enzymes have been 
shown to play critical roles in both activity in cold and in high salinity, with increased 
activity and improved folding at higher concentrations of salt [45,46]. In fact, 
halophilic proteins have also been found to contain a low content of bulky 
hydrophobic side chains on their surface, due to a reduced number of larger 
hydrophobic amino acid residues (phenylalanine, isoleucine, and leucine) compared 
to non-halophilic proteins [47-49].  
Published studies of extremophilic enzymes have also shown a mechanism of 
adaptation of enzymes to function in organic solvent [50]"! Such enzymes may be 
useful for both biofuel and bioenergy applications, where large quantity of ethanol or 
other organic solvents are produced![51]!and for synthetic chemistry, especially when 
catalysis of desired chemical reactions requires the presence of organic solvents 
[52,53]. !!
The high activity of psychrophilic enzymes at low and moderate temperatures offers 
potential economic benefits, for example, through substantial energy savings in 
large-scale processes that would not require the expensive heating of reactors.  
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4. Lipases and esterases 
 
Carboxylesterases (carboxyl ester hydrolase) include two groups of enzymes, 
namely non-specific esterases (EC 3.1.1.1) and lipases (EC 3.1.1.3) which have 
been early differentiated on the basis of their substrate specificity [54].  
Lipases are ubiquitous enzymes that catalyze the breakdown of fats and oils with 
subsequent release of free fatty acids, diacylglycerols, monoglycerols and glycerol 
(Fig.2) [55].  

 
Fig.2 The catalytic action of lipases. A triglyceride can be hydrolyzed to form glycerol and fatty acids, or the 

reverse (synthesis) reaction can combine glycerol and fatty acids to form the triglyceride. (Jaeger et al.1998). 

 
Lipases and esterases have received attention, as evidenced by the increasing 
amount of information about these enzymes from the current literature. 
One important aspect of lipolytic enzymes is the unique physico-chemical character 
of the reactions they catalyse at lipid-water interfaces. Lipases were previously 
defined in kinetic terms, based on the “interfacial activation” phenomenon, in terms of 
the increase in the activity which occurs when a partially water-soluble substrate 
becomes water-insoluble [56]. This process was not observed among esterases.  
The first microbial lipase was found from Penicillium Oxalicum and Aspergillus flavus 
in 1935 by Kirsh [57]. Thereafter, four cold-adapted lipases were isolated from 
Moraxella by Feller et al. (1990).  
Lipases were classified by Vorderwulbecke, Kieslich and Erdmann (1992) as 
enzymes that hydrolyze and also synthesize esters; they can also act regardless of 
the presence of an interface, under well-established conditions, retaining catalytic 
activity in either organic or non-organic solvents. This new definition poses a 
challenge to define lipolytic activity, and to select the standard assay [58]. 
Arpigny and Jeager categorized prokaryotes-derived lipolytic enzymes into 8 families 
[59] on the base of sequence identity and biochemical properties and revealed to be 
useful against the increasing number of bacterial lipases and esterases.  
Family I covered the 6 subfamilies of true lipase which principally catalyzed the 
hydrolytic reactions on substrates with long acyl chains. Carboxyl esterase families 
were grouped into Family II, called GDSL family. Family III and Family IV (also called 
HSL family). Subsequent studies led to the discovery of new enzymes that could not 
be classified in the previous discovered 8 families. The 9th family of bacterial 
esterases (Family IX) was created when nPHB depolymerase PhaZ7 was discovered 
[60]. The hyperthermophilic esterase EstD from Thermotoga maritime was 
categorized into Family X. Metagenomic derived lipolytic enzymes LipG [61] and 
LipEH166 [62] were identified as 1th and 12th bacterial esterase family members. 
Family XIII started from the discovery of esterase Est30 from Geobacillus 
stearothermophilus [63,64] through 3D structural characterisation that revealed a 
three-helix cap domain and an a/b hydrolase fold domain with a peculiar topological 
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structure. The most recently found bacterial lipolytic family is Family XIV with 
thermostable esterase EstA3 as typical member [65]. Recently, two novel 
thermostable bacterial lipases, LipS and LipT, have been identified by functional 
metagenomic screenings [66].  
!

!

!

!

!

Fig.3 Protein structure of LipS. A) LipS monomer according to secondary structure elements. B) Surface 
representation of the LipS monomer with the lid-domain (β6, β7, αD1′) in red. The active site pocket identified by 
green colour. C) The catalytic triad residues of LipS are properly placed to establish hydrogen bond. (Chow et al. 
2012). 

!

The lypolitic enzymes active site is formed by a catalytic triad, highly conserved, 
consisting of the amino acids serine, aspartic (or glutamic) acid and histidine; the 
nucleophilic Ser residue is located at the C-terminal end of strand β5 in a highly 
conserved pentapeptide GXSXG, forming a characteristic β–turn–α motif named the 
“nucleophilic elbow”. The conserved pentapeptide and the reaction mechanism is the 
same as for esterases [55].  
In most lipases, a mobile element covers the catalytic site in the inactive form of the 
lipase. This ‘lid’ consists of one or two short α-helices linked to the body of the lipase 
by flexible structure elements. In the open, active form of the lipase, the lid moves 
away and makes the binding site accessible to the substrate. The lid is not found in 
some lipases and esterases [67].!!
Esterases accept esters with an acyl side chain shorter than ten carbon atoms as a 
substrate; esterase activity is found to be highest towards more water-soluble 
substrates. Like lipases, esterases have been shown to be stable and active in 
organic solvents, though this feature is more pronounced with lipases. 
Lipases and esterases features portend their employment as valuable biocatalysts in 
biotechnological applications. 
 
 
5. Biotechnological applications of lipolytic enzymes 
 
Microorganisms are able to produce high yields of lipases. The hydrolysis and 
usually, the synthesis of esters catalized by lipolytic enzymes, proceed with high 
region- and/or enantioselectivity. The biotechnological potential, assigned to this 
class of enzymes, is due to some peculiar properties: stability in organic solvents, 
broad substrate specificity, no cofactor requirement, activity over range of pH and 
temperature, high enantioselectivity. 
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Microbial lipases are mostly extracellular and they can be produced by fermentation. 
After the purification step, the enzyme is ready to be tested as biocatalyst [68]. 
Sometimes purification costs are too high and companies prefer to use the whole 
cells as biocatalyst [69]. 
Nowadays commercial use of lipase is a billion dollar business that comprises a wide 
variety of different applications (Table 2) [70]. 
 
Table 2 : industrial applications of microbial lipases (Sharma et al. 2011). 
 

Industry Action Product or application 

Detergents Hydrolysis of fats Removal of oil stains from fabrics 
Dairy foods Hydrolysis of milk fat, cheese ripening, 

modification of butter fat 
Development of falvoring agents in milk, 
cheese and butter 

Bakery foods Flavor improvement Shelf-life prolongation 
Beverages Improved aroma Beverages 
Food dressings Quality improvement Mayonnaise, dressings and whippings 
Health foods Transesterification Health foods 
Meat and fish Flavor development Meat and fish products; fat removal 
Fats and oils Transesterification; hydrolysis Cocoa butter, margarine, fatty acids, glycerol, 

mono- and diglycerides 
Chemicals Enantioselectivity, synthesis Chiral builidng blocks, chemicals 
Pharmaceuticals Transesterification, hydrolysis Specialty lipids, digestive aids 
Cosmetics Synthesis Emulsifiers, moisturizers 
Leather Hydrolysis Leather products 
Paper Hydrolysis Paper with improved quality 
Cleaning Hydrolysis Removal of fats 

 
 

Lipases in food industry 
Lipases have become an integral part of the modern food industry [71]. It is useful for 
the production of flavours in cheese and for interesterification of fats and oils. It also 
accelerates the seasoning of cheese and lipolysis of butter, fats and cream.  
Lipases are also used for the conversion of triacylglycerols to diacylglycerols and 
monoacylglycerols and these products gives rise to non-esterified fatty acids and 
fatty acid propan-2-yl esters. Another use of these enzymes is the production of 
maltose-and lactose-like sugar fatty acid esters. 

Some methods utilizes the immobilized Rhizomucor miehei lipase for 
transesterification reaction that replaces the palmitic acid in palm oil with stearic acid. 
Immobilized lipases from Candida antarctica (CAL-B), C. cylindracea AY30, 
Humicola lanuginosa, Pseudomonas sp. and Geotrichum candidum are being used 
for the esterification of functionalized phenols for synthesis of lipophilic antioxidants 
that can be used in sunflower oil [72].  
 

Lipases in the resolution of chiral compounds 
In all biological system chirality is predominant. When these enantiomers are present 
in equimolecular amounts within a mixture, the resultant mixture is named racemic. 
The lipases are used in organic chemistry for the resolution of enantiomeric 
compounds. Lipases have been used for the production of pure biologically active S-
enantiomer of Sulcatol transesterification of cyanohydrin compounds and 
epoxyesters. Lipases from Candida cylindracea has been applied to the resolution of 
2-Bromopropionic acids and 2-Chloropropionic acids which are starting materials for 
the synthesis of phenoxy propionic herbicides.  
Members of the lipase family have been found to be particularly suitable for such 
applications and lipases from Candida cylindracea, C. antarctica, Porcine pancreas 
lipase have been used to resolve the enantiomers of flurbiprofen, naproxen, 
ibuprofen and suprofen [73,74].   
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The S-enantiomer of flurbiprofen (2-fluoro-α-methyl-[1,1-biphenyl]-4-acetic acid) 
possesses most of its antiinflammatory action, but the presence of the R-enantiomer 
is reported to greatly enhance its gastrointestinal toxicity [75]. This makes the 
resolution of the enantiomers of this drug particularly desirable.  
 
Lipases as biosensor  
The quantitative determination of triacylglycerol by lipases as biosensor is of great 
importance in clinical diagnosis and in food industry, compared to the chemical 
methods, for the determination of tryacylglycerols. An analytical biosensor was 
developed for the determination of lipids for the clinical diagnosis [76]. Candida 
rugosa lipase biosensor from Candida rugosa has been developed as a DNA probe 
[77]. 
 
Lipase in detergents  
Enzymes can reduce the environmental load of detergent products saving energy by 
working at lower wash temperature. These enzymes are biodegradable, so they do 
not leave any harmful residues and risks for aquatic life [78]. Lipases have also been 
used to clean clogged drain which is due to the food and non-food material 
deposition. In 1992, Novo Nordisk introduced the first commercial recombinant lipase 
‘Lipolase’ originating from fungus Thermomyces lanuginose which was expressed in 
Aspergillus oryzae [55].  
 
Lipases in bioremediation  
Oil spills in refinery could be handled by the use of lipases [79]. Another important 
application has been reported for the degradation of polyester waste, removal of 
biofilm deposits from cooling water systems and also to purify the waste gasses from 
factories [80].  
 
Lipases in cosmetics and perfumery 
Lipases have potential application in cosmetics and perfumeries because they shows 
activity in surfactants and in aroma production [81]. Their use in personal care gives 
products of much higher quality with minimum downstream in refining process.  
 
Lipases in paper making industry 
The hydrophobic components of wood, named picht, can be removed by lipases 
during paper making processes. Candida rugosa lipases were used by Nippon Paper 
Industry, Japan, to develop a pitch control method to hydrolyse 90% of wood 
tryglycerides [55].  
With the above showed prospect of recombinant lipase enzyme and the employment 
of lipolytic enzymes in other industrial fields, there is a need in improving the 
properties of existing lipases for established improved technical applications. The 
modern methods of genetic engineering combined with an increasing knowledge of 
structure and function are allowing further adaptation to industrial needs and the 
exploration of novel applications [70]. 
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6. Aim of the thesis 
 
The aim of this project was to discovery new biocatalysts isolated from marine 
bacterial strains and sediments samples collected in the Arctic region by using two 
different approaches: genomic and metagenomic respectively. 
Work description has been organised in the following sections: 
SECTION I 

- Analysis of 100 marine bacteria collection in terms of bacterial 16S phylogeny; 
- Implementation of functional-based screenings methods to identify novel cold 

active extracellular classes of enzymes (cellulase, amylase, chitinase, 
xylanase, esterase, DNase, protease and gelatinase) from the above 
mentioned bacteria collection; 

- Isolation of an esterase/lipase encoding gene from an Arctic genome 
sequenced bacterium; 

- Recombinant production of selected enzyme; 
- Purification, structural/functional characterization of selected enzyme. 

 
SECTION II 

- Optimization of protocols for extracting environmental DNA and constructing 
metagenomic libraries; 

- Optimization of functional screening procedure to isolate positive fosmid 
clones containing genes encoding novel cold-adapted biocatalysts; 

- Identification of a fosmid containing an ORF encoding a gene with potential 
esterase/lipase activity;  

- Recombinant production of the selected enzyme; 
- Purification, structural/functional characterization of the selected enzyme. 
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Abstract:  
We have investigated the biotechnological potential of marine Arctic bacteria for their 
ability to produce a broad spectrum of cold-active enzymes. Marine bacteria 
exhibiting these features are of great interest for both fundamental research and 
industrial applications. Biota and sediment samples has been collected during recent 
expeditions around the Lofoten and Svalbard islands and bacteria were also isolated 
from this material and identified through 16S rRNA sequence analysis for the 
purpose of establishing a culture collection of marine Arctic bacteria. 
Herein, we present the functional screening for different extracellular enzymatic 
activities from 100 diversely chosen microbial isolates incubated at 4- and 20°C. The 
production of esterase, DNase and protease activities were revealed in more than 
45% of the strains, while approximately 41%, 23%, 9% and 7% of the strains 
possessed amylase, chitinase, cellulase and xylanase activities, respectively. Our 
findings indicated that phylogenetically diverse bacteria including many new species 
could be cultured from the marine arctic environment. The Arctic polar environment is 
still an untapped reservoir of biodiversity for bioprospecting.  
 
Keywords: Marine bacteria; Cold-active enzymes; Extracellular activities 
 
1.1 Introduction 
High-latitude Arctic oceans and seas have been shown to be important sites for the 
investigation of marine-derived enzymes. Despite the fact that the Arctic is a region 
with broad interest as a climate indicator, comparatively little is known about the 
bacterial diversity [1]. In these areas, microorganisms are exposed to several 
conditions of extreme temperature and high salinity. Microbial adaptations 
(expressed constantly) such as intracellular processes allow them to thrive or survive 
in presence of those geochemical polar conditions [2,3]. The composition of these 
communities varies by depth, season and location in the ocean. Heterotrophic 
microbial communities are responsible for a substantial proportion of the main 
productivity in the ocean due to their role in the marine carbon cycle [4]. In order to 
avail of this organic matter, members of microbial communities have adapted 
themselves by producing extracellular enzymes of the correct structural specificity to 
hydrolyze high molecular weight substrates to small sizes to be transported into the 
cell. The ability of microorganisms to produce extracellular enzymes is 
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homogeneously distributed [5], but the extent to which enzymatic capabilities change 
among whole microbial communities in the ocean needs to be largely explored. 

The aim of this work was to investigate the diversity of cultivable Arctic marine 
bacteria and their extracellular hydrolytic enzymes in the deep-sea sediments and 
biota samples with the aim to highlight the phylogenetic distribution of the detected 
activities.  
Furthermore, we focused our attention on the extracellular enzymes, produced by the 
isolated bacteria. It is well established that psychrophilic enzymes, produced by cold-
adapted bacteria, display a high catalytic efficiency. This feature is not only important 
for in situ biogeochemical processes, but in particular for their powerful relevance in 
biotechnological and industrial fields [6,7]. A bioprospecting methodology using 
functional screening has been performed to explore the extent of microbial enzymatic 
activity along the coast of the Arctic Svalbard archipelago and Lofoten’s islands. 
 
1.2 Results and Discussion 
Isolation of marine bacteria from Arctic environments 
A collection of 354 bacteria had previously been obtained during two separate 
research-cruises to the Lofoten area (Northern Norway) and around the Svalbard 
archipelago. The bacteria had been classified by 16s rRNA sequencing and stored in 
an in-house bacterial collection at the University of Tromsø. The growth temperature 
range for 100 selected isolates was tested on marine 2216 broth and all the isolates 
were able to grow in this medium without any additional requirement of sodium 
chloride or seawater. The result pointed out the ability of these isolates to survive and 
proliferate in the low temperature and constant salinity. We noticed however that the 
Gram-positives, in general, needed longer time at low temperatures to reach the 
same colony size as the Gram-negative bacteria. 
 
Bacterial phylogenetic diversity 
The phylogenetic diversity of 100 selected arctic bacterial isolates was determined by 
16S rRNA sequence analysis. Based upon the 16S sRNA sequences a phylogenetic 
tree was constructed to visualize their affiliations (Fig. 1). Out of 60 Gram-negative 
phylotypes, 53 belonged to the phylum Proteobacteria, 9 to the phylum 
Bacteroidetes. Out of 40 Gram-positive phylotypes, 29 belonged to the phylum  
Actinobacteria and 12 belonged to the phylum  Firmicutes. 
 
Figure 1. Phylogenetic tree showing the relationships among the arctic marine 
bacterial isolates based on 16S rRNA gene homology. Reference sequences of type 
strains (●). GeneBank accession numbers of 16S rRNA sequences are shown in 
parentheses.  
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Screening and detection of extracellular enzymatic activities  

The bacterial isolates were screened for the production of extracellular enzymes at 
4°C and 20°C. We detected extracellular activities of all 100 isolates on marine agar 
plates. The ability to degrade substrates was tested on tributyrin, skim milk, chitin, 
carboxymethylcellulose, gelatin, starch, xylan and DNA (Fig. 2). In the tables 1 and 2, 
we showed all the hydrolase enzymatic activities production, in terms of halo size, 
corresponding to each isolate. This activity overview highlight the multiple enzyme 
activities mainly localized in the Gram-negative bacteria group. 
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                                                          Lipase          Gelatinase     Protease       Xylanase         Chitinase       Amylase          DNase             Cellulase 

                                                                               

!

!

  

       20°C       20°C     20°C       20°C      20°C      20°C      20°C      20°C 

GRAM +  ! ! ! ! ! ! !

Microbacterium     AW28M07 "! ! ! ! ! "! "! !

Microbacterium     AW28M15 "! ! ! ! ! ! "! !

Filibacter               KH04J17 ! ! ! ! ! ! ! !

Rhodococcus         AW19M46 "! ! "! ! ! ! ! !

Rhodococcus         MP02J07 "! ! ! ! ! ! ! !

Rhodococcus         GB23J02 "! ! ! ! ! ! ! !

Arthrobacter          GB04J08 "! ! ! ! ! ! "! !

Bacillus                  AW25M04 "! ! "! ! ! ! "! !

Staphylococcus      AW02J12 ""! ! "! ! ! ! ! !

Nesterenkonia       AW19M55 ""! "! "! ! ! "! ! !

Streptomyces         AW19M35 ! ! ! ! ! ! ! !

Planomicrobium   AW19M56 ! ! ""! ! ! "! ! !

Arthrobacter            SP003 "! ! "! ! ! ""! "! !

Clavibacter              SP011 "! ! ! ""! ! ""! "! !

Clavibacter              SP033 "! ! ! ""! ! ""! "! !

Leifsonia                 SP050 "! ! "! ! ! ! "! !

Microbacterium      SP006 ! ! ! ! ! ""! "! !

Micrococcus            SP063 ""! ! ""! ! ! ! ! !

Rhodococcus           SP061 "! "! ! ! ! ! ! !

Salinibacterium      SP028 ! ! ! ! "! ! "! ! 
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Table 1.  Cont. 

                                                          Lipase          Gelatinase     Protease       Xylanase         Chitinase       Amylase         DNase             Cellulase 

                                                                             

!

 

!

  

       20°C       20°C     20°C       20°C      20°C      20°C      20°C      20°C 

GRAM +  ! ! ! ! ! ! !

Staphylococcus      SP052 ! ! ! ! ! ! ! !

Tomitella                SP012 "! "! ! ! ! ! ! !

Leifsonia             AW28M06 "! ! ! ! ! ! "! !

Leifsonia             AW02J23 "! "! "! ! ! ! "! !

Arthrobacter       AW25M11 "! ! ! ! ! ! ! !

Arthrobacter       AW19M24 ! ! "! ! ! ""! ! !

Filibacter            AW28M30 ! ! ! ! ! ! "! !

Bacillus               GB04J31 ! "! ! ! ! ! ! !

Plantibacter        AW25M38 ! ! ! ! ! ! ""! !

Planococcus       AW02J18 "! ! """! ! ! ! ""! !

Planococcus       GB02J13 ! ! "! ! ! ""! ! !

Micrococcus       AW19M49 "! ! "! ! ! ! ""! !

Nocardiopsis      BA19M08 "! ! "! ! ! ! ! !

Streptomyces      BA19M03 "! "! "! ! ! ! ! !

Arthrobacter      AW19M34 ! "! "! "! ! ! ! ""!

Rhodococcus      AW25M09 ! ""! ""! ! ! ! ! ""!

Streptomyces      AW19M42 ! ""! ""! ""! ! ! ! ""!

Knoellia                 SP073 ! ""! ""! ""! ! ! ! ""!

Psycrobacillus    AW28M34 ! "! ! ! ! ! ! ""!

Sanguibacter        SP022 ! ""! ""! ! ! ! ! ""! 
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                                                    Lipase          Gelatinase     Protease         Xylanase         Chitinase       Amylase            DNase                Cellulase 

                                                                      

!  

 4°C    20°C 4°C   20°C  4°C    20°C  4°C    20°C  4°C    20°C 4°C     20°C  4°C      20°C 4°C      20°C 

GRAM -  ! ! ! ! ! ! !

Thalassopsira     AW25M45 "!!!!!!!!!!!!!!!"! "!!!!!!!!!!!!!"! ""!!!!!!!!!!!!!""! ! ! ! "!!!!!!!!!!!!!!!!""! !

Thalassospira     AW19M11 ! ! ! ! ! ! "!!!!!!!!!!!!!!!!""! !

Thalassospira       KH04J01 ! ! ! ! ! ! ! !

Thalassospira     BA19M05 ! ! ! ! ! ! !!!!!!!!!!!!!!!!!!!"! !

Pseudomonas      GB04J27 "!!!!!!!!!!!!!!!"! !!!!!!!!!!!!!!""! "!!!!!!!!!!!!!!!!!"! ! !!!!!!!!!!!!!!!!""! ! ! !

Pseudomonas    AW28M04 "!!!!!!!!!!!!!!!"! "!!!!!!!!!!!!!"! ! ! !!!!!!!!!!!!!!!!""! !!!!!!!!!!!!!!!!!!!"! !!!!!!!!!!!!!!!!!!!!"! !

Roseobacter        GB02J23 !!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!"! !!!!!!!!!!!!!!!!!!!"! ! !!!!!!!!!!!!!!!!""! ! ! !

Roseobacter        GB02J24  "!!!!!!!!!!!!!!!"! ! ! ! !!!!!!!!!!!!!!!!""! ! !!!!!!!!!!!!!!!!!!!!"! !

Roseobacter      AW25M03 "!!!!!!!!!!!!!!!"! !!!!!!!!!!!!!""! ! ! !!!!!!!!!!!!!!!!""! ! !"!!!!!!!!!!!!!!!!""! !

Roseobacter      AW19M09 ! ! ! ! ! ! ! !

Shewanella          KH04J08 ""!!!!!!!!!!!!!"! !!!!!!!!!!!!!""! ""!!!!!!!!!!"""! ! ! !!!!!!!!!!!!!!!!!!!"! !"!!!!!!!!!!!!!!!!!"! !

Shewanella        AW25M33 "!!!!!!!!!!!!!!!!"! !!!!!!!!!!!!!""! ""!!!!!!!!!!!!""! ! ! ! !"!!!!!!!!!!!!!!!!!"! !

Shewanella         MP02J10 "!!!!!!!!!!!!!!!!"! ! !!!!!!!!!!!!!!!!!!"! ! "!!!!!!!!!!!!!!""! "!!!!!!!!!!!!!!!!!"! !"!!!!!!!!!!!!!!!!!"! !

Stenotrophomonas 

AW25M54 
"!!!!!!!!!!!!!!!"! ""!!!!!!!!!""! ""!!!!!!!!!!!!!""! ! "!!!!!!!!!!!!!!""! ! "!!!!!!!!!!!!!!!!""!

!

Stenotrophomonas         

AW25M14 
"!!!!!!!!!!!!!!!"! ! ""!!!!!!!!!!!!!""! ! !!!!!!!!!!!!!!!!"! "!!!!!!!!!!!!!!!!!"! "!!!!!!!!!!!!!!!!""!

!

Achromobacter    GB02J42 ! "!!!!!!!!!!!!!!"! ! ! ! !!!!!!!!!!!!!!!!!!!"! !"!!!!!!!!!!!!!!!!""! !

Achromobacter   AW28M02 ! ! ! ! ! ! ! !

Gelidibacter         GB04J26 ! ""!!!!!!!!!""! ""!!!!!!!!!!!"""! ! ! ! !!!!!!!!!!!!!!!!!!!!""! !

Polaribacter         KH04J14 "!!!!!!!!!!!!!!!"! ""!!!!!!!!!""! ""!!!!!!!!!!!!""! ! ! "!!!!!!!!!!!!!!!!"! !!!!!!!!!!!!!!!!!!!!""! !

Pseudoalteromonas       

GB02J33 
"!!!!!!!!!!!!!!!"! ""!!!!!!!!!""! ""!!!!!!!!!!!"""! ! ! ""!!!!!!!!!!"!""! "!!!!!!!!!!!!!!!!!""!

!

 



 

33 
      

 

Table 2.  Cont. 

                                                          Lipase      Gelatinase     Protease       Xylanase         Chitinase       Amylase              DNase            Cellulase 

                                                                          

! 4°C    20°C 4°C   20°C  4°C    20°C  4°C    20°C  4°C    20°C 4°C     20°C  4°C    20°C  4°C      20°C 

GRAM -  ! ! ! ! ! ! !

Pseudoalteromonas        

AW25M26   
"!!!!!!!!!!!!!!""! ""!!!!!!!!!!""! ""!!!!!!!!!!!!!""! ! ! ! "!!!!!!!!!!!!!!!!!""!

!

Serratia                   GB02J45    "!!!!!!!!!!!!!!!"! "!!!!!!!!!!!!""! ""!!!!!!!!!!!!!""! ! ! "!!!!!!!!!!!!!!!""! ! !

Psychrobacter      AW25M27   "!!!!!!!!!!!!!!!"! "!!!!!!!!!!!!""! ""!!!!!!!!!!!!!""! ! ! "!!!!!!!!!!!!!!!""! "!!!!!!!!!!!!!!!!!!""! !

Psychrobacter       GB04J30   "!!!!!!!!!!!!!!!"! ! ! ! ! ! ! !

Brevundimonas     KH11J01 "!!!!!!!!!!!!!!!"! "!!!!!!!!!!"""! ""!!!!!!!!!!!!!""! ! !!!!!!!!!!!!!!!"""! ! "!!!!!!!!!!!!!!!!!!""! !

Rhodobacter         AW25M51 "!!!!!!!!!!!!!!!"! ! ""!!!!!!!!!!!!!""! ! ! ! "!!!!!!!!!!!!!!!!!!""! !

Sulfitobacter         AW25M05 "!!!!!!!!!!!!!!!"! ! ! ! "!!!!!!!!!!!!!!!""! ! ! !

Acinetobacter        GB02J46 "!!!!!!!!!!!!!!""! "!!!!!!!!!!!!""! ! ! "!!!!!!!!!!!!!!!""! !!!!!!!!!!!!!!!!!!"! !!!!!!!!!!!!!!!!!!!!""! !

Roseovarius            GB02J02 "!!!!!!!!!!!!!!""! ! ! ! ! !!!!!!!!!!!!!!!!!!"! !!!!!!!!!!!!!!!!!!!!""! !

Photobacterium    GB02J53 "!!!!!!!!!!!!!!""! ! ! ! "!!!!!!!!!!!!!!!""! ! ! !

Halomonas               R5-57 "! !!!!!!!!!!!!!!"! ! ! !!!!!!!!!!!!!!!!!!"! ! !!!!!!!!!!!!!!!!!!!!!"! !

Marinobacter           CK-1 "!!!!!!!!!!!!!!""! "!!!!!!!!!!!!""! ""!!!!!!!!!!!!!""! ! ! !!!!!!!!!!!!!!!!!!"! "!!!!!!!!!!!!!!!!!!""! !

Pseudoalteromonas  

AW28M34b 
"!!!!!!!!!!!!!!""! "!!!!!!!!!!!!""! ""!!!!!!!!!!!!!""! ! ! "! "!!!!!!!!!!!!!!!!!!""!

!

Oceanisphaera        SP013 ! ! ! ! ! ! ! "!!!!!!!!!!!!!!!!!!""!

Polaribacter             SP072 "!!!!!!!!!!!!!!!!"! ! "!!!!!!!!!!!!!!!""! ! "! "!!!!!!!!!!!!!!!!!"! !!!!!!!!!!!!!!!!!!!!!!!"! !

Psychromonas         SP041 "!!!!!!!!!!!!!!""! !!!!!!!!!!!!!!!"! ! ! "! !!!!!!!!!!!!!!!!!!!"! !!!!!!!!!!!!!!!!!!!!!""! "!!!!!!!!!!!!!!!!!!""!

Shewanella              SP035 "!!!!!!!!!!!!!!!!"! ! ""!!!!!!!!!!!!!!"! ! ! ! !!!!!!!!!!!!!!!!!!!!!""! !!!!!!!!!!!!!!!!!!!!""!

Vibrio                      SP025 "!!!!!!!!!!!!!!"! ! !!!!!!!!!!!!!!!!!"! "! ! ""!!!!!!!!!!!!!"! "!!!!!!!!!!!!!!!!""!!! !!!!!!!!!!!!!!!!!

Promiconospora   AW19M33 "! "! "! "!!!!!!!!!!!!"""! ""! ! "! ! 
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Table 2.  Cont. 

                                                          Lipase          Gelatinase     Protease       Xylanase         Chitinase       Amylase        DNase            Cellulase 

                                                                              

!

!

 4°C    20°C 4°C   20°C  4°C    20°C  4°C    20°C  4°C    20°C 4°C     20°C  4°C    20°C  4°C      20°C 

GRAM -  ! ! ! ! ! ! !

Halomonas                SP051 ! ! ! ! ! ! !"!!!!!!!!!!!!!!!!"! !

Flavobacterium         SP045 ! ! !"! ! ! "!!!!!!!!!!!!!!""! ! !

Flavobacterium         SP046 ! ! ""! ! ! "!!!!!!!!!!!!!!""! !"!!!!!!!!!!!!!!!!"! !

Moritella                    SP016 "!!!!!!!!!!!!!!"! ! ""! ! ! "!!!!!!!!!!!!!!""! !"!!!!!!!!!!!!!!!!"! "!!!!!!!!!!!!!!!!!""!

Marinomonas            SP036 !!!!!!!!!!!!!!!!"!!!!!!!!!! ! ! ! ! !!!!!!!!!!!!!!!!!!!"! !

Mesorizhobium          SP068 ! ! ! ! ! ! ! !

Photobacterium         SP001 ! ! ! ! "!!!!!!!!!!!!!""! ! ! !

Photobacterium         SP044 !!!!!!!!!!!!!!!!"! ! !!!!!!!!!!!!!!!!!"! "! ! "!!!!!!!!!!!!!!!"! !!!!!!!!!!!!!!!!!!""! "!!!!!!!!!!!!!!!!!""!

Photobacterium         SP005 ! ! ! ! "!!!!!!!!!!!!!""! "!!!!!!!!!!!!!!""! !"!!!!!!!!!!!!!!!!"! !

Pseudoalteromonas   SP007 "!!!!!!!!!!!!!!"! ! ""!!!!!!!!!!!""! ! ! "! "!!!!!!!!!!!!!!!!""! !

Pseudoalteromonas   SP077 "!!!!!!!!!!!!!""! ! ! ! "!!!!!!!!!!!!!!"! "!!!!!!!!!!!!!!""! !"!!!!!!!!!!!!!!!""! !

Psychrobacter             SP009 "!!!!!!!!!!!!!!"! ! !!!!!!!!!!!!!!!""! ! "! "!!!!!!!!!!!!!!""! ! !

Psychrobacter             SP042 "!!!!!!!!!!!!!""! ! !"!!!!!!!!!!!!""! ! ! "!!!!!!!!!!!!!!""! !"!!!!!!!!!!!!!!!!"! !

Psychromonas            SP017 "!!!!!!!!!!!!!!"! ! ""!!!!!!!!!!!""! ! ! ! ""!!!!!!!!!!!!!!""! !

Shewanella                 SP023 ! ! ! ! ! "!!!!!!!!!!!!!!!"! ! !

Shewanella                 SP043 ""!!!!!!!!!!!!"! ""! ""!!!!!!!!!!!!"! ! ! "!!!!!!!!!!!!!!!"! ""!!!!!!!!!!!!!!""! !

Sulfitobacter              SP069 "!!!!!!!!!!!!!!"! ! ! ! !"!!!!!!!!!!!!!"! "!!!!!!!!!!!!!!!"! ! !

Serratia                      SP010 "!!!!!!!!!!!!!!"! ! ! ""!!!!!!!!!!"""! ""!!!!!!!!!!!""! "!!!!!!!!!!!!!!""! "!!!!!!!!!!!!!!!!""! "!!!!!!!!!!!!!!!!!""!

Pseudomonas     KH04J19 "!!!!!!!!!!!!!!"! ""! !"!!!!!!!!!!!!""! ! ! ! ! !

Pseudomonas    AW25M15 "!!!!!!!!!!!!!""! ""! !"!!!!!!!!!!!!""! ! ! ! ! !

Sphingopyxis     GB02J19 ! ! ! ! ! ! ! ! 
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Figure 2. Functional screening of marine bacteria on marine agar plates for: (A) 
protease activity; (B) esterase/lipase activity (C) chitinase activity; (D) amylase 
activity; (E) xylanase activity; (F) gelatinase activity; (G) DNase activity; (H) cellulase 
activity. 
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A functional-based screening method was performed to detect the extracellular 
enzyme activities. A suitable concentration of substrate was chosen to decrease 
possible toxic effects for bacteria growth. Hydrolytic activities were easily detected on 
tributyrin and skim milk plates. All other activities that required a staining/post-
staining experimental step were detected after an optimization of the already known 
protocols according to the visible halos we got on the marine broth agar plates. The 
size of halos was used to compare enzymatic activities. Analyzing our results, the 
ability to degrade tributyrin, skim milk and DNA was almost equally distributed among 
the isolates of Proteobacteria, Bacteroidetes, Actinobacteria and Firmicutes. When 
the same activities were analyzed at 4°C, Shewanella SP043 displayed the highest 
esterase activity while Pseudoalteromonas, Pseudomonas, Acinetobacter, 
Roseovarius and Psychrobacter isolates showed a high esterase activity at 20°CThe 
protease activity was detected at 4- and 20°C. Concerning the activity detected at 
4°C, the halo size was bigger than what we observed for the other enzymatic 
activities. The biggest size of the halo was reached at 20°C when Shewanella, 
Gelidibacter and Pseudoalteromonas isolates were spotted on the plates. The 
chitinase activity was detected in members of Proteobacteria such as Pseudomonas, 
Photobacterium and Serratia, which indicate that these bacteria may be important 
degraders of chitin in the soil ecosystem and contribute to the recycling of vital 
carbon and nitrogen resources. At 20°C the best chitinase activity was detected in 
Brevundimonas sp. while a lower activity was observed for Pseudomonas, 
Roseobacter, Shewanella, Photobacterium and Serratia. At 4°C the best chitinase 
activity was observed in Serratia sp. The functional screening for chitinases on 
Gram-positive bacteria gave only negative results, in terms of halos.The xylanase 
activity was exclusively detected by the members of Promiconospora, Serratia, 
Pseudolateromonas and Clavibacter. In our experiments large halos was observed at 
20°C for the Serratia and Promiconospora isolates. A very low activity, sometimes 
faint, was showed at 4°C for the Gram-negative bacteria. Clavibacter was the only 
Gram-positive bacteria that showed xylanase activity. 
The gelatin and starch were more hydrolyzed by Gram-negative bacteria. The best 
gelatinase activity was detected for the Brevundimonas strain at 20°C. 
Pseudoalteromans showed the best amylase activity at 20°C compared to Serratia, 
Flavobacterium, Photobacterium and Psychrobacter. 
A very few isolates were able to produce extracellular cellulase enzymes from Gram-
negative bacteria. The cellulase activity was detected among the isolates of 
Proteobacteria. Cellulase positive isolates were members of Serratia, 
Photobacterium, Moritella and Pseudoalteromonas. No cellulase activity was 
identified from the functional screening performed for the Gram-positive bacteria at 
20°C.  
It is worth noting that in the functional screenings carried out, sometimes bacteria 
that had highly similar 16s rRNA sequences, isolated from different cold 
environments, displayed different behavior referring to the same enzymatic activity. 
Environmental temperature not only has effects on microbial activity, but can also 
affect activity indirectly by changing the temperature dependency of the whole 
community [8]. This is an additional evidence of the prodigious and extraordinary 
ability of the bacteria to adapt themselves and to develop new strategies to survive in 
such extreme and changeable microenvironment and community composition. 
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Enzymes industrial applications 
The experimental approach described in this paper could be considered 
propaedeutic in order to introduce in the industrial market new psychrophilic and 
psychrotolerant enzymes produced by a wide range of isolated Arctic bacteria. 
Sometimes there is a difficult in growing bacterial isolates in the laboratory and an 
essential prerequisite for biodiscovery comes to fail [9,10]. To summarized in 
percentage the production of hydrolytic enzymes: more than 45% of the isolates were 
positive for esterase-, DNase- and protease activity while approximately 41%, 23%, 
9% and 7% of the isolates showed the ability to produce amylase, chitinase, cellulase 
and xylanase activity respectively (Fig. 3). The high number of bacterial isolates we 
analyzed gave use the opportunity to explore the connection between extracellular 
activity and biodiversity in the Arctic regions. A huge number of cold-active enzymes 
detected in this study indicated that many bacteria are able to hydrolyze the major 
constituents of the organic matter such as esters, proteins, α- and β-linked 
polysaccharides. 
The increased interest for cold-active enzymes in academia and research industry is 
due to their peculiar features such as salt tolerance, high activity at low temperatures 
in addition to their novel chemical and stereo-chemical features [12]. The applications 
of cold active enzymes are becoming more and more interesting for industry sectors 
such as consumer products, pharmaceutical, cosmetic, and fine chemicals. Cold-
active hydrolytic enzymes can be used in detergents applied for cold washing with a 
reduction of energy consumption and prevents wear and tear of textile fibers [13]. 
Other potential applications of cold-active enzymes are evident in processes such as 
the hydrolysis of lactose in milk by using galactosidase or the taste improvement of 
refrigerated meat using proteases and betterment of bakery products using 
glycosidase such as amylases, proteases and xylanases. Brewing and wine 
industries use cold-active enzymes as an alternative to warm-active enzymes. The 
reason is that cold-active enzymes in food industry reduce the risk of contamination 
without destroying the flavor at high temperatures. By this way it is possible to 
preserve the nutritional quality of foods. The identification of marine bacteria with the 
ability to degrade cellulose could lead to improved processes in the quest for 
cellulosic ethanol. 
 
Figure 3. Pie Chart representation showing the percentages of total enzymatic 
activities 
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1.3 Experimental Section  
The isolation, culturing and preliminary classification of the bacterial isolates was 
performed by scientist at the University of Tromsø. The bacteria are stored in an in-
house collection together with all meta-data. The procedures were: 
 
Isolation and culturing of bacteria 
Samples of various biota and sea-sediment were collected during two separate 
scientific expeditions onboard R/V Helmer Hanssen (University of Tromsø, Norway).  
The first cruise was carried out in the Lofoten area (Northern Norway) in April 2010 
and the second was focused on the costal areas around the Svalbard archipelago in 
October 2011. The samples were used as inoculum on selective agar plates: IM5 
(humic acid agar [21], with sea water), humic acid (1 g), K2HPO4 (0.5 g), 
FeSO4•7H2O (1 mg), agar (20 g), vitamin B solution (1 mL), natural sea water (0.5 L) 
and distilled water (0.5 L); IM6 glycerol (0.5 g), starch (0.5 g), sodium propionate (0.5 
g), KNO3 (0.1 g), asparagine (0.1 g), casein (0.3 g), K2HPO4 (0.5 g), FeSO4•7H2O 
(1 mg), agar (20 g), vitamin B solution (1 mL), natural sea water (0.5 L) and distilled 
water (0.5 L); IM7 (chitin agar [9], with sea water) chitin (Sigma), K2HPO4 (0.5 g), 
FeSO4•7H2O (1 mg), agar (20 g), vitamin B solution (1 mL), natural sea water (0.7 L) 
and distilled water (0.3 L); IM8, malt extract (1 g), glycerol (1 g), glucose (1 g), 
peptone (1 g), yeast extract (1 g), agar (20 g), natural sea water (0.5 L) and distilled 
water (0.5 L). All isolation media were amended with filtered (0.2-µm pore size) 
cycloheximide (50 µg/mL), nystatin (75 µg/mL) and nalidixic acid (30 µg/mL) [14]. On 
land the bacteria was re-stroked onto new plates and single colonies were used to 
inoculate 5 ml cultures.  One ml of dense culture was cryopreserved in 20% glycerol, 
while one ml of culture was harvested by centrifugation using a table-top centrifuge at 
12,000 rpm for 3 min, washed once with 1 ml of distilled water and re-centrifuged for 
3 min. Tubes were afterwards frozen at -20°C for later extraction of genomic DNA.  

 
Genomic DNA extraction and partial sequencing of the 16S rRNA gene 
Two hundreds µL of premixed cold Instagene matrix (BioRad, Hercules, CA) were 
added to the frozen bacterial pellets and tubes vortexed to dissolve the pellets.  
Samples were then heated for 30 min at 56°C, vortexed for 10 s and then heated 
again for 8 min at 100°C with a final vortexing for 10 s. Tubes containing genomic 
DNA and cell debris were centrifuged for 3 min and approximately 0.5 µl of 
supernatant was used as template for PCR reactions. To generate a PCR product 



 

39 
 

0.2 µM of universal primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R 
(5′- TACGGYTACCTTGTTACGACTT -3′) were combined with 1.5 mM MgCl2, 0.2 
mM dNTP mix, 0.5µl genomic DNA, 1X Taq buffer and 1.25U Taq polymerase in a 
0.2 ml PCR tube. Water was added to a final volume of 50 µl. PCR was conducted 
using an initial denaturation for 3 min at 94°C followed by 30 cycles of 94°C for 30 s, 
55°C for 30 s and 72°C for 2 min. A final extension step for 7 min at 72°C was 
performed before cooling to 4°C. Presence of amplified product was checked by 
running 5  µl on a 1% agarose gel. PCR product was purified using ExoSap-IT 
(Affymetrix, Santa Clara, CA) or PureLink Pro 96 PCR Purification Kit (Invitrogen-Life 
Technologies, Carlsbad, CA) following manufacturers protocols. In sequencing PCR 
about 50-100 ng template was mixed with buffer and 2 µl BigDye v 3.1 together with 
1 µl (10 µM) sequencing primer 515F (5′- GTGCCAGCAGCCGCGGTAA-3′). Water 
was added to a final volume of 20 µl. PCR program was set up according to the 
BigDye Terminator v 3.1 Cycle Sequencing Kit protocol (Applied Biosystems, 
Carlsbad, CA) and further handling was done at the University of Tromsø’s DNA 
sequencing core facility.  
 

Bacterial 16S phylogeny 
The ABI2FASTA converter v 1.1.2 (available online) was used to extract FASTA 
sequence files from ABI output files and low quality ends were trimmed 
(http://www.dnabaser.com). 
The trimmed sequences were then checked for chimeras using DECIPHER's Find 
Chimeras web tool (http://decipher.cee.wisc.edu/FindChimeras.html). Sequence 
search against GenBank using BLAST [15] was performed to identify the genus each 
bacterium belongs to. 
The sequences, around 800-900 bp, depending on the isolate, were compared with 
those data available in the RDPII (Ribosomal Database Project II) to determine the 
relative phylogenetic positions. Multiple alignments were generated using CLUSTAL 
W [16]. Alignments were edited using BioEdit Sequence Alignment Editor version 
3.0.3 [17] and regions of ambiguous alignment were removed. The sequences were 
then entered into the MEGA version 5 program [18] to produce a phylogenetic tree. 
The phylogenetic tree was constructed using the maximum likelihood method [19] 
with General Time Reversible and complete-deletion model analysis. The resultant 
tree topologies were evaluated by bootstrap analysis based on 500 replicates. DNA 
sequences are deposited in GenBank under Accession numbers KF313361-
KF313377, KF313380-KF313402, KF313404-KF313463.  
 
Growth Temperature 
Bacterial strains were growth in marine 2216 broth (Difco) at two different 
temperatures according to their classification. Gram-positive were grown at 20°C and 
Gram-negative were grown at 4°C using a Heidolph tube shaker (Heidolph, 
Germany) at 600 rpm. 
 
Extracellular enzymatic activities 
Protease, esterase, lipase, chitinase, cellulase, gelatinase, amylase, xylanase, 
DNase were detected on marine agar assay plates. 10 µl of log-phase bacteria 
cultures were spotted onto assay plates which were incubated at 4- and 20°C. The 
appearance of a halo was evaluated after one week. 
 
Screening of protease producing bacteria 
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Screening of bacteria isolates for protease activity was performed on marine 2216 
broth agar supplemented with 1% (w/v) skimmed milk [20]. Skimmed milk was 
prepared using a 10% (w/v) stock solution of commercially available nonfat milk 
powder. Marine broth agar was autoclaved at 121°C for 15 min, while 10 % (w/v) milk 
powder solution was autoclaved at 115°C for 10 min. 
Exactly 10% (w/v) milk solution was mixed with marine broth agar to a final 
concentration of 1% (w/v) while still hot. Protease producing bacteria were selected 
based on the formation of halo zone of clearance around the colony. 
 
Screening of esterase/lipase  producing bacteria 
Screening of bacteria isolates for esterase/lipase activity was performed on marine 
2216 broth agar supplemented with 1% (w/v) tributyrin [21]. Marine broth agar was 
autoclaved at 121°C for 15 min and 100% (w/v) glyceryl tributyrate solution (Sigma) 
was mixed after sonication with marine broth agar to a final concentration of 1% 
(w/v). Esterase/lipase producing bacteria were selected based on the formation of 
halo zone of clearance around the colony. 
 
Screening of chitinase producing bacteria 
Screening of bacteria isolates for chitinase activity was performed on marine 2216 
broth agar supplemented with 0.5% (w/v) colloidal chitin. Colloidal chitin was 
prepared using commercial chitin (Sigma-Aldrich) from shrimp shells [22]. Marine 
broth agar was autoclaved at 121°C for 15 min and mixed with 5% (w/v) colloidal 
chitin solution to a final concentration of 0.5% (w/v). Chitinase producing bacteria 
were selected based on the formation of halo zone of clearance around the colony. 
For the visualization of the chitinolytic activity the agar plates were flooded with 0.5% 
Congo red solution for 30 minutes and destained with 1M NaCl for 20 min [23].  
 
Screening of cellulase producing bacteria 
Screening of bacteria isolates for cellulase activity was performed on marine 2216 
broth agar supplemented with 1.5% (w/v) carboxymethylcellulose (CMC) low 
viscosity sodium salt (Sigma). After incubation, the plates were flooded with 0.5% 
Congo red for 15–20 min followed by destaining with 1 M NaCl for 15–20 min. The 
extracellular cellulase activity was detected by the presence of clear zone around the 
growing colony against the dark red background [24]. 
 
Screening of gelatinase producing bacteria 
Screening of bacteria isolates for gelatinase activity was performed on marine 2216 
broth agar supplemented with 0.4% (w/v) gelatin (Sigma)[25]. Marine broth agar was 
autoclaved at 121°C for 15 min and sterilized aqueous solution of gelatin (8% w/v) 
was added to the medium before pouring to obtain 0.4% gelatin concentration in the 
medium. Gelatinase producing bacteria were selected based on the formation of halo 
zone of clearance around the colony after staining with Comassie blue (0.25% w/v) in 
methanolacetic acid-water 5:1:4 (v/v/v) and destained by using methanol and acetic 
acid. The extracellular gelatinase activity was detected by the presence of clear zone 
around the growing colony against the dark blue background. 

 
Screening of amylase producing bacteria 
Screening of bacteria isolates for amylase activity was performed on marine 2216 
broth agar supplemented with 2% (w/v) starch (Sigma). Marine broth agar and starch 
were autoclaved at 121°C for 15 min. After incubation, the plates were flooded with 
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0.5% Congo red for 15–20 min followed by destaining procedure with 1 M NaCl for 
15–20 min [26]. The extracellular amylase activity was detected by the presence of 
clear zone around the growing colony against the dark red background. 
 

Screening of xylanase producing bacteria 
Screening of bacteria isolates for xylanase activity was performed on marine 2216 
broth agar supplemented with 2.5 g/L xylan from beechwood (Sigma) [27]. Marine 
broth agar and xylan were autoclaved at 121°C for 15 min. After incubation, the 
plates were flooded with 0.5% Congo red for 15–20 min followed by destaining with 1 
M NaCl for 15–20 min. The extracellular xylanase activity was detected by the 
presence of yellow zone around the growing colony against the dark red background. 
 
Screening of DNase producing bacteria 
The extracellular bacterial DNases were screened using DNase test agar (Merck) 
and all plates were supplemented with extra 0.3 M NaCl. For the detection of DNase-
producer bacterial strains, the plates were flooded with 0.1 M HCl solution. A clear or 
dim halo around a colony after one week indicated a positive exoenzyme-producing 
isolate [28].  
 
1.4 Conclusions  
This work provides insight into the microbial diversity that populates the Arctic region 
and further shows the vast genetic potential of these psychrophilic microorganisms to 
produce hydrolytic enzymes for processes of biotechnologically added value.  
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Biochemical characterization and structural 
analysis of a new cold-active and salt tolerant 

esterase from the marine bacterium 
Thalassospira sp. 
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Abstract 
An esterase ThaEst2349 was isolated from the marine arctic psychrophilic bacterium 
Thalassospira sp. GB04J01. The gene was cloned and successfully overexpressed 
in E. coli as a His-tagged fusion protein. The recombinant enzyme showed optimal 
activity at 45°C and the thermal stability displayed a retention of 75% relative activity 
at 40°C after 2 h. The optimal pH was 8.5 but the enzyme kept more than 75% of its 
maximal activity between pH 8 and 9.5. ThaEst2349 also showed remarkable 
tolerance towards high concentrations of salt and it was active against short-chain p-
nitrophenyl esters (C2–C5), displaying optimal activity with the acetate (C2). The 
enzyme has been tested for tolerance of organic solvents and different ions and the 
results are suggesting it could function as an interesting candidate for 
biotechnological applications. The crystal structure of ThaEst2349 was determined to 
1.69 Å revealing an asymmetric unit containing two chains, which also is the 
biological unit. Further the structure has a characteristic lid domain and a catalytic 
triad comprising Ser158, His285 and Asp255. The cold active nature of the enzyme 
can be explained by the high methionine content, less hydrogen bonds and less ion 
pairs. The water exposed channel leading into the active site of ThaEst2349 is 
enclosed by helix  α1 and α2 in the lid and determines the substrate binding 
properties.  
 
Keywords:  
Cold-active, esterase, psychrophilic micro-organism, biotechnological applications, 
crystal structure 
 
Abreviations 
Esterase from Thalassospira sp, ThaEst2349  
 
2.1 Introduction 
The screening of microbes from extreme environments frequently reveals novel 
enzymes useful for biotechnological applications. Biocatalysts of bacterial origin 
represent the majority which are used in industrial and biotechnological processes 
due to the ability of prokaryotes to populate and adapt to a plethora of extreme 
environments (Uchiyama et al. 2009). In this respect, marine microorganisms are 
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often dramatically different from terrestrial organisms regarding their various and 
special living habitats and provide a rich and unique source to be tapped for industrial 
use (Kim et al. 2006). Biocatalysts of great potential are represented by the microbial 
esterases, which is comprised of two enzymes groups: carboxylesterases 
(carboxylester hydrolases, E.C. 3.1.1.1) and lipases (triacylglycerol acylhydrolase 
E.C. 3.1.1.3), widely named lipolytic enzymes. This enzyme class has been 
comprehensively studied and classified (Arpigny et al. 1999). Both esterases and 
lipases are members of α/β hydrolase superfamily and the classification into eight 
families is based on some fundamental biological properties and specific amino acid 
residues that constitute the catalytic triad site: Ser, His and Glu/Asp where one of 
those residues is within a highly conserved pentapeptide GXSXG motif. The serine is 
part of a “nucleophilic elbow and believed to be the active site performing a 
nucleophilic attack during the catalysis (Fu et al. 2013; Ollis et al. 1992).  A recent 
paper describes how mutations in the conserved motif altered the biochemical 
properties and substrate specificity (Pérez et al. 2012).  
In the recent years, an increasing number of lipolytic enzymes with different 
enzymological properties and substrate specificity have been isolated from 
psychrophilic microorganisms by a genomic approach (Do et al. 2013; Lee et al. 
2013; Kim et al. 2013). This interest is mostly due to the high activity of psychrophilic 
lipolytic enzymes at low and moderate temperature that can offer huge potential 
economic benefits compared to mesophilic microorganisms (Fuciños et al. 2012). 
Many cold adapted proteins have a low temperature optimum and a low thermal 
stability (Smalås et al. 2000). Still there is no common structural determinant for all 
cold active protein, but the trend seems to be fewer interactions within these proteins. 
This can be achieved through: a decrease in the number of ion-pair interactions; 
fewer intersubunit hydrogen bonds; an increase in surface charge, mostly a negative 
charge; a decrease in the fraction of accessible surface area (ASA) of side-chains; a 
higher proportion of hydrophobic residues at the surface; longer surface loops with 
reduced number of proline residues; a reduced Arg/(Lys+Arg) ratio; and, for some, a 
higher methionine content (Smalås et al. 2000, Siddiqui et al. 2006b, Gianese et al. 
2002). Flexibility has been discussed for many cold active enzymes and particularly 
the local flexibility around the active site. The theory is that the increased flexibility is 
translated into lower activation enthalpy, lower substrate affinity, and higher specific 
activity at low temperatures compared to mesophilic and thermophilic homologues 
(Lonhienne et al. 2000).  
The temperature stability of lipolytic enzymes is particularly regarded to be one of the 
most characteristics to be biotechnological (Joseph et al. 2008). 
Besides, bacterial esterases display a more broad range of substrate specificity and 
regiospecificity than those from eukaryotes, a basic requirement to be used in 
versatile industrial applications, such as additives in laundry detergents and catalysts 
for organic synthesis of unstable compounds at low temperatures (Bornscheuer 
2002).  
In the present study, we focused our attention on the structural and functional 
properties of a novel cold-active esterase that was cloned, recombinantly expressed, 
biochemically characterised and its crystal structure was solved at high resolution, 
highlighting new peculiar features of the psychrophilic enzyme. 
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2.2 Materials and Methods 
Bacterial Strains, DNA manipulation and gene cloning 
The strain Thalassospira sp. GB04J01 was isolated from a sea fan (Paramuricea 
placomus) during a research-cruise with R/V Helmer Hanssen to the Vestfjorden 
area (Northern Norway and it is preserved and available from an in-house collection 
at the University of Tromsø, Norway (database index GB04J01). 
The whole genome of T. sp GB04J01 has been sequenced and annotated (data not 
published). The genome was analysed using the Artemis software suit (Rutherford et 
al. 2000) to search for new genes encoding for esterases and lipases. This revealed 
an open reading frame (ORF) of 1029 bp, the ThaEst2349 lipolytic gene that 
encodes for a protein of 343 amino acids and herein determined ThaEst2349. The 
gene contains a N-terminal leader sequence (27 amino acids long) that was not 
included in the cloning construct. The gene has been deposited in GenBank under 
accession number KJ365310.  
Thalassospira sp. GB04J01 was grown in marine 2216 broth (Difco) at 4°C using a 
Heidolph tube shaker (Heidolph, Germany) at 600 rpm. Genomic DNA from 
Thalassospira sp. GB04J01 was purified by using Sigma’s Gen Elute Bacterial 
Genomic kit. The ThaEst2349 gene was amplified from genomic DNA by using a 
cloning method termed FastCloning (Li. et al. 2011). The following primer pairs were 
used to PCR amplify pET-26b vector and insert separately:  
VecFw 5’-ACCGCCCTTCACGGGAAGCACCACCACCACCACCAC-3’,  
VecRv 5’-GGTGGGTTCAAGAACCGGCATATGTATATCTCCTTCTTAAAG-3’,  
InsertFw 5’-CTTTAAGAAGGAGATATACATATGCCGGTTCTTGAACCCACC-3’,  
InsertRv 5’-GTGGTGGTGGTGGTGGTGCTTCCGGTGAAGGGCGGT-3’. The 
expression cassette includes an in-frame C-terminal fusion purification 6xHis-Tag 
and the PCR reaction conditions used were: 1 cycle (98°C for 3 min), 20 cycles 
(98°C 15 sec, 55°C 30 sec, and 72°C 1 min), and a final cycle at 72°C for C 10 min. 
DpnI enzyme (Sigma-Aldrich, USA) was added into the PCR insert- and vector 
product separately. Vector and insert were mixed with a 1:3 ratio and incubated at 
37°C for 2 h. The mixture was then added into NovaBlue GigaSingles competent 
cells (Novagen, Germany). The DNA sequence of the resulting construct was verified 
by bidirectional DNA sequencing. The recombinant plasmid was then transformed 
into E.coli BL21 (DE3) cells. 
 
Production and purification of ThaEst2349 
E. coli BL21(DE3) carrying  pET-26b-ThaEst2349 vector was grown in Luria Broth 
(LB) medium with 50 µg/mL kanamycin until OD600 reached 0.5, and induced by 0.2 
mM IPTG at 20°C overnight. Cells were harvested by centrifugation at 3,200xg at 
4°C for 30 min and the cell pellet was resuspended in lysis buffer (50 mM Tris-HCl 
pH 8.0, 500 mM NaCl and 10% glycerol). The cells were disrupted by sonication at 6 
m/s for ten bursts of 60 seconds and ultra centrifuged at 75,000 g at 4°C for 45 min. 
The recovered supernatant was loaded on a HisTrap HP 1ml column (GE 
Healthcare, England) equilibrated with 50 mM Tris-HCl pH 8.0, 500 mM NaCl, 30 mM 
imidazole, 10% glycerol. A linear gradient of 0-500 mM imidazole over 10 column 
volumes was applied to elute the protein. Fractions containing the recombinant 
enzyme were analyzed by SDS-PAGE and dialyzed against 50 mM Tris-HCl pH 8.0, 
500 mM NaCl and 10% glycerol.  
 
Enzyme Assays 
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The esterase activity of the recombinant enzyme was measured 
spectrophotometrically at 405 nm in 1 cm path-length cells with a Cary 100 
spectrophotometer (Varian, Australia) equipped with a temperature controller. Assays 
were performed in 1 mL mixture containing purified enzyme (50 µg/mL), 100 mM 
Tris-HCl buffer (pH 8.0), 3% acetonitrile and p-NP esters at different concentrations. 
Assays were carried out in duplicate or triplicate and one unit of enzymatic activity 
was defined as the amount of protein that released 1 µmol of p-nitrophenoxide/min 
from p-NP esters. The absorption coefficient used for p-nitrophenoxide was 19,000 
M-1 cm-1. 
 
Kinetic Measurements 
The kinetic parameters KM and kcat of the ThaEst2349 were determined using p-NP 
esters as substrates at the condition described in the enzyme assays paragraph. The 
following substrate concentration ranges were used: p-NP acetate (C2, in a range of 
30-1000 µM), p-NP butanoate (C4, 600-1500 µM), p-NP pentanoate (C5, 600-1800 
µM). The kinetic parameters were determined from the rates of hydrolysis by fitting 
the rates to a Lineweaver-Burk double reciprocal plot. All kinetic data were analyzed 
by linear regression using SigmaPlot 10.0.  
 
Determination of pH and optimal temperature of ThaEst2349 
The pH dependence of the esterase activity was monitored at 348 nm (the pH-
independent isosbestic point of p-nitrophenol and the p-nitrophenoxide ion), with p-

NP pentanoate (100 µM) as substrate. A molar absorption coefficient of 5000 M-1 cm-

1 at 25°C was introduced. The following 0.1 M buffers were used: MES (pH: 5.0-6.0), 
Na-phosphate (pH: 6.0-7.5), Tris-HCl (pH: 7.5-9.5) and CAPS (pH: 9.5-10.5). The 
temperature optimum was determined in the range of temperature from 10 to 70°C in 
0.1 M Tris-HCl (pH 8.5), containing 3% acetonitrile, using p-NP pentanoate (100 µM) 
as substrate. 
 
Determination of the thermostability and residual activity 
The thermostability of the enzyme was examined by testing the residual activity after 
incubation of the enzyme in a microcentrifuge tube at 10, 20, 30, 40 and 50°C. 
Aliquots of the reactions were withdrawn at 0, 20, 40, 60, 80, 100, 120 min. The 
activity was also evaluated after a pre-incubation of 24 hours at 4°C in presence of 
methanol, acetone, 2-Propanol, butanol, ethanol, dimethyl sulfoxide (DMSO), 
dimethyl formamide (DMFA), glycerol, acetonitrile and dietilic ether. Each assay was 
performed in duplicate using a final organic solvent concentration of 10% (v/v). 
The enzyme activity was also measured by using an increasing concentration of 
several solvents: acetonitrile, DMSO, methanol, acetone, ethanol, butanol and 2-
propanol from 0 to 20% (v/v) in the assay mixture.  
The effect of detergents on ThaEst2349 enzymatic activity was evaluated after an 
incubation of the protein for 1 h at 4°C in presence of TRITON X, CTAB, Tween80, 
Tween20, SDS at 0.1% and 1% (v/v). β-mercaptoethanol, EDTA, DTT and PMSF 
were included in the mixture at a final concentration of 1 mM and 10 mM. 
Preferences for metal cations, CuCl2, CrCl2, MgCl2, MnCl2, KCl, CaCl2, CdCl2, FeCl2, 
ZnCl2, HgCl2, SnCl2, CoCl2, LiCl, CsCl, NiCl2, were analyzed by adding them at a 
final concentration of 1 and 10 mM after an incubation at 4°C for 1h. The effect of 
NaCl on enzymatic activity was evaluated by increasing the salt concentration in a 
range of 0-4 M at 45°C and also after incubation in presence of 0, 1, 2, 2.5 and 3 M 
NaCl for 24 h at 4°C.  
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Sequence Analysis 
Sequence similarity and analysis for conserved domains were performed using 
BLAST programs on the National Center for Biotechnology Information (NCBI) 
website (http://www.ncbi.nlm.nih.gov) and Pfam protein families database (Bateman 
et al. 2002). Sequence alignments were created using the tools of the T-Coffee 
server (http://www.ebi.ac.uk/Tools/msa/tcoffee/) and ClustalW2 
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). The N-terminal signal peptide was 
predicted using SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP/). Molecular 
weights were determined using Protein Calculator V3.3 
(http://www.scripps.edu/~cdputnam/protcalc.html). 
 
Crystallization, Data collection, structure determination 
Crystallization experiments on pure ThaLip2349, was performed at room temperature 
using a Phoenix crystallization robot (Art Robbins Instruments) in 96-well format 
MRC plates with 60 µl reservoir solution per well and drops made by mixing 0.5 µl 
well solution and 0.5 µl protein solution. The protein was at 10 mg/ml in a buffer with 
50 mM Tris-HCl pH 8.0, 500 mM NaCl and 10% glycerol. In total 96 different in-
house made conditions were screened, and 2 hit were optimized by hand using the 
hanging drop method. The best crystal obtained had a reservoir solution with 25% 
PEG 3350 and 0.2 M MgCl2 (Figure 1b), and the crystal was harvested straight from 
the drop and flash frozen in liquid nitrogen. X-day data were collected at BESSY, 
Berlin at BL 14.2 with a wavelength of 0.91705 Å, a crystal to detector distance of 
150 mm, 0.5 degree oscillation per frame and 90° of data (Table 6). 
The phase problem was solved by PHASER (McCoy et al. 2007) using the structure 
of carboxyl esterase 2 (EST2) from Alicyclobacillus acidocaldarius (AcEst2)(PDB 
1QZ3)(De Simone et al. 2004) with 36% sequence identity as a search model, the 
structure was refined in Phenix (Adams et al. 2010) and manually built in WinCoot 
(Emsley & Cowtan, 2004). 
 
Structural analysis and accessible surface areas calculations  
Prior to these calculations all double conformations were removed. Then hydrogen 
bonds were calculated using the program HBPLUS (McDonald & Thornton, 1994) 
v3.2 and the following parameters for Donor (D), Acceptor (A), Acceptor Antecedents 
(AA) and (calculated) Hydrogens (H) were applied: maximum distances for D-A 3.5 
Å, H-A 2.5 Å; minimum angle for D-H-A, D-A-AA and H-A-AA of 90°. All ion pairs 
were included in the calculations. Accessible surface areas were calculated using on 
line server PISA at the European Bioinformatics Institute (Krissinel & Henrick, 2007).  
Ionic interactions were analyzed using the WHAT IF server 
(http://swift.cmbi.ru.nl/servers/html/shosbr.html), and maximum cut off distances of 4 
and 6 Å were applied. Inter-subunit salt bridges were found from the same server 
with a 4 Å cut-off distance. 
 
2.3 Results 
Sequence analysis 
Sequence analysis using the Pfam protein families identified an α/β-hydrolase family 
sequence (Pfam07859) that spans the full length of ThaEst2349. The amino acid 
sequence exhibited the highest full-length identity to a carboxylesterase Est2 from 
the Alicyclobacillus acidocaldarius (1QZ3A, 36% identity for 114 AA) (De Simone et 
al. 2004). The Thalip gene was cloned in the expression vectors pET-26b(+). After 
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confirming the correct ORF by DNA sequencing, the gene was expressed as a C-
terminal His-tag fusion protein. 
 
Purification and physical properties of ThaEst2349  
Heterologous expression of ThaEst2349 in E. coli BL21(DE3) resulted in the 
production of about 30 mg soluble recombinant protein per 500 ml culture, and the 
purity was estimated to be 98% pure from SDS-PAGE analysis (Figure 1a). The 
apparent molecular mass of about 35 kDa is in agreement with the theoretical mass 
from the sequence of 35.04 kDa.  
 
Esterase activity of ThaEst2349: pH dependence, temperature optimum and 
thermostability 
The optimal pH for the esterase activity was determined using p-NP pentanoate as a 
substrate in the pH range from 8.0 to 12.0, and the kinetics were followed 
spectrophotometrically at 348 nm, which is the pH independent isosbestic 
wavelength between the p-nitrophenol and p-nitrophenolate ion produced by the 
reaction. As shown in Fig. 2a, the maximum activity was recorded at pH 8.5 in Tris-
HCl buffer. The effect of temperatures on esterase activity was determined using p-
NP pentanoate as substrate in the temperature range of 10 to 70°C. As shown in Fig. 
2b, the highest percentage activity was observed at 45°C. No catalytic activity was 
detectable at 70°C.  
The ThaEst2349 hydrolysed p-NP esters with acyl-chain lengths from two to five 
carbon atoms (C2–C5). All the characterization was performed at 45°C and in 
presence of 3% acetonitrile. In this condition, the enzyme displays highest activity 
towards p-NP acetate (Table 1) with a highest kcat and kcat/KM value. The results 
indicated that the enzyme is an esterase and p-NP acetate was used as preferential 
substrate for further studies. 
To analyse the thermostability of the recombinant enzyme, we incubated the enzyme 
in the range 10-50°C for 0-140 min before measuring the residual esterase activities 
at its optimal temperature, using p-NP acetate as substrate (Fig. 2c). After 2 h of 
incubation we observed a little decrease of activity at 10 and 20°C. At 30 and 40°C 
the residual enzymatic activity did not significantly decrease and it was about 70-
80%. A 10% of enzymatic activity was recorded after 20 min of incubation at 50°C 
(Fig. 2c). 
The enzyme was strongly inhibited by 10 mM Cr2+ and Fe2+, while the activity 
increased in presence of 1 mM Li+, Sn2+, Ca2+, Cr2+, Co2+. The relative activity was 
weakly reduced in presence of 10 mM Li+ and Co2+ but not in presence of 10 mM 
Sn2+ and Ca2+ (Table 2). Tween80 at 0.1% concentration had no effect on the 
activity, whereas 0.1% Tween20 and 1% Tween80 gave a modest reduction of 
esterase activity. Strong decrease in activity was observed with SDS and 
cetyltrimethylammonium bromide (CTAB). Moreover, higher concentration of CTAB 
(1%) showed an increased activity of ThaEst2349 (Table 3). The enzyme appears 
not to be effected by the presence of low and high concentration EDTA, PMSF and 
β-mercaptoethanol. A significant activation was observed with 10 mM DTT.  
The effect of the NaCl presence on ThaEst2349 enzymatic activity was evaluated by 
using p-NP-acetate as substrate at 45°C in 0.1 M Tris-HCl pH 8.5. We observed an 
improved activity with the highest concentration of 3 M NaCl (Table 4). This 
behaviour was even confirmed after incubation for 24 h at 4°C in presence of 3M 
NaCl when the relative activity was five times higher than the activity in absence of 
NaCl. The esterase stability profile in presence of 10% organic solvents and glycerol 
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was evaluated (Table 5). In comparison, controls in presence of DMSO and glycerol 
did not affect the enzyme activity. Methanol showed an inhibitory effect on the 
enzyme activity. The decrease of the relative activity was even displayed when the 
assay was performed in presence of 5, 10, 15 and 20% of organic solvents. A 
remarkable reduction of the activity was obtained in the range of 5-20% of methanol, 
butanol, 2-propanol and ethanol (Figure 2d). 
 
Crystal structure of ThaLip2349 
The characterized ThaEst2349 esterase was crystalized (Figure 1b) and the crystal 
structure was resolved to 1.69 Å with an R-factor of 14.3% and an R-free value of 
18.4% (Table 6). The model has satisfactory geometry for the two molecules in the 
asymmetric unit and 915 water molecules. The overall structure of one ThaEst2349 
monomer includes eight β-strands and eleven α-helices (Figure 3a, b). The eight β-
strands surrounded by five adjacent α-helices together form a central α/β-hydrolase 
domain and where the central β-sheet has a typical left-handed superhelical twist 
with β1 and β8 oriented at an angle close to 90° (Figure 3b).  
 
Comparison with other esterases  
By use of the DALI server (Holm & Rosenström, 2010) and Chain A of ThaLip2349 
we identified many structures with high Z-scores (40 PDB entries with Z score of 40-
44), thus the ThaLip2349 has the same fold as these. The ones used for comparison 
in this paper include: 
The esterase from the hyperthermophilic microorganism Pyrobaculum calidifontis 
VA1 (PcEstE; PDB 3ZWQ, Z=44.3, RMSD=1.5 Å for 303 CA-atoms, 35% sequence 
identity)(Palm et al. 2011), the archaeon thermostable carboxylesterase from 
Sulfolobus tokodaii (StoEst; PDB 3AIL, Z=42.9, RMSD=1.4 Å for 283 CA-atoms, 35% 
sequence identity)(Angkawidjaja et al. 2012), the carboxyl esterase 2 (Est2) from 
Alicyclobacillus acidocaldarius (AcEst2; PDB 1QZ3; Z=43.7, RMSD=1.9 Å for 305 
CA-atoms, 36% sequence identity)(De Simone et al., 2004) and the cold-adapted 
esterase from an Arctic intertidal metagenomic library (Est97; PDB 4AO8; Z=18.1 
RMSD=2.6 Å for 197 CA atoms, 14% sequence identity)(Fu et al. 2013). The latter is 
included since it is from a cold environment.  
 
Active site 
ThaEst2349 was from the characterization found to be an esterase and the proposed 
active site residues from the structure (Figure 3c) and sequence alignment (Figure 4) 
are: Ser158, His285 and Asp255 These residues overlap with catalytic triad in the 
esterases, PcEst (PDB 3ZWQ), StoEst (PDB 3AIL) and AcEst2 (PDB 1QZ3)(De 
Simone et al. 2004) and also the cold-adapted esterase Est97 (PDB 4AO6)(Fu et al. 
2013). Ser158 is then the most likely candidate to perform a nucleophilic attack on 
the substrate during the catalysis, stabilized by His285 as proton carrier and Asp255 
in a charge-relay system. Ser158 is part of a GXSXG sequence motif typical for a 
nucleophilic elbow (Ollis et al. 1992) in lipolytic enzymes. An oxyanion hole, needed 
to stabilize the negatively charged substrate intermediate can be composed of the 
main-chain nitrogen atoms of Ala86 and Gly87 in ThaEst2349 (Figure 3c), which are 
similar to the compared structures. 
 
Lid domain 
Many lipolytic enzymes has a lid domain which play an important role in substrate 
specificity, thermostability, regulation of access to the active site or facilitation of 
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product release (Uppenberg et al. 1994; Santarossa et al. 2005; Nam et al. 2009). In 
Est97 the lid includes 35 residues forming one α-helix and loops (Fu et al., 2013). For 
PcEstE the cap domain includes α1 and α2 (in part), and α6, α7, α8 and α9 plus 
several random coils inserted between strands β6 and β7 (Palm et al. 2011). In 
ThaEst2349 this corresponds to α1, α2, and α6, α7, α8 and α10 in addition to α10 
(Figure 3b). Since the lid is situated adjacent to the active site is can contribute to 
substrate access and activity, as illustrated in figure 3e.  
 
Dimer 
ThaEst2349 was in solution found to be a dimer and in the crystal structure chain A 
and chain B form a functional dimer. The dimer interface of 1 977 Å2 is 9% of the total 
solvent-accessible area of one dimer (Table 7). The interface is held together by nine 
hydrogen bonds where five are main-chain to main chain interactions (Arg279 O to 
Arg279 N, Arg279 N to Arg279 O, Val277 O to Asn281 N, Asn281 N to Val277 O, 
and Ala304 O to Gln308 N (Figure 3d). In addition there are strong ionic interactions 
(<4 Å) involving Glu253 to Arg266 and vice versa Arg266 to Glu253 (Figure 3d). The 
two β8 strands (residues 275-284) are involved in a many of these interface 
interactions. 
A similar dimer interface with interactions at the same side of the molecule and also 
involving a β8-β8 interactions, are also found for PcEstE from a hyperthermophilic 
microorganism (PDB 3ZWQ) (Palm et al. 2011), and the thermostable StoEst (PDB 
3AIL) (Angkawidjaja et al. 2012), thus not unique to ThaLip2349.  
Analysis of the PcEstE dimer (PDB 3ZWQ) reviled a larger buried intersubunit 
surface, 22 hydrogen bonds and 4 ion pairs, and in StoEst (PDB 3AIL; AD chains) a 
similar intersubunit surface was found, with 15 hydrogen bonds and 4 ion pairs 
(Table 7). One ThaEst2349 dimer is then less stabilized by fewer interactions than in 
both PcEstE and StoEst (Table 7). 
 
Cold adaptation features 
ThaEst2349 has a clear cold active profile with substantial activity below 10°C and  a 
relatively low temperature optimum of 45°C (Figure 2b). In addition no enzyme 
activity was present after heating the enzyme to 50°C (Figure 2c), also showing that 
no refolding occurs after thermal denaturation. In order to find structural explanations 
to this we set off to analyze the crystal structures of ThaEst2349, PcEstE and StoEst 
(Table 7).  
One ThaLip2349 monomer is stabilized by less hydrogen bonds per residue 
(0.88/0.89) than in PcEstE (1.02/1.03) and StoEst (0.95-0.99). There are also less 
strong ion pair per residue (< 4Å) in ThaLip2349 (0.054/0.054) than in in the PcEstE 
(0.086/0.085) and in StoEst (0.071-0.081) crystal structures (Table 7). The 
Arg/(Lys+Arg) ratio is high for ThaEst2349 (0.65) and similar to StoEst (0.67) and 
lowest in PcEst (0.38). In one StoEst monomer there is one di-sulfide bond not 
present in the two other structures. The glycine and proline content cannot explain 
the low thermal stability of ThaEst2349. The methionines are investigated 
underneath. 
Taken together then the reduced number of hydrogen bonds and ion pairs within one 
monomer and at the dimer interface and the lack of the di-sulfide bond found in 
StoEst all sems to contribut to the low thermal stability of ThaEst2349.  
 
Methionine residues  
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Met1 is not defined in the ThaEst2349 and StoEst crystal structures, whereas Met90, 
Met 163, Met212 and Met289 in ThaEst2349 in are all found partly buried in the 
structure. Met1 in PcEstE is found at the dimer interface, one methionine is party 
buried (Met214) and the remaining four (Met24, Met43, Met169, Met310) are situated 
at the surface of the molecule. The role of the metheonines then seems different in 
the hyperthermophile PcEstE and ThaEst2349 with marine origin, and in the latter 
they might explain the observed low temperature optimum at 45°C (Figure 2b) and 
loss of enzymatic activity after 20 min at 50°C (Figure 2c).  
 
Substrate binding 
The crystal structure of AcEst2 from Alicyclobacillus acidocaldarius (PDB 1QZ3)(De 
Simone et al. 2004) is a complex with an inhibitor covalently bound to the active site 
serine. Herein the 1-Hexadecanesulfonyl is protruding from the active site. The same 
channel is also found in ThaEst2349 (Figure 3e) but the size is different and for 
ThaEst2349 the “walls“ are constrained by Asp286 (Gly283 in AcEst2), Met90 (Val87 
in AcEst2), Trp206 (Leu205 in AcEst2). 
For AcEst2 residues Phe30, Phe37, Met210 and Phe214 form import parts of this 
channel. 
The inhibitor is protruding out to the solvent between α1 and α1 in AcEst2 and in the 
modeled with ThaEst2349 (Figure 3e), thus these two helices seems important for 
the enzyme specificity. The enzyme kinetics of ThaEst2349 found pNP-acetate to 
bind stronger than pNP-pentanoate and pNP-butanoate, the smallest substrate also 
gave the highest catalytic turnover (kcat) and highest catalytic efficiency (kcat/KM) of 
the three substrates tested (Table 1). In terms of size they should all fit into the 
observed channel, still Asp286, Trp206 and Met90 are determinants for the channel 
properties (Figure 3e).  
 
2.4 Discussion 
In this study, we report the biochemical characterization and structure analysis of an 
esterase from the arctic marine bacteria Thalassospira sp. To our knowledge, this is 
the first biochemical characterization and structural analysis of a cold-active isolated 
from the genus Thalassospira.  
The optimal pH activity was lost at pH 6 most probably due to protonation of His285 
in the catalytic triad. The observed of a pH dependent enzyme activity fits with fact 
that the catalytic triad must be in the correct protonation state to be active. The pH 
optimum of ThaEst2349 is higher than for Est97 which had an optima around pH 7.5 
(Fu et al. 2013); for the ThaEst2349 enzyme activity was found at pH 8.5 (Figure 2a) 
and it maintained more than 80% maximal activity at pH 9.5, which indicates that this 
protein may be considered as an alkaline esterase.  
Similarly, a carboxylesterase was reported to be active and stable in neutral to 
alkaline pH range (Lv et al. 2010). This property makes this enzyme very attractive 
for its tremendous potentiality in industrial processes (Chakraborty et al. 2011). 
Another remarkable property of ThaEst2349 is its high thermostability after 
incubation at 40°C. This result can be explained considering that cold-active 
enzymes possess a high level of structural flexibility (Siddiqui et al. 2006). It has even 
been previously reported that structural flexibility and rigidity of psychrophilic 
enzymes may co-exist in the same molecule (Lonhienne et al. 2000) and this 
hypothesis has been supported by several studies on other characterized cold-active 
enzymes (Kulakova et al. 2004; Wu et al. 2013). The low thermal stability and activity 
at low temperature of ThaEst2349 can be related to the reduced number of hydrogen 
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bonds and ion pairs, and more methionine residue than in the compared esterase 
structures. The methionine residue is special in the fact that it has high degree of 
rotational freedom, it lacks branching, has no charge and no dipole interactions. In 
some cold-adapted proteins a high methionine content have been proposed as one 
cold-adaptation mechanism (Siddiqui & Cavicchioli, 2006a; Smalås et al. 2000). The 
increased methionine content, however, might also be attributed to halophilic (salt 
loving) adaptation since a higher content in this residue has been found in many fish 
enzymes (Leiros et al. 1999, 2000, Smalås et al. 2000) and in the estease Est97 
from intertidal metagenomic library (Fu et al. 2013). Also the Isocitrate 
dehydrogenase from the psychrophilic bacterium Desulfotalea psychrophila (Fedoy 
et al. 2007) has many methinines and enhanced methionine cluster. However, this 
phenomenon is also reported for cold-adapted archaeal proteins (Thomas & 
Cavicchioli, 1998), and Isocitrate dehydrogenase from the hyperthermophilic 
Thermotoga maritima (Fedoy et al. 2007). The recombinant esterase showed 
substrate specificity toward short acyl chain-length (C2-C5) of p-NP esters, and 
higher activity was displayed on short acyl chain-length (C2). The observed water 
exposed channel cannot explain why the enzyme has higher efficiency for short acyl 
chain-length compared to longer (C4 and C5).  
ThaEst2349 activity was not affected by EDTA chelation, suggesting that the enzyme 
is not a metalloenzyme (Zhang et al 2009). In addition, ThaEst2349 displayed 
significant resistance to inhibition by most of all heavy metal that were tested (Cu2+, 
Mn2+, Hg2+, Sn2+, Co2+, Li+ and Ni2+). A similar behaviour was recently reported in 
another esterase (Yasmine et al. 2013). A total inhibition was observed in presence 
of higher concentrations of Fe2+ and Cr2+. A strong inhibition was also revealed with 
10 mM zinc ions (less than 20% residual activity). This effect was also found in other 
lipolytic enzymes (Jeon et al. 2009).  
The enzyme activity was completely inhibited by SDS and enhanced by low 
concentration of Tween80 and high concentration of Tween20. Non-ionic detergents 
can help the substrate interaction with the catalytic triad while ionic detergents such 
as SDS may inhibit inter- and intra-molecular protein-protein interaction (Fu et al. 
2011). Another surfactant, CTAB, had a toxic effect on esterase activity. This result 
has been recently reported in another esterase (Ghati et al. 2013).  
ThaEst2349, isolated from marine environment, displayed particular features 
including stability and solubility in high salt concentrations by acquiring a relatively 
large number of charged amino residues on their surfaces to prevent precipitation 
(Madern et al. 2000; Rao et al. 2009). This unique property suggested that the 
enzyme is also a halotolerant enzyme. 
We tested the enzyme activity in organic solvents that is an essential requirement for 
applications in organic synthesis (Doukyu et al. 2010). A significant inactivation was 
observed in presence of hydrophilic organic solvents such as methanol, acetonitrile, 
ethanol and acetone, as reported also for another enzyme (Ogino et al. 2001). 
However the enzyme showed an increased activity in presence of DMSO, glycerol 
and dietilic ether suggesting that there is no relationship with the polarity of the 
organic solvent. This is in agreement with the organic solvent stability of some 
esterases already studied (Ji et al. 2010). 
In conclusion the biochemical and structural characterization of the α/β idrolase 
protein ThaEst2349 from the psychrophilic marine bacterium Thalassospira sp. 
revealed to be a cold-active, alkaline and salt tolerance carboxylesterase. 
Extremophilic salt- and cold-adapted enzymes have enlarged the understanding of 
enzyme stability and activity mechanisms, protein structure-function relationships, 
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enzyme engineering and evolution. The enzyme displays a high potential for 
biotechnological applications and this was confirmed by extensive biochemical 
characterization. The emerged ThaEst2349 futures regarding the protein-solvent 
interactions may suggest it can cause the development of new catalysts for use in 
novel synthetic applications, including enzymes operating in low water activity and 
organic solvents for applications in bioenergy and biotechnology. The crystal 
structure revealed a dimeric structure held together by nine hydrogen bonds and two 
strong ionic interactions. Helix α1 and α2 in the lid domain along with Asp286, 
Trp206 and Met90 all define properties of the channel into the active site which 
comprisie Ser158, His285 and Asp255.  
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Figure legends 
 
Fig 1. a) SDS-PAGE analysis of the purified esterase from Thalassospira.  Lane 1, 

Opti-Protein XL protein molecular mass marker; Lane 2, the purified esterase. 
ThaEst2349. b) Crystals of ThaLip2349 resulting from a hanging drop 
experiment. 

 
Fig 2. Characterization of the esterase ThaEst2349. a) Effect of pH on esterase 

activity. b) Effect of temperatures on esterase activity. c) The residual activity 
of ThaEst2349 studied over the range 10-50°C using p-NP acetate as 
substrate. d) The effect of organic solvents on ThaEst2349 activity. 

 
Fig 3. The ThaLip2349 structure. a) Ribbon diagram of one ThaLip2349 dimer 

composed of Chain A (dark red) and Chinn B (Sand), and b) only one 
monomer (Chain A) with the proposed cap domain in green and methionine 
residues in black (carbon) and yellow (sulfur). c) The active site residues 
Ser185, His285 and Asp255, the oxyanion hole composed by Gly87 N and 
Ala86 N. d) The dimer interface of Chain A (dark red) and Chain B (Sand) with 
hydrogen bonds (red lines) and ionic interactions (black line). e) A modeled 
inhibitor 1-hexadecanesulfonyl (pink from AcEst2; PDB 1QZ3) in ThaLip2349, 
was found to fit into a water exposed channels that lead into the active site, 
and the channel entrance is lined by Asp286, Trp206 and Met90. 

 
Fig 4. Sequence alignment and secondary structure elements of ThaLip2349 (top), 

StoEst and PcEstE (bottom). The figure was created by EsPript 
(http://espript.ibc). 
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Figure/Table legends 
 

Table 1. Substrate specificities of the purified esterase. Esterase activities were 
measured toward various p-nitrophenyl esters in presence of Tris-HCl 0.1 M 
pH 8.5. 

 
 
 
 

 
 

 
 

Table 2. Effect of various metals on esterase activity. 
 
 

           1mM compound         10mM compound   
                Relative activity %     Relative activity % 
Control 100.0 ± 0.009 100.0 ± 0.009 
CuCl2 108.7 ± 0.015 147.6 ± 0.018 
CrCl2 130.2 ± 0.188 0 
MgCl2 73.4  ± 0.082 82.4 ± 0.024 
MnCl2 97.2 ± 0.010 61.1 ± 0.007 

KCl 85.9 ± 0.040 89.7 ± 0.029 
CaCl2 126.3 ± 0.196 150.2 ± 0.217 
NiCl2 88.4 ± 0.003 82.8 ± 0.034 
FeCl2 47.9 ± 0.010 0 
CdCl2 76.5 ± 0.010 42.1± 0.10 
HgCl2 100.9 ± 0.052 15.2 ± 0.004 
ZnCl2 50.3 ± 0.027 17.0 ± 0.001 
SnCl2 129.0 ± 0.126 133.2 ± 0.024 
LiCl 172.6 ± 0.143 140.1 ± 0.163 
CsCl 93.4 ± 0.012 101.0 ± 0.101 
CoCl2 159.8 ± 0.143 54.3 ± 0.046 

 
 

Kinetic  parameters 

  Substrate      kcat (s
-1

) KM (M·10
-3

)            s= kcat / KM  

         ( sec
-1

·M
-1

·10
3
) 

pNP-acetate               47.7±4.4        0.94±0.15 50.6±13.3 

pNP-butanoate        5.0±0.4 4.9±0.8 1.0±0.2 

pNP-pentanoate               3.38±0.2 1.4±0.2 2.4±0.6 
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Table 3. Effect of a) various detergents and b) additives on esterase activity. 
 
 
a) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 b) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

               0.1% reagent                  1% reagent  
               Relative activity %      Relative activity % 

Control 100.0 ± 0.009 100.0 ± 0.009 

TRITON X 56.5 ± 0.039 61.4 ± 0.012 

CTAB 11.5 ± 0.014 101.4 ± 0.000 

Tween 80 84.3 ± 0.031 61.8 ± 0.047 

Tween 20 62.7 ± 0.013 120.3 ± 0.019 

SDS 1.7 ± 0.003           0 

                               1mM reagent              10mM reagent 
                                  Relative activity %    Relative activity % 
β-mercaptoethanol 99.1 ± 0.058 90.8 ± 0.0001 

EDTA 86.1 ± 0.019 94.9 ± 0.003 

DTT 113.1 ± 0.011 257.2 ± 0.035 

PMSF 109.2 ± 0.054 99.9 ± 0.006 
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Table 4. a) Effect of NaCl concentration on the ThaEst2349 activity. b) Activity profile 
of ThaEst2349 with NaCl. ThaEst2349 activity was evaluated after an incubation in 
presence of NaCl at 4 °C for 24 h. 
 
 
a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

         NaCl (M) Relative activity % 

0 100.0 ± 0.093 

0.5 132.5 ± 0.092 

1 156.5 ± 0.107 

1.5 165.5 ± 0.107 

2 213.9 ± 0.003 

2.5 230.5 ± 0.023 

3 283.1 ± 0.021 

3.5 123.9 ± 0.051 

4 40.9 ± 0.007 

NaCl (M)  Relative activity (%) 

0 100.0 ± 0.036 

1 284.6 ± 0.006 

2 402.4 ± 0.012 

2.5 453.6 ± 0.018 

3 506.4 ± 0.015 
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Table 5. Activity profile of ThaEst2349 with organic solvents ThaEst2349 activity was 
evaluated after an incubation in presence of organic solvents at 4°C for 24h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Solvents 10% Residual activity (%) 

Control 100.0 ± 0.003 

Methanol 8.0 ± 0.0007 

Acetone 42.9 ± 0.005 

2-Propanol 27.6 ± 0.046 

Butanol 41.9 ± 0.045 

Ethanol 10.1 ± 0.0014 

DMSO 108.7 ± 0.003 

DMFA 34.0 ± 0.008 

Glycerol 99.6 ± 0.016 

Acetonitrile 35.9 ± 0.042 

Dietilic ether 87.4± 0.035 
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Table 6. Statistics from the X-ray data collections and refinement of ThaEst2349. 
The numbers in parentheses represent values in the highest resolution shells.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

X-ray statistics ThaEst2349 

PDB Entry  
Beamline Bessy, BL14.2 
Space group P212121 
Unit cell (Å) a=73.33, b=85.43, 

c=91.75 
Resolution (Å) 
(highest bin) 

25-1.69 
(1.79-1.69) 

Wavelength (Å) 0.91705 
No of Unique reflections 61 330 (6 648) 
Completeness (%) 93.4 (63.3) 
Mean (<I> /<σI>) 13.6 (2.4) 
Rmerge (%) 9.9 (62.0) 
Wilson B-factor (Å2) 12.9 
 

Refinement 

 

Resolution (Å) 25-1.69 
R-factor (all reflections) (%) 14.26 
R-free (%) 18.42 
No of protein residues  630 
No of water molecules / other solvent 926 HOH/ 3 Mg2+ 
R.m.s.d. bond lengths (Å) 0.008 
R.m.s.d. bond angles (°) 1.16 
Average B-factor (Å2) protein/solvent 10.0/23.2 
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Table 7. Dimer interface analysis performed by the PISA server 
(http://www.ebi.ac.uk/msd-srv/prot_int/). 
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Fig 1. a) SDS-PAGE analysis of the purified esterase from Thalassospira.  Lane 1, 

Opti-Protein XL protein molecular mass marker; Lane 2, the purified esterase. 
ThaEst2349. b) Crystals of ThaLip2349 resulting from a hanging drop 
experiment. 
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Fig 2. Characterization of the esterase ThaEst2349. a) Effect of pH on esterase 

activity. b) Effect of temperatures on esterase activity. c) the residual activity 
of ThaEst2349 studied over the range 10-50°C using p-NP acetate as 
substrate. d) The effect of organic solvents on ThaEst2349 activity. 

 
 
Fig 3. The ThaLip2349 structure. a) Ribbon diagram of one ThaLip2349 dimer 

composed of Chain A (dark red) and Chinn B (Sand), and b) only one 
monomer (Chain A) with the proposed cap domain in green and methionine 
residues in black (carbon) and yellow (sulfur). c) The active site residues 
Ser185, His285 and Asp255, the oxyanion hole composed by Gly87 N and 
Ala86 N. d) The dimer interface of Chain A (dark red) and Chain B (Sand) with 
hydrogen bonds (red lines) and ionic interactions (black line). e) A modeled 
inhibitor 1-hexadecanesulfonyl (pink from AcEst2; PDB 1QZ3) in ThaLip2349, 
was found to fit into a water exposed channels that lead into the active site, 
and the channel entrance is lined by Asp286, Trp206 and Met90. 
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Fig 4. Sequence alignment and secondary structure elements of ThaLip2349 (top), 

StoEst and PcEstE (bottom). The figure was created by EsPript 
(http://espript.ibc). 
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Abstract  
The use of metagenomics in enzyme discovery constitutes a powerful approach. A 
novel esterase gene (lip3) was identified by functional screening of three fosmid 
metagenomic libraries constructed from three marine sediment samples. The 
sequenced positive fosmid revealed an enzyme of 281 amino acids with similarity to 
class 3 lipases. The catalytic triad of Lip3 was predicted to be Asp207 and His267 
and the catalytic nucleophile Ser150 in a conserved pentapeptide (GXSXG). The 
recombinant Lip3 esterase, expressed and purified from Escherichia coli, preferred to 
hydrolyze short and medium length p-nitrophenyl esters with the best substrate being 
p-nitrophenyl acetate. Further characterization revealed a temperature optimum of 
35°C and a pH optimum of 8.0. Lip3 exhibits a broad temperature stability range and 
tolerates the presence of DTT, EDTA, PMSF, β-mercaptoethanol and high 
concentrations of salt. These features render this enzyme as a highly valuable 
candidate for biotechnological applications. 
 
Keywords:   
Metagenomics, functional screening, cold-active, esterase, biotechnological 
applications  
 
3.1 Introduction  
Extreme environments represent a great microbial resource of novel enzymes, most 
of which remains to be discovered. 
Metagenomics, the technique to access the genome resource of non-cultivated 
microbes, is a powerful tool used in the discovery of novel industrial enzymes for 
biotechnological and pharmaceutical applications (1,2,3,4).  
Since more than 99% of microorganisms cannot be cultivated (6), the possibilities of 
making new discoveries using metagenomics are huge. 
Modern biotechnology has an emerging demand for new and better biocatalysts, 
which has driven the development of novel approaches to isolate biocatalyst from 
extreme environments. Metagenomics is an alternative approach to traditional 
microbial screening methods (7,8,9). 
Based on the direct cloning of the metagenomic DNA (10) for the construction of 
large clone libraries, the above mentioned omic technique gives access to new 



 

75 
 

genes, complete pathways and their products by multiple screening methods. Even if 
there are several limitations in screening, such as the functional expression of genes 
in a heterologous, screening host, the metagenome-approach has led to the dicovery 
of many novel enzymes such as esterases (carboxyl ester hydrolases, EC 3.1.1.1) 
and lipases (triacylglycerol lipases, EC 3.1.1.3) (11,12). Lipolytic enzymes are found 
in all living organisms and most of the commercially produced enzymes originate 
from microbial sources. Lipolytic enzymes can be grouped into 8 different families 
based on their sequence, structure and biological function (13). All these enzymes 
families are characterized by a typical catalytic triad formed of a nucleophilic serine, a 
catalytic acid (aspartate or glutamate) and a histidine residue and located among a 
conserved Gly-Xaa-Ser-Xaa-Gly pentapeptide which forms a sharp elbow in the 
center of the α/β-fold (14). 
True lipases are distinguished from esterases by having a lid domain that covers the 
hydrophobic catalytic cleft (15,16). This lid moves to expose the catalytic cleft at the 
lipid-water interface according to the activation mechanism typical of lipases. 
However, there are exceptions such as the studied Candida antarctica Lip B (17).  
Until now, numerous novel lipolytic enzymes have been identified by functional 
metagenomic analysis of various microbial habitats, such as soil (18,19,20), hot 
springs (21), lake water (22) and marine sediments (23, 24). 
In this study, we screened three small metagenomic libraries constructed from 
marine sediment samples in order to identify new esterases. After sequencing of a 
positive clone we found the gene responsible for the esterase activity seen on 
tributyrin plates. After recombinant expression in E. coli, the enzyme was 
characterized for its substrate specificity, optimal pH and temperature, thermal 
stability, and effect of different additives on the enzymatic activity. Moreover, 
homology modelling was performed to investigate structural features of the enzyme. 
 
3.2 Materials and Methods 
Sampling in the marine Arctic  
During two research-cruises in the high Arctic on board R/V Helmer Hanssen, 
belonging to the University of Tromsø, Norway, samples of seawater, sediment and 
various biota were taken. For the sediment sampling a Van-Veen grab was used and 
two 50 ml tubes of the top 10 cm layer was filled at each sampling location and 
frozen first at -20°C and later at -80°C. Three of these sediment-samples, described 
in table 1, were used to extract total DNA. The first sampling was conducted in the 
Barents Sea area in May 2010 and the second around Svalbard in October 2011. 
 
High molecular weight DNA extraction and purification 
The frozen sediments were aliquoted using a solid mortar prechilled with liquid 
nitrogen. A soft lysis protocol (25) was followed with some modifications. Five grams 
of sediment was resuspended in 10mL of DNA extraction buffer and 100 µl of 
proteinase K (10 mg/ml) was added. Sample was incubated in a 56°C water bath for 
2 h with an occasional, gentle mixing. Then, 1.5mL 20% SDS was added and 
samples were incubated at 60°C for another 2 h. After centrifugation at 5000 g for 20 
min, the DNA-containing supernatant was extracted with phenol: chloroform: isoamyl 
alcohol mixture (25:24:1 volume ratio). Next, the aqueous phase was precipitated 
with isopropanol (0.7 volumes). The pellet was then washed with 70% EtOH, air-
dried and dissolved in TE buffer (pH 8.0). At this stage the raw-DNA had a brown 
color, especially the DNA from the two clayish samples. 
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To purify the DNA further, two procedures were followed; for sediment sample nr. 1 
an ion-exchange hydroxyapatite column was used. Dry HTP-hydroxyapatite (Bio-
Rad, USA) was resuspended in TE-phosphate buffer (25mM Na-phosphate, pH 8.0), 
swirled and decanted 3 to 4 times to get rid of ultra-fine particles. Then, empty, 
hypodermic syringe plugged with wet glass wool was packed with medium by 
centrifugation. The maximum RCF used in all centrifugation steps was below 1000xg 
to prevent compression of the resin. Final volume of the resin was between 0.6 and 
0.8ml. Column was than equilibrated with TE-phosphate buffer. DNA solution was 
loaded onto the column and washed with an increasing concentration of sodium 
phosphate in TE-phosphate buffer (25mM, 50mM, 100mM, 200mM Na-phosphate pH 
8.0). DNA was then eluted with TE-phosphate buffer containing 300mM of Na-
phosphate. Buffer exchange was performed by using Centricone 4ml spin cartridge 
with 100 kDa cut-off (Millipore, Germany). For sediment samples nr. 2 and 3 the 
Aurora DNA purifier from Boreal genomics, USA, utilizing the SCODA DNA extraction 
technology (26), was used. Raw DNA was diluted to 5ml in milliQ water and applied 
to the sample well of a precasted gel cassette (1% 0.25 X TBE agarose gel, and 
0.25X TBE buffer). The run parameters were as stated in the 
AURORA_HMW_DNA_SOIL_PROTOCOL, provided by the manufacturer. 
The purified metagenomic DNA was quality checked by performing standard PCR 
with Taq polymerase using universal primers (27F and 1492R) targeting the 16s 
rRNA gene. 
 
Creation of fosmid library, storage of clones and functional screening 
The purified DNA was used with the CopyControl Fosmid Library Production Kit with 
pCC1FOS Vector (Epicentre, USA) following the manufacturers protocol to obtain the 
three metagenomic fosmid libraries. Colonies were picked and grown in 400µl LB 
containing 12.5 µg/ml chloramphenicol and 10% glycerol using 1.2ml deepwell blocks 
(squared wells) and sealed with “breathable” film (BREATHseal, Greiner bio-one, 
USA). Incubation was done in a plate shaker at 37°C and 300rpm. Plates were 
afterwards re-sealed with alumina sealing film (alumaseal, Sigma-aldrich, USA) and 
a lid was put on before the plates were transferred to -80°C for storage. 
For detecting the esterase activity, EPI300TM-T1R   Escherichia coli fosmid clones 
were transferred to omni trays containing LB agar medium, 12.5 µg/ml 
chloramphenicol and 1% tributyrin as synthetic substrate. The replication of fosmid 
libraries was made by a 96 pin library copier (Thermo Scientific, USA). The 
appearance of a clear halo zone around colonies within 4 days at 20°C was 
considered a positive indication of esterase activity. 
 
Fosmid purification and sequencing 
The fosmid from the clone showing strongest esterase/lipase activity (evaluated by 
halo size) was included together with 167 randomly selected fosmids to be 
sequenced. Deepwell blocks (2.2ml square wells) containing 1.5ml of LB medium 
containing 12.5 µg/ml chloramphenicol supplemented with 1X autoinduction solution 
(Epicentre, USA) were inoculated with the 168 fosmid bearing clones. The plates 
were incubated with shaking at 37°C for 16hrs. The fosmid DNA were then purified 
using the Montage 96 well kit from Millipore following the vacuum suction protocol. 
The resulting fosmid DNA was resuspended in 100µl Tris buffer pH 8.0. The DNA 
concentration was measured using a Nanodrop Spectrophotometer at 260nm. The 
concentration of DNA in each well was then adjusted to 120ng/µl by adding more 
buffer. Pools of 7 X 24 fosmids were made by pipetting 4µl of each of the 24 fosmid 
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into 7 separate tubes. The pools of DNA was sent to the Norwegian Sequencing 
centre (NSC) in Oslo where 7 individually tagged libraries were made, pooled and 
sequenced on the 454 GS-FLX machine (Roche, USA) using one half of a picotiter 
plate. The remaining fosmid DNA in the 96 well plates was utilized in end-sequencing 
by the Sanger method using BigDye chemistry and the primers T7 or EpiFOSF 
(forward) and EpiFOSR (reverse). All sequencing was performed at the Norwegian 
Sequencing Centre (NSC) in Oslo. 
 
Assembly and analysis of fosmid sequences 
The sequence reads were screened for vector- and E. coli DNA and assembled 
using the Newbler Assembler software (454 Life Sciences), accessed remotely 
through the Bioportal in Oslo (now changed to Lifeportal, https://lifeportal.uio.no/). 
The 7 pools of sequences were separated according to their MID and assembled 
individually. The Sanger end-sequences were then used to distinguish what fosmid-
clone the contigs in each pool originally came from. This was done by local 
nucleotide blast searches against the assembled fosmid DNA. The complete insert 
belonging to the fosmid-clone showing esterase activity was further annotated and 
analyzed online using GeneMark (http://opal.biology.gatech.edu/GeneMark/). The 
GC content profile of the fosmid-DNA was analyzed online using EMBOSS Isochore 
with default settings (http://www.ebi.ac.uk/Tools/seqstats/emboss_isochore/). The 
fosmid insert containing the lip3 gene has been deposited in GenBank under 
accession number KJ538549.  
 
Gene cloning strategy  
The Lip3 gene was amplified from purified fosmidic DNA by using a cloning method 
termed FastCloning (27). The following primer pairs were used to PCR amplify pET-
26b vector and insert separately:  
VecFw 5’-TGTCTTAAGAGCTTACTGCACCACCACCACCACCAC -3’,  
VecRv 5’-CTATCTATTATGTAATTATTCATATGTATATCTCCTTCTTAAAGTT-3’,  
InsertFw 5’-AACTTTAAGAAGGAGATATACATATGAATAATTACATAATAGATAG-3’,  
InsertRv 5’-GTGGTGGTGGTGGTGGTGCAGTAAGCTCTTAAGACA-3’. The 
expression vector encodes an in-frame C-terminal 6xHis-Tag.The PCR reaction 
conditions used were: 1 cycle (98°C for 3 min), 20 cycles (98°C 15 sec, 55°C 30 sec, 
and 72°C 1 min), and a final cycle at 72°C for C 10 min. PCR reactions were 
performed in a MJ Research PTC 200 thermal cycler (MJ Research, Canada). DpnI  
(Sigma-Aldrich, USA) was added to the PCR insert- and vector product separately. 
Vector and insert were mixed at a 1:4 ratio and incubated for 2 h at 37°C. The 
mixture was then used to transform NovaBlue Giga Singles competent cells 
(Novagen, Germany). The DNA sequence of the resulting construct was verified by 
bidirectional DNA sequencing. The expression vector containing lip3 was then 
transformed into E.coli BL21 (DE3) cells. 
 
Recombinant production and purification of Lip3 
E. coli BL21(DE3) cells carrying pET-26b-Lip3 vector were cultivated in Luria Broth 
(LB) medium with 50 µg/mL kanamycin for 16 h at 37°C. To induce protein 
expression, overnight culture was diluted to an OD 600nm of 0.1 in 3-L shake flasks 
containing 600 ml LB medium and antibiotic (50 µg/ml kanamycin). Culture was 
grown at 37°C with an agitation rate of 140 rpm until the OD 600 nm reached 0.6. 
IPTG was then added to a concentration of 0.2 mM to induce the expression. The 
culture was incubated further for 16 h at 20°C. Cells were then harvested by 



 

78 
 

centrifugation at 3,200xg at 4°C for 30 min and frozen at −20°C. The pellet was 
resuspended in 50 mM Tris-HCl pH 8.0, 500 mM NaCl and 10% glycerol, sonicated, 
and cleared by ultracentrifugation at 75,000 g for 40 min. The crude extract was 
filtered using a 0.45 µm membrane, and loaded on a HisTrap HP 1ml column (GE 
Healthcare, England) equilibrated with 50 mM Tris-HCl pH 8.0, 500 mM NaCl, 30 mM 
imidazole, 10% glycerol. Lip3 was eluted with a linear imidazole gradient (10 ml of 0–
500 mM). Fractions of 1 mL were collected and analyzed by SDS-PAGE. Fractions 
containing the recombinant enzyme were dialyzed against 20 mM Tris-HCl pH 8.0, 
10 mM NaCl and 5% glycerol.  
The recombinant protein was further purified using a 1-ml HiTrap Q HP column (GE 
Healthcare, England) equilibrated with buffer A (20 mM Tris-HCl pH 8, 10 mM NaCl, 
5% glycerol) and eluted with a linear gradient of 0–100% of buffer B (20 mM Tris-HCl 
pH 8, 1 M NaCl, 5% glycerol) at a flow rate of 1 ml/min. The proteins containing the 
esterase activity eluted at approximately 50% buffer B. 
 
Analytical methods, determination of protein concentration  
SDS-PAGE was performed using 5 % polyacrylamide-stacking gel and a 12 % 
polyacrylamide-resolving gel with a Bio-Rad Mini-Protean II cell unit, at room 
temperature essentially as described by Laemmli. ‘‘Opti-Protein XL protein molecular 
mass marker” (ABM, Canada) was used as molecular weight standard. The protein 
concentration was determined according to the Bradford method with bovine serum 
albumin as the standard (28). The protein content was measured by monitoring the 
optical density at 595 nm.  
 
Lypolitic activity assays 
The lipolytic activities of the purified enzyme was determined by measuring at 405 
nm in 1-cm path-length cells with a Cary 100 spectrophotometer (Varian, Australia) 
equipped with a temperature controller. To check the linearity of the reaction, two 
different concentrations of enzyme were tested for each condition. Stock solutions of 
p-NP esters were prepared by dissolving the substrates in pure acetonitrile. Assays 
were performed in 1 mL mixture containing purified enzyme (2 µg/mL), 100 mM Tris-
HCl buffer (pH 8.0), 3% acetonitrile and p-nitrophenyl (p-NP) esters at different 
concentrations.  
One unit of esterase activity was defined as the amount of enzyme needed to release 
1µmol p-nitrophenol in 1 min. All experiments were performed in triplicate. Results 
are expressed as mean values ± SE of the mean.  
 
Substrate specificity and enzyme kinetics 
The substrate specificity of the esterase was investigated. The enzyme activity was 
assayed at 450 nm at 35°C toward a variety of p-NP esters of various carbon chain 
lengths: pNP acetate (C2), pNP butanoate (C4), pNP pentanoate (C5), pNP 
octanoate (C8), pNP decanoate (C10). Assays were done in duplicate and the kinetic 
parameters were determined from the rates of hydrolysis by fitting the rates to a 
Lineweaver-Burk double reciprocal plot. All kinetic data were analyzed by linear 
regression using SigmaPlot 10.0.  
 
Effects of pH and temperature on Lip3 activity 
Esterase activity was measured at different pH values by using the buffers 0.1 M 
MES (pH 5.0-6.0), 0.1 M Na-phosphate (pH 6.0-7.5), 0.1 M Tris-HCl (pH 7.5-9.5) and 
0.1 M CAPS (pH 9.5-10.5). The esterase activity was monitored by the amount of p-
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nitrophenol released from p-nitrophenyl (pNP) esters at 348 nm, which is the pH-
independent isosbestic wavelength of p-nitrophenoxide and p-nitrophenol. A molar 
extinction coefficient t of 5000 M-1 cm-1 at 25°C was used in the calculations. 
The activity was expressed as percent relative activity with respect to maximum 
activity which was considered as 100%. Esterolytic activity, as a function of 
temperature, was determined in a temperature range of 10-65°C with 5°C increments 
at the optimum pH value in 0.1 M Tris-HCl (pH 8.0), containing 3 % acetonitrile, using 
p-NP pentanoate (100 µM) as substrate. 
 
Thermal stability of the esterase 
The thermostability of the enzyme was examined at temperatures ranging from 25°C 
to 70°C. The enzyme was incubated at different temperatures for a total time of 2 h, 
and the residual activity was measured at every 20-min intervals. 
 
Effect of compounds and NaCl on enzyme activity 
The effect of various compounds on esterase activity was tested by incubating the 
protein for 1 h at 4°C in presence of β-mercaptoethanol, EDTA, DTT and PMSF at 
final concentrations of 1 mM and 10 mM. The residual activities were measured by 
comparison with standard assay activity containing no compounds and defined as 
100%. 
The effect of NaCl on esterase activity was investigated by increasing the salt 
concentration in a range from 0-4 M at 35°C in standard assay conditions and also 
after incubation in presence of 0, 1, 2, 3 M NaCl for 24 h at 4°C.  
 
Sequence Analysis 
The identified sequence was investigated for protein similarity by searching the 
complete non-redundant protein databases (www.ncbi.nlm.nih.gov) using the BLAST 
software (29). A multiple sequence alignment was constructed using the JalView 
software (30). The N-terminal signal peptide prediction was made using SignalP 3.0 
(http://www.cbs.dtu.dk/services/SignalP/). Molecular weights were determined using 
Protein Calculator V3.3 (http://www.scripps.edu/~cdputnam/protcalc.html). 
 
Lip3 Modeling 
Lip3 was modeled using 4 templates, obtained by scanning the Protein Data Bank 
database with the HHpred server (31): a triacylglycerol lipase from Yarrowia  
lipolytica (3O0D PDB entry), a lipase from Gibberella zeae (3NGM), a lipase from 
Penicillium expansum (3G7N) and a lipase from Serratia marcescens (2QUB). The 
atomic coordinates of the templates were obtained from the Protein Data Bank. In 
order to create the 3D-model, the multiple alignment between Lip3 and the 
sequences of the four templates, obtained in PIR format by HHpred server (31), was 
submitted to the comparative protein structure modeling software Modeller 9v11 (32). 
This software extracts information about spatial relationships between amino acids of 
the templates, and uses this information to create a mathematical function that 
describes the free energy of the protein. Modeller algorithm was set to generate fifty 
models. To select the best model, structure validation was carried out by PDBSum 
pictorial database. Models were uploaded, using standard PDB file format, on the 
PDBsum server, to carry out a full set of Procheck structural analyses (33) in order to 
evaluate the stereochemical quality of the generated structures. Moreover, Z-score of 
Lip3 model was calculated by the web server WhatIf (34). Z-score expresses how 
well the backbone conformations of all residues correspond to the known allowed 
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areas in the Ramachandran plot. Furthermore the Solvent Accessible Surface Area 
of Lip3 model was calculated by POPS algorithm (35). Finally the molecular graphics 
software VMD (36) was used to display the obtained model. 
 
3.3 Results 
Construction metagenomic libraries and screening for lipolytic enzymes 
Three small fosmid libraries were created from marine sediment samples. The total 
number of fosmid clones and the number of positive hits in the screening are shown 
in table 1.  
A total of 19 fosmid clones showed a clear halo zone indicative of putative lipolytic 
activity. The clone employing the largest halo size were sequenced and a gene 
encoding a putative class3 lipase was found. As shown in table 3, we could not 
detect any clear phylogenetic relatedness of the ORFs encoded by the fosmid. Each 
ORF is similar to a variety of unrelated bacteria and no phylogenetic marker gene is 
present. The presence of four transposase genes in the fosmid indicates that the 
region which is cloned comes from a region within the host DNA with 
rearrangements/insertions due to the transposases. The highly variable GC-content 
profile also supports this. An 843-bp ORF encoding a putative esterase/lipase 
(designated Lip3) was identified by GeneMark. The low sequence conservation, 
between Lip3 and the eight lipolytic families described by Arpigny (13), did not allow 
the construction of a meaningful phylogenetic tree for the full dataset. Anyway, a 
sequence analysis using the Pfam protein families identified a α/β-hydrolase family 
sequence (Pfam01764) belonging to class 3 lipase. The lipase consensus sequence 
(GHSLG) and the catalytic triad (serine, aspartate and histidine) are indicated (Fig. 9, 
12). Lip3 contain no signal peptide as predicted by SignalP. 
 
Expression and purification of recombinant Lip3 
In order to study the biochemical properties of the enzyme, the Lip3 gene was cloned 
into pET26b in frame with the C-terminal 6x His tag encoded by the vector.  
High amounts of active protein was achieved when E. coli BL21 (DE3) was induced 
overnight with 0.2 mM IPTG at 20°C. The expressed protein was purified to 
homogeneity and a SDS-PAGE analysis showes that under denaturing condition the 
molecular weight (MW) is around 31.2 kDa (Fig. 3). 
 
Effect of pH and temperature on enzyme activity and stability 
The effect of pH on esterase activity was assessed at 25°C (Fig. 4) using p-NP-C5 as 
substrate. The enzyme in the pH range of 5.0–10.5 showed maximal activity at pH 
8.0 in Tris-HCl buffer. 
The effect of temperature on esterase activity was determined using p-NP-C5 as 
substrate. Lip3 was active over a temperature range from 7 to 65°C (Fig. 5), with an 
optimum temperature of 35°C.  No catalytic activity was detectable at 70°C. 
Lip3 hydrolysed p-NP esters with acyl-chain lengths from two to ten carbon atoms 
(C2–C10). All the characterization was performed at 35°C and in presence of 3% 
acetonitrile. In this condition, the enzyme displays highest activity towards p-NP 
acetate (Table 3) with a highest kcat and kcat/KM value. The results indicated that the 
enzyme is an esterase and p-NP acetate was used as preferential substrate for 
further studies. 
To examine the thermal stability of Lip3 esterase, we preincubated the enzyme at at 
different temperatures and measured the residual activity under standard assay 
conditions. The enzyme displayed a high thermal stability at 60°C. It lost only 
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approximately 20% of its activity, even after incubation for 120 min (Fig. 6). However, 
the stability of the enzyme decreased tremendously after 20 min at 70°C.  
 
Lip3 activity in presence of compounds and NaCl 
The enzyme was unaffected by the presence of low concentration β-mercaptoethanol 
and DTT. PMSF and EDTA seemed to reduce the enzyme activity at lower 
concentrations but not in a noticeably way. The corresponding relative activity 
decreased by half of its original value when the compound concentration was ten 
times more (Table 4).  
Lip3 activity was evaluated in presence of NaCl under the above mentioned assay 
conditions in 0.1 M Tris-HCl pH 8.0. Results show (Table 5) the activation effect of 
Lip3 when NaCl was added in the assay mixture. The highest activity value was 
obtained with 3M NaCl. 
To test the stability of the enzyme with NaCl we measured the relative activity after 
incubation for 24h at 4°C. The activity increased by a factor of about four in presence 
of 3M NaCl (Fig. 7) and a factor of about two in presence of 2M NaCl.  
 
Analysis of the Lip3 sequence 
A multiple sequence alignment consisting of Lip3 together with the most similar 
amino acid sequences is shown in Fig. 8. Similarities were found with lipases from 
Vibrio scophthalmi and Vibrio ichthyoenteri, hypothetical proteins from Flexthrix 
Dorotheae and Pseudanabaena sp. PCC 6802, and a putative lipase from Vibrio 
nigripulcritudo. These sequences had about 30% of identity and 50% of positive 
matches with Lip3 sequence. The alignment revealed that Lip3 contains the lipase-
conserved catalytic triad residues, Asp207 and His267 and the catalytic nucleophile 
Ser150, in the typical consensus pentapeptide G-X-S-X-G, also known as 
“nucleophilic elbow”. 
 
Lip3 modeling 
The 3D-modeling of Lip3 was performed by homology modeling using as templates 
the structures of a triacylglycerol lipase from Yarrowia  lipolytica (PDB ID: 3O0D), a 
lipase from Gibberella zeae (3NGM), a lipase from Penicillium expansum (3G7N) and 
a lipase from Serratia marcescens (2QUB). These structures were chosen because 
they showed a significant structural homology with Lip3, calculated by HHpred 
server, despite a low percentage of sequence identity. Starting from the alignment of 
Lip3 sequence with the reference structures, a set of 50 all atoms models was 
generated. The best model (Fig. 9) was selected in terms of energetic and 
stereochemical quality. In details, it has 86.3% of residues in most favored regions 
and no residues in disallowed regions of the Ramachandran plot according to 
PROCHECK program provided with PDBSum. Moreover this model has a WhatIf Z-
score of -0.297, which is within expected ranges for well-refined structures. These 
values, compared with those of the template structures, indicated that a good quality 
model was created. The Lip3 model displayed an alpha-beta structure characterized 
by 9 alpha-helices (Fig. 10: H1-H6, H9, H10, H12), three 310-helices (Fig. 10: H7, 
H8, H11) and 11 beta-strands forming three sheets (Fig. 10: A-C), corresponding to 
35%, 5.4% and 16.8% of sequence, respectively. Moreover Lip3 structure is 
stabilized by a disulfide bond (Cys179-Cys210). Finally, the SASA analysis of Lip3 
model carried out by POPS algorithm revealed an exposed surface more 
hydrophobic than hydrophilic (59.6% versus 40.4%). 
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3.4 Discussion 
In the current study we have identified a cold-active esterase (Lip3) originating from  
marine clay sediment as result of a functional screening of three small fosmid 
libraries. The choice of sampling area was based on the knowledge that marine 
habitats are really a vast resource of novel lipolytic genes because of the numerous 
microorganisms living there. Lipids from phytoplankton are one of the principal 
nutrition sources in marine food chains (37) and they can be removed from the 
surface layers by microbial activity when falling through the water column and lying 
on the benthos (38, 39). The number of positive clones for esterase activity is really 
high for sample number 1 (11 out of 384). We do not have an explanation for this, 
however the sample sites were not carefully inspected, and there are probably huge 
variations in what available nutrients exists at the respective sites. The occurrence of 
false positives is a well-known fenomenon when using tributyrin as substrate. As we 
did not sequence more of the positive fosmids, we can only speculate the reasons for 
this high hit-rate. 
To address the biotechnological potential of Lip3 as a biocatalyst, we performed a 
biochemical and structural characterization. Lip3 showed activity at temperatures as 
low as 10°C and has an optimum temperature of 35°C, so it can be defined as a 
cold-active esterase. The highest relative activity was observed at pH 8.0 while a loss 
of activity at pH<7 (40). The activity value at alkaline pH can be explained by 
deprotonation of His267. The drop at alkaline pH could be due to protonation of Lys 
or Arg residues crucial for the enzyme integrity by being involved in salt bridges or in 
proximity to the active site.  
The substrate specificity experiment revealed that the enzyme was an esterase with 
a preference for pNP esters of short- and medium chain fatty acids and could not 
hydrolyze substrates with long-chain fatty acids. In agreement with our results, 
another esterase from sea sediment metagenome was also found to have the 
highest hydrolytic activity with short- and middle- length p-NP esters (41). In addition, 
Lip3 activity was evaluated in the presence of DTT, EDTA, β-mercaptoethanol and 
PMSF, at low and high compounds concentration. An inhibitory effect was observed 
when high concentration of the compounds was added. The inhibition of esterase 
activity in the presence of EDTA can be attributed to its metal chelating effect. 
The weak inhibition of esterase activity caused by PMSF may be attributed to the 
attack of Ser150 responsible for the hydrolytic reaction in the active site since this 
inhibitor interact selectively and irreversibly with the serine hydroxyl groups (42). The 
relatively low reactivity could be explained by the low stability of PMSF in the assay 
conditions. A hypthetical disulphide bond between Cys179 and Cys210 was seen in 
the model, and the high concentrations of DTT and β-mercaptoethanol probably 
reduce this bond, thereby lowering the enzyme activity. Being an intracellular 
enzyme, the disulphide bonds rarely forms due to the reducing environment. The 
surface exposure of the disulphide bond might be low, so that it is more shielded 
towards being naturally reduced. 
Lip3 enzyme stability studies showed a quite stable behavior up to 60°C for 1 h and 
decreased at higher temperature while stability of published cold active lipase EstF, 
from deep-sea metagenomic library, was up to 50°C and a dramatic decrease 
thereafter (43).  
The Lip 3 enzyme thus showing stability at moderate temperature can be used 
because of its high catalytic efficiency and specificity at low and moderate 
temperatures for biotechnological or industrial applications. These include their use 
as catalyst for organic synthesis of unstable compounds at low temperature (44). 
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Structural analysis was carried out and we focused our attention to the most 
conserved regions in the sequence alignment (Fig. 8). In Fig. 11, the catalytic triad of 
Lip3, formed by Ser150, Asp207 and His267, is highlighted in yellow. The three 
amino acids forming the catalytic triad seem to be located in three different loops 
connecting three strands to three helices. In particular Ser150 is within a conserved 
motif called “nucleophilic elbow”. 
The solvent accessible surface area analysis suggests that this enzyme, thanks to its 
prevailing hydrophobic surface (59.6%), could be adapted to hydrophobic 
environments, such as organic solvents. In particular, the active site is covered by a 
mobile element, the lid, which opens when the enzyme binds a hydrophobic interface 
(45). The surface exposed to the active site of the lid is hydrophobic, whereas the 
surface exposed to the outside of the enzyme is hydrophilic (46, 47, 48). When the lid 
opens and exposes its hydrophobic surface, the SASA increases drastically (49). 
Depending on the structure of the lid, different transition mechanisms were proposed. 
In lipases with a simple one-helix lid, it’s assumed that the transition is a fast rigid 
body movement (50). In lipases with a more complex lid, instead, the secondary 
structure of this mobile element changes when it opens, undergoing a partial 
refolding (48) which might be a kinetic bottleneck (15). Lip3 seems to belong to the 
first category, having a single-helix lid (Fig. 9,11). 
In summary, a novel cold-active esterase, Lip3, was isolated from a metagenomic 
library constructed from an Arctic marine sediment sample. Lip3 has high activity at 
low temperatures and in presence of high salt concentration. These are very useful 
characteristics for biotechnological processes. This study highlights the potential of 
metagenomic approach to discover and isolate, from extreme environments, novel 
biocatalysts for industrial applications. 
Our esterase with its characteristics is a valuable contribution to the expanding 
enzymatic toolbox used by academia and the biotechnological industry. 
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Figure legends 
 
Fig. 1. Arrangement of open reading frames (ORFs) encoded by the fosmid-insert.      
           The Lip3 encoding gene is marked in red color. 
 
Fig. 2. GC content profile of the lip3 fosmid-DNA. 
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Figure/Table legends 
 
Table 1. Sample description, number of positive hits and total number of screened 
clones 
 

Sample 

number 

Grain      

size 

Number of 

positive 

clones 

Total number    

of screened 

clones 

1. CTD241-86 Clay           11           384   
2. CTD249-119 Clay            -          1000 
3. HH596-1 Sand            8          2500 
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Table 2. Predicted function of the ORFs in the lip3-fosmid predicted by GeneMark. 
The GC content of each fosmid gene is compared with the GC content of the gene 
with best blast score. 
 
 

ORF 

# 

Putative function Best hit (organism) Acc. nr. E-value 

1 GMC oxidoreductase Hyphomicrobium 
nitrativorans NL23 

YP_008864948.1 5e-31 

2 Transposase ISSpo9 Candidatus 
Entotheonella sp. TSY1 

ETW96891.1 7e-35 

3 IS5 family transposase Octadecabacter arcticus 
238 

YP_007701055.1 9e-48 
  

4 Acyl-CoA synthase marine gamma 
proteobacterium 

HTCC2080 

WP_007234422.1 8e-136 

5 Unknown    
6 Transposase Clostridium clariflavum 

DSM 19732 
YP_005047631.1 1e-24 

7 Type-1 restriction 
enzyme 

Microcystis aeruginosa WP_004268210.1 1e-10 

8 Type-1 restriction 
enzyme 

Methanosarcina barkeri 
str. Fusaro 

YP_304562.1 4e-61 

9 Unknown    
10 Unknown    
11 Unknown    
12 PBS lyase HEAT 

dom. containing 
protein 

Leptolyngbya sp. PCC 
7375 

WP_006514873.1 5e-06 

13 Unknown    
14 Unknown    
15 Dehydrogenase Shewanella 

piezotolerans WP3 
YP_002310053.1 2e-59 

16 Radical SAM domain 
protein 

Pedosphaera parvula WP_007414050.1 1e-86 

17 ATP-bind. protein of 
ABC transporter 

Glaciecola 
nitratireducens FR1064 

YP_004873353.1 1e-71 

18 Unknown    
19 Transposase Desulfobacterium 

autotrophicum HRM2 
YP_002605365.1 4e-31 

20 Serine/threonine 
protein kinase 

Candidatus Solibacter 
usitatus Ellin6076 

YP_826265.1 8e-07 

21 Transposase, Mutator 
family protein 

Mycobacterium avium 
MAV_061107_1842 

ETZ43836.1 4e-14 

22 Putative lipase, class 3 Vibrio nigripulchritudo WP_022612571.1 3e-33 
23 Dihydroorotate 

dehydrogenase 
Pseudomonas sp. 

GM49 
WP_007999884.1 2e-60 

24 Hypothetical protein Amorphus coralli WP_018701069.1 1e-63 
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Table 3. Turnover rate, Michaelis constant and specificity constant for Lip3 using 
different p-nitrophenyl esters as substrate. Esterase activity was measured at 35°C in 
presence of Tris-HCl 0.1 M pH 8.0. 
 
 

 

   Substrate    kcat (s
-1

) KM (M·10
-3

) s= kcat / KM ( sec
-1

·M
-1

·10
3
) 

pNP-acetate  1198±200 2.38±0.56 503.3±214.5 
pNP-butanoate 218.0±15.5 1.05±0.16 206.5±48.6 
pNP-pentanoate 152.8±9.82 1.52±0.20 100.2±19.7 
pNP-octanoate 100.0±3.8 0.36±0.04 271.0±44.0 
pNP-decanoate  29.9±1.5 1.03±0.12 29.3±10.1 

 
 
 
 
 
Table 4. Esterase activities were measured toward various compounds at 35°C in 
presence of Tris-HCl 0.1 M pH 8.0. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 5. Effect of NaCl on Lip3 activity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                                               Relative  activity % 

                                                                Concentration     

 1mM 
Concentration 

10mM 

Control 100± 0.007 100± 0.004 
β-mercaptoethanol 96.0 ± 0.005 56.0 ± 0.002 

EDTA 91.0 ± 0.001 78.7 ± 0.003 
DTT 106.0 ±  0.021 59.0 ± 0.005 

PMSF 77.0 ± 0.011 55.0 ± 0.004 

NaCl (M) Relative activity 

(%) 

0 100.0 ± 0.093 
1 284.3± 0.107 
2 334.3± 0.003 
3 675.0± 0.021 
4 528.0± 0.007 
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CTD 241 p3c22 
26938 bp 

acyl-CoA synthase [marine gamma proteobacterium HTCC2080] 

unknown 
unknown 

PBS lyase HEAT domain protein repeat-containing protein [Leptolyngbya sp. PCC 7375] 
Dehydrogenase (flavoproteins) [Shewanella piezotolerans WP3] 

unknown 

serine/threonine protein kinase [Solibacter usitatus Ellin6076] unknown 

GMC oxidoreductase [Hyphomicrobium nitrativorans NL23] 
transposase ISSpo9 [Candidatus Entotheonella sp. TSY1] 

IS5 family transposase  [Octadecabacter antarcticus 238] 

transposase [Clostridium clariflavum DSM 19732] 
Type-1 restriction enzyme [Microcystis aeruginosa] 

Type-1 restriction enzyme [Methanosarcina barkeri str. Fusaro] 

unknown 

unknown unknown 

Radical SAM domain protein [Pedosphaera parvula] 
ATP-binding protein of ABC transporter [Glaciecola nitratireducens FR1064] 

transposase [Desulfobacterium autotrophicum] 

transposase, Mutator family protein  Mycobacterium avium MAV 061107 1842] 
Putative lipase, class 3 [Vibrio nigripulchritudo] 

dihydroorotate dehydrogenase [Pseudomonas sp. GM49] 
hypothetical protein [Amorphus coralli] 
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Fig. 2. GC content profile of the lip3 fosmid-DNA. 
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Fig 3. SDS-PAGE analysis of the purified recombinant esterase. Lane 1, purified 
esterase; Lane 2, Opti-Protein XL protein molecular mass marker. 
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Fig 4. Effect of pH on esterase activity. 
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Fig 5. Effect of temperatures on esterase activity. 
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Fig 6. Thermal stability of Lip3 in the range from 10-70°C using pNP-acetate as 
substrate. 
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   Fig 7. Bar Graph showing the stability profile of Lip3 with NaCl. 

Lip3 activity was evaluated after preincubation in presence of NaCl at 4°C for 24h. 
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Fig 8. Multiple alignment of Lip3 and the most similar sequences found using 
BLASTp against the non-redundant protein database. The most conserved residues 
are shown in dark blue. The level of sequence identity, the quality of the alignment 
and the consensus histograms are also shown 
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Fig 9. 3D-model of Lip3. Helices are shown in red. Strands are shown in blue. The 
one-helix lid is shown in orange. The catalytic triad is shown in yellow. 
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Fig 10. Secondary structure belonging to Lip3 model. 
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Fig 11. Close-up view of Lip3 catalytic triad. In yellow are shown the residues 
 forming the catalytic triad. In orange is shown the one-helix lid. 
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a b s t r a c t

Psychrobacter, a micro-organism originally isolated from Antarctic sea water, expresses an extremely
active hormone-sensitive lipase (HSL) which catalyzes the hydrolysis of fatty acid esters at very low tem-
perature and is therefore of great potential industrial and pharmaceutical interest. An insoluble form of
the entire enzyme has previously been cloned and expressed in Escherichia coli, subsequently refolded
and shown to be active, whilst a shorter but completely inactive version, lacking the N-terminal 98 amino
acids has been expressed in soluble form. In this study the entire enzyme has been expressed as a fully
soluble protein in E. coli in the presence of either the osmolyte trehalose, plus high salt concentration, or
the membrane fluidizer benzyl alcohol. Trehalose promotes protein mono-dispersion by increasing the
viscosity of the growth medium for bacterial cells, thereby helping circumvent protein aggregation,
whilst the heat-shock inducer benzyl alcohol stimulates the production of a network of endogenous
chaperones which actively prevent protein misfolding, whilst also converting recombinant aggregates
to native, correctly folded proteins. The resultant recombinant protein proved to be more stable than
its previously expressed counterpart, as shown by CD and enzymatic activity data which proved the
enzyme to be more active at a higher temperature than its refolded counterpart. By light scattering
analysis it was shown that the newly expressed protein was monomeric. The stability of the full length
native protein will help in understanding the structure of PsyHSL and the role of its regulatory N-terminal
for eventual application in a myriad of biotechnological processes.

Ó 2012 Elsevier Inc. All rights reserved.

1. Introduction

Lipases play a crucial role in lipid metabolism, catalyzing the
hydrolysis of acylglycerides and a range of other fatty acid esters
[1]. They are produced by organisms in a wide range of environ-
ments and are fully functional, often in an extreme range of condi-
tions [2,3]. Due to their catalytic activities and adaptable nature
they are potentially extremely useful enzymes for an ever growing
number of industrial and pharmaceutical applications [4–6]. Cold-
active enzymes produced by micro-organisms often show high cat-
alytic efficiency at low temperatures, frequently associated with
low stability at moderate and high temperatures. The specific
activity of psychrophylic enzymes is higher than that of their mes-
ophylic homologues at 0–30 °C. Over the past decade, the attention
of many researchers has been focused on the biotechnological
applications of these enzymes [5], thanks to the numerous eco-

nomical and ecological advantages of enzymes that operate at low-
er temperatures.

The bacterial species TA144 of Psychrobacter is a micro-organ-
ism which has been isolated from Antarctic sea water, where it
efficiently catalyzes the hydrolysis of acylglycerides and other fatty
acid esters in the process of degradation of organic matter via its
highly active hormone-sensitive lipase [7]. Cold-adapted micro-
organisms normally grow very slowly, but with the aid of genetic
engineering it has become possible to clone their highly catalytic
genes in host strains such as Escherichia coli as has been the case
for the lip2 gene, normally expressed in Psychrobacter sp. TA144,
hereafter referred to as recombinant PsyHSL [8]. As with other
members of the HSL family PsyHSL contains a highly conserved se-
quence of His-Gly-Gly-Gly upstream of the catalytic site, shown to
be homologous to the corresponding region of human HSL, Gly-
Asp-Ser-Ala-Gly [9]. In fact PsyHSL shows a surprising degree of
homology around the catalytic domain, displaying 42% identity
and 60% similarity over a span of 87 amino acids, this region being
proposed to be a common feature in triacylglycerol lipases and
esterases [10].
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PsyHSL has previously been expressed in the bacterial vector
pET22b, but proved to be highly insoluble. It has however been
successfully refolded and shown to be catalytically active, although
this activity does not confirm the true nature of the enzyme; all at-
tempts to crystallize the refolded protein have proved unsuccessful
[8]. However a deleted version of PsyHSL, lacking the initial 98 res-
idues has been expressed in fully soluble form but not extensively
characterized since this deleted version was completely inactive
[8]; suggesting that the N-terminal region of HSL, like its human
counterpart, could be considered as a regulative domain of the pro-
tein, rendering the attainment of the soluble full length protein to
be of considerable potential interest [9].

The aim of this study was to find suitable expression conditions
in order to provide us with a high level of native, soluble and fully
active protein for extensive biochemical characterization and,
eventually, crystallographic studies. For this purpose PsyHSL was
initially re-cloned in two simple 6�His-tag (N-terminal and C-ter-
minal) modified pET vectors pETM11 and pETM13 (EMBL, Heidel-
berg) via PCR using specific oligonucleotide primers and their
soluble expression levels were confronted with that obtained from
pET22b. Further to altering growth conditions two additives were
also used to encourage correct folding of the recombinant protein
expressed in E. coli. These were benzyl alcohol, a membrane flui-
dizer [11] known to artificially cause a heat-shock response in
the modified membrane of bacterial cells, causing severe stress
and inducing the expression of the cells own chaperone network,
as well as the osmolyte trehalose which exerts an anti-aggregation
effect on proteins in the presence of high salt concentration there-
by encouraging uptake of the osmolyte into individual bacterial
cells [12]. The addition of these compounds proved to be decisive
in procuring a high expression level of stable, soluble, full length
recombinant protein.

2. Materials and methods

2.1. Materials

Oligonucleotide primers for PCR were purchased from PRIMM
srl (Milan), DNA extraction and purification kits were from Qiagen
(Germany), Phusion polymerase (Finnzymes, Milan), expression
vectors pETM11 and pETM13 were kindly provided by the Protein
Expression and Purification Core Facility, EMBL (Heidelberg),
restriction enzymes were from New England Biolabs (Milan),
anti-His-HRP conjugated mouse monoclonal IgG from Santa Cruz
(USA), HisTrapHP and Superdex 200 columns from GE Healthcare
(Milan), Bio-Sep SEC3000 from Phenomenex (Germany). Bacterial
expression strains were from Novagen, whilst the cloning strain
TOP10F’ was from Invitrogen (Milan). Benzyl alcohol, trehalose
and other chemicals were from Sigma–Aldrich (Milan).

2.1.1. Construction of pETM11-HSL and pETM13-HSL

HSL ([8] GenBank X53868.1) cDNA was PCR-amplified from
pET22b-HSL with Phusion polymerase using the site-specific oligo-
nucleotide primers: HSL-F CGCGCGCCATGGGCATGCCTATTCTAC-
CAGTACCGGC with HSL-11R CGCGCGCTCGAGTTACTACGCTCTGA
GATTTGGCTTATCAC and again HSL-F with HSL-13R CGCGCGCTC-
GAGCGCTCTGAGATTTGGCTTATCAC and inserted in the appropri-
ately cut expression vectors pETM11 and pETM13 before being
transformed in TOP10F’. The resulting plasmids were named
11-HSL and 13-HSL, whilst the original was known as 22-HSL.

2.1.2. Expression screening of recombinant clones

Expression of recombinant HSL was screened in strains:
BL21(DE3), BL21(DE3)pLysS, Rosetta(DE3), Rosetta(DE3)pLysS and
Rosettagami2(DE3), using various bacterial growth media. Cultures

were induced in exponential phase for 16 h at 20 °C with 0.2 mM
IPTG. All pellets were lysed in B-PER (Pierce, Milan) to obtain sol-
uble and insoluble fractions and loaded on 12% SDS/PAGE. Expres-
sion was confirmed by Western Blot with anti-His-HRP conjugated
antibody before scaling-up optimized conditions.

2.1.3. Purification of recombinant HSL

Expression was scaled up under sequentially optimized condi-
tions to 400 ml cultures grown in 1.8 L baffled shake flasks, with
vigorous shaking, inducing HSL expression 16 h at 20 °C with
0.2 mM IPTG, before harvesting 15 min at 3000g, 4 °C. One gram
pellets were resuspended in 10 ml of: 50 mM Tris–HCl, 40 mM
imidazole, 0.1% Tween 20, 30 mM MgCl2, 5 mM DTT, 1 mM PMSF,
10 lg/ml lysozyme, 5 lg/ml DNaseI, pH 8.0. The lysate was ad-
justed to 500 mM NaCl and sonicated gently on ice. The soluble
fraction was recovered by centrifugation and loaded on a 1 ml
HisTrapHP column, connected to an FPLC ÄKTA system, in the pres-
ence of 50 mM Tris–HCl, 500 mM NaCl, 40 mM imidazole, 2 mM
DTT, 100 lM PMSF, pH 8.0. Peak fractions eluted at 100 mM and
250 mM imidazole, concentrated on Amicon 10 kDa MWCO and
loaded on Superdex 200, Superose 6 or Bio-Sep SEC 3000 columns
in 50 mM Tris–HCl, 150 mM NaCl, 2 mM DTT, pH 8.0.

2.1.4. Enzymatic activity of 13-HSL

13-HSL was tested for esterase activity as previously described
[8].

2.1.5. Optimization of expression for correct protein folding

Recombinant HSL underwent growth and expression in the
presence of additives to optimize the level of correct protein fold-
ing in bacteria. Either trehalose or benzyl alcohol were added at the
initiation of the exponential stage of bacterial growth at various
concentrations. Growth was continued and 13-HSL expression in-
duced with IPTG. Lysates from 2 ml cultures were prepared in B-
PER and 100 lg from each soluble fraction was subjected to 2 h
digestion at 25 °C in the presence of 5 ng trypsin to determine opti-
mal additive concentration.

Once optimized, growth was scaled up to 400 ml cultures as
above and followed either to OD600 = 0.2 at 37 °C, before adding
50 mM trehalose and 400 mM NaCl, switching to 20 °C for
45 min before adding 0.2 mM IPTG and expressing 24 h at 16 °C;
or to OD600 = 0.4 at 37 °C, before adding 20 mM benzyl alcohol,
switching to 20 °C for 20 min before adding 0.2 mM IPTG and
expressing 24 h at 16 °C. Pelleted cells were resuspended and trea-
ted as before, although following HisTrap purification, concen-
trated samples were further purified directly on Bio-Sep SEC
3000. Using this new purification procedure the protein yield
was 1.6 mg/g cells, while refolding from inclusion bodies yielded
20 mg/g cells.

2.1.6. Circular dichroism

All CD spectra were recorded with a Jasco J-715 spectropolarim-
eter equipped with a Peltier temperature control system [Model
PTC-423-S]. Molar ellipticity per mean residue, [h] in deg cm2

�

dmolÿ1, was calculated from the equation: [h] = [h]obs �mrw/
10 � l � C, where [h]obs is the ellipticity measured in degrees,
mrw is the mean residue molecular mass, C is the protein concen-
tration in mg �mLÿ1, and l is the optical path length of the cell in
cm. Far-UVmeasurements (183–250 nm) were carried out at 20 °C,
at time constant of 4 s, 2 nm band width, scan rate of 10 nmminÿ1,
using a 0.1 cm optical path length cell and a protein concentration
of 0.2 mg �mLÿ1 in 6.6 mM buffer phosphate pH 8.0. CD spectra
were signal averaged over at least three scans, and the baseline
was corrected by subtracting a buffer spectrum. Thermal unfolding
curves were determined by recording the molar ellipticity at
222 nm, using a scanning rate of 1 °C/min.
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2.1.7. Light scattering

The oligomeric form of recombinant HSL was determined by
combining size exclusion chromatography with Light Scattering
equipment; experiments were run at 0.5 ml/min in 50 mM Tris,
150 mM NaCl, 2 mM DTT, pH 8.0 buffer using a Bio-Sep SEC 3000
size exclusion column (Phenomenex) connected to an FPLC ÄKTA
purifier system which in turn was connected to a Refractive index
(Shodex RI 101) followed by a Mini Dawn Treos (Wyatt Technol-
ogy, USA) Light Scattering instrument. All data collected were
interpreted with an ASTRA V software package.

3. Results

11-HSL and 13-HSL were obtained by cloning PCR-amplified
HSL cDNA in NcoI/XhoI cleaved pETM11 and pETM13. Resulting
clones were verified by bidirectional sequencing.

Initial levels of expression were confronted with that of the ori-
ginal clone in pET22b [8] in various bacterial expression strains,
being induced 16 h at 20 °C with 0.2 mM IPTG. The presence of re-
combinant HSL was checked by SDS/PAGE. Levels of expression
were so low that the HSL could only be detected by Western blot-
ting with an anti-His-HRP conjugated antibody. Expression levels
were observed to be clearly higher in pETM13, despite there being
a minimal difference between this vector and the commercial
pET22b vector using the codon-optimized strain Rosetta(DE3) so
all further optimization was carried out using this combination
of vector/strain. Expression was further optimized by using en-
riched TB growth media [13], obtaining a visible expression level
on Coomassie Blue stained SDS/PAGE.

Purification of 13-HSL on 1 ml HisTrap revealed two species of
the 48 kDa protein, being eluted at 100 mM and 250 mM imidazole
(Fig. 1). Both species were initially loaded on a Superdex G200 or
Superose 6 column. In both cases 13-HSL eluted with the front,
suggesting that the protein was highly aggregated, despite being
run in reducing conditions to eliminate any covalent interactions.
Although PsyHSL contains eight cysteine residues they are all pre-
dicted to be reduced (re. DiANNA 1.1 web server) so any aggrega-
tion is likely due to remaining non-covalent interactions brought
about by incorrect folding of the protein at the expression level.

There are numerous alternatives available in attempting to re-
duce the level of misfolded protein expressed during bacterial
growth [14–16] either by reducing the level of aggregated protein
formed in the bacterial cells or by scavenging any misfolded
proteins and converting them into a correctly folded species
[17–20]. Lowering the induction temperature and optimizing the

growth medium had minimal effects on the level of soluble recom-
binant PsyHSL expressed in E. coli. It was therefore decided to try
two alternative approaches; firstly using the osmolyte trehalose
[12] alone or in conjunction with a high salt concentration in the
growth medium to encourage its uptake into the bacterial cells
and create a more viscous environment, thereby helping stabilize
cells under stress and improve protein stability overall [21–23].
The second approach was to use the membrane fluidizer benzyl
alcohol [11] which alters the structure of the cytoplasmic mem-
brane, creating stress and inducing the production of endogenous
chaperones to prevent aggregation [24,25].

A series of concentrations of trehalose +/ÿ NaCl and benzyl
alcohol were added to the growth medium in early log phase. Opti-
mal trehalose and benzyl alcohol concentrations were selected
based on the results of trypsin digests of the supernatant collected
from cell lysates: 5 ml cultures were treated initially with additive
at the appropriate OD600 followed by 24 h induction in the pres-
ence of 0.2 mM IPTG. Trypsin treated lysates were loaded on 12%
SDS/PAGE. The least digested full-length PsyHSL observed on SDS/
PAGE were: 50 mM trehalose + 400 mM NaCl and 20 mM benzyl
alcohol.

As before, trehalose and benzyl alcohol treated cultures were
purified on 1 ml HisTrapHP and eluted at 100 and 250 mM imidaz-
ole. The four individual peak fractions were purified on Bio-Sep SEC
3000, together with untreated 100 mM and 250 mM imidazole
fractions (Fig. 2). The 250 mM imidazole fractions were discarded,
since they contained almost exclusively aggregated protein which
eluted with the front (as verified by a standard calibration curve
with proteins run in the same buffer, Fig. 2), but both the trehalose
treated and benzyl alcohol treated 100 mM fractions showed a
clear improvement over untreated cells since most of the protein
eluted at the expected retention time for a 48 kDa protein, imply-
ing that the protein was correctly folded. Benzyl alcohol treatment
provided a cleaner band, although trehalose + NaCl treatment also
clearly improved the level of correctly folded protein.

3.1. Circular dichroism

Secondary structure of soluble HSL purified from benzyl alcohol
treatment was investigated by means of CD in the far-UV region.
The spectrum suggested that native HSL displays a high degree of
secondary structure, showing a large negative band at 222 nm.
Estimation of the secondary structure of native HSL performed
on the basis of the CD spectrum, was carried out according to the
Variable Selection Method (CDSSTR) using DICHROWEB and
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revealed it to be comprised of 29% alpha helix and 18% beta sheet.
The protein melted at 49 °C and was irreversible under the condi-
tions used, likely due to cross-linking between the six cysteines
present within the amino acidic sequence [26,27]. It is worth
noting that the thermally denatured HSL at 75 °C still contains a
substantial amount of secondary structure as calculated by
DICHROWEB. The protein’s transition curve is shown in Fig. S1.
In order to investigate the influence of electrostatic interactions
and solvent properties on the secondary structure of HSL, 1.0 and
1.5 M NaCl were added to HSL and thermal transition curves at
222 nm recorded. Because high concentrations of NaCl disrupt
electrostatic interactions but stabilize hydrophobic interactions,
they can be used as a method of testing which kind of interaction
predominates [28]. In this case almost all secondary structure sig-
nals disappeared as temperature increased proving that residual
secondary structure previously recorded was mainly due to elec-
trostatic interactions. Also in this case the event was irreversible
but the Tm registered was lower, being 43.5 °C indicating that
the secondary structure is destabilized at high ionic strength [29].

3.2. Light scattering analysis

Size exclusion chromatography and light scattering analysis on
native protein purified from benzyl alcohol treated cells clearly
showed that HSL is monomeric in solution with a molar mass of
48 g/mol.

3.3. Enzymatic assays

The relationship between PsyHSL activity and temperature in
the range 20–50 °C was investigated, using pNP-pentanoate as sub-
strate. The apparent maximal activity was recorded at 35 °C, in
good agreement with previous results [8]. PsyHSL thermal stability
was evaluated in the range 35–45 °C (Fig. 3). Enzyme samples were
incubated at any given temperature for up to 1 h and residual activ-
ity was measured. After 1 h incubation at 45 °C, the native protein

still retained 10% of its enzymatic activity (Fig. 3), contrary to pre-
vious analyses of refolded PsyHSL which showed a dramatic drop in
enzymatic activity after only 20 min incubation at 40 °C [8]. As far
as specific activity of the enzyme is concerned, the recombinant na-
tive HSL showed a comparable specific activity of about 43 U/mg
with those values obtained for the refolded PsyHSL (38 U/mg).

4. Discussion

Correct recombinant protein folding within the cell necessitates
the presence, usually transient, of an array of molecular chaper-
ones, either produced naturally or ‘‘induced’’ by the presence of
additives which stimulate their endogenous production
[21,24,30,31]. Cellular osmolytes act as chemical chaperones
within the cell and are often produced naturally [11,21–23] to
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counteract a stressful environment, being composed of three clas-
ses of compounds. The first two classes include carbohydrates such
as glycerol, sorbitol, trehalose and amino acids and derivatives
such as alanine, taurine, c-aminobutyric acid, which are compati-
ble osmolytes and may accumulate in the cell at high concentra-
tion without affecting protein function. The third class is
represented by methylamines such as betaine, trimethylamine N-
oxide which are counteracting osmolytes which offset the adverse
effects brought about by presence of inorganic ions such as urea.
Normally the accumulation of cellular osmolytes is a relatively
slow process, but interestingly it has been observed that the addi-
tion externally of a high concentration of NaCl leads to a rapid re-
lease of heat shock protein [11,21] and enhances the effect of using
a cellular osmolyte alone, as observed here. In fact, in this study the
use of additives to the bacterial growth media has had a determin-
ing effect in enabling us to produce enough full length PsyHSL na-
tive protein for extensive biochemical analyses. By comparison of
CD spectra a significative shift of melting point was noted [8], high-
lighting the fact that in the conditions applied a more stable pro-
tein was produced. During thermal denaturation, secondary
structure was disrupted only in the presence of high salt concen-
tration, suggesting that solvent characteristics affect the conforma-
tional features of thermally treated HSL whilst residual secondary
structure is influenced by electrostatic interactions [32].

Enzymatic assays performed at 40 °C revealed a more stable na-
tive PsyHSL, whilst the refolded protein lost its catalytic activity
after only 20 min incubation at this temperature [8], despite the
fact that the two forms of protein expressed had comparable
specific activities. This may be due to the refolding process, leaving
only a partially folded catalytically active enzyme unable to main-
tain its structure at higher temperature.

Catalytic activity was also tested at 45 °C, and unexpectedly the
protein was at least 10% active after 1 h incubation confirming that
the use of such chemical compounds represents an alternative strat-
egy to obtain recombinant proteins in native form. The optimal tem-
perature for native PsyHSL was 35 °C, the same as for the refolded
enzyme, corroborating the psychrophilic character of PsyHSL.

In conclusion we have established a novel method for obtaining
native HSL in E. coli. The native enzyme proved to be more stable
during thermal denaturation compared to refolded inclusion
bodies as shown by CD experiments and activity data.

Recent studies suggest that the relationship between enzymatic
activity at low temperature and conformational stability is more
complicated than that initially believed to be based on comparative
activity and structural studies alone; in this case the native form of
PsyHSL should allow us to better define its structure–function rela-
tionship especially with regard to its cold adaptation strategy, en-
abling it to be applied to a wide range of biotechnological processes.
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a  b s  t r  a  c  t

A  comparative study  aiming at analysing the  catalytic  activity and  stability  of  four  related  enzymes

belonging  to  the HSL family in  the presence of several  water­miscible organic solvents  was  performed.

The  studied enzymes were  four  carboxylesterases: PsyHSL  (psychrophilic),  Aes (mesophilic),  EST2  (ther­

mophilic) and AFEST  (hyperthermophilic). The  effect  of  the  solvents  on  catalytic activity was  measured

by adding solvents  up to 20% (v/v)  to the assay mixture.  For  all enzymes at low  solvent  concentrations

(4–5%) the catalytic  activity  (U/mg)  increased  up  to  3–4­fold;  only  diethyl ether exerted a negative  effect

when compared to  the  reference  value  without  solvent.  EST2  and  AFEST  retained  more than 100%  of

activity for concentrations  of solvent >10% (v/v).  Similar  results were obtained  for the stability  analysis;

in fact  these two  enzymes appeared more stable than the mesophilic and psychrophilic  counterparts.

The  kinetic parameters of PsyHSL,  EST2  and  AFEST  in  all the  tested  solvents  showed  an increase  in

kcat but a  negative  effect  on KM values.  In the case  of PsyHSL the KM increase  was  very low  resulting

in a  substantial  increase  of the specific constant  (S);  in particular,  the  addition  of  dimethyl  sulfoxide

increased the kcat and  the  s  values  about  4­ and 3­fold,  respectively.  We  tested  the ability  of  the  enzymes

to synthesize  esters  with  the aim  to  discriminate  if  the decrease  of  activity  in the presence  of organic

solvents  was  due  to protein  denaturation  or  an inversion  of the  hydrolytic reaction  toward  synthesis.

While  for  PsyHSL and Aes the  synthesis  was  very low  and  completely  abolished in presence  of  solvents,

instead for EST2  and  AFEST  the esters  synthesis  increased up  to 10­fold  in  the  presence  of solvents,

although  the hydrolytic activity dropped  about  300­fold.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The properties of an enzyme in organic solvents may  differ dra­

matically with respect to  those in aqueous environment [1].  It is

accepted that water is essential for the maintenance of native con­

formation but it is also involved in several mechanisms of enzyme

inactivation [2]. Irreversible thermo­inactivation of enzymes, in

aqueous solution at  90–100 ◦C depends on covalent modifications

at level of: cysteine residues (thiol­catalysed disulfide interchange,

oxidation of –SH groups); asparagines and/or glutamine residues

(deamidation); and hydrolysis of peptide bonds nearby aspartic

acid residues [3,4]. In most of these thermo­inactivation processes

water is one of the reactants as well as in heat­induced protein

denaturation where aggregation of enzymes and incorrect struc­

ture formation are  observed [3,4]. The presence of an  organic

∗ Corresponding author. Tel.: +39 081 6132581; fax: +39 081 6132277.

E­mail  address: l.mandrich@ibp.cnr.it (L. Mandrich).

solvent may  alter these mechanisms and lead to improvement or

worsening of the enzyme performance. In general, the activity and

stability of enzymes depend on  the nature of the solvent (water­

miscible or immiscible, protic or  aprotic, etc.) and the water content

of the enzyme; biocatalysts which show increased activity and/or

stability in organic solvents are considered attractive for biotech­

nological applications [5].

Normally, an enzyme shows enhanced thermostability when

dispersed in pure water­immiscible organic solvents. This has been

observed for porcine pancreatic lipase and lipase from Candida

cylindracea ribonuclease, chymotripsin and several other enzymes

[5,6]. Enzymes in dry organic solvents show a  significant character­

istic that is higher conformational rigidity, that prevents them to

unfold and this could explain their increased thermostability com­

pared to that in aqueous solution [7]. In  organic solvents enzyme

activity changes principally for the absence or drastic reduction of

water which assure the required flexibility for catalysis.

Proteins in mixtures of water and water­miscible organic sol­

vents (>20% of organic solvents) are known to be generally less

stable and less active than in water only, even though some

1381­1177/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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exception exist depending on the solvent or the protein [8,39,41].

Protein folding is a  balance between non­covalent, hydrophobic

and electrostatic interactions, and they are influenced by the sur­

rounding conditions (temperature, ionic strength of the solvent)

as well as type of enzyme. In the presence of organic solvents the

hydrophobic interactions are disrupted and proteins aggregate or

unfold [6,9]. Studies of the behaviour of enzymes of biotechnologi­

cal interest in the presence of organic solvents are useful for further

applications.

In this paper, we studied the effect of the increasing concen­

tration of several water­miscible organic solvents on stability,

catalytic activity, kinetic parameters and ester synthesis of four

carboxylesterases, which cover a  range of catalysis temperature

from 5 to 85 ◦C: the psychrophilic PsyHSL from Psychrobac­

ter sp. TA144 [10], the mesophilic Aes from Escherichia coli

[11], the thermophilic EST2 from Alicyclobacillus acidocaldar­

ius [12] and the hyperthermophilic AFEST from Archaeoglobus

fulgidus [13]. These enzymes belong to the same group, the HSL

family [14–17],  from the classification by ESTHER DATABASE

(http://bioweb.ensam.inra.fr/ESTHER/), that corresponds to the

family IV of the classification by Arpigny and Jaeger [18]. Previ­

ously only kinetic parameters of EST2 in acetonitrile and alcohols

such as methanol, ethanol and 2­propanol have been reported [25].

Since these enzymes were related, we studied not only their dif­

ferent behaviour with several solvents but  also differences due

to their altered thermal adaptation. The effect of organic sol­

vents on the activity and stability of enzymes is  not universal

and seems to depend on  the properties of the solvent and/or

the considered enzyme. The organic solvents were selected for

their different physico­chemical characteristics: polar aprotic (ace­

tonitrile, dimethyl formamide, dimethyl sulfoxide), polar protic

(methanol), polar poly­protic (ethylene glycol) and non polar

(diethyl ether). In  Table 1 are  summarized the main features of

these solvents.

In modern biotechnology, the application of microorganisms

and enzymes to the production of chemicals, biopolymers, mate­

rials and fuels offers great opportunities for the industries. In

the case of lipases/esterases their substrates and/or products are

generally not miscible in water and the industrial biotransfor­

mation processes run under harsh conditions, such as high and

low temperature, extremes of pH and high pressure, presence

of salt, organic solvents and metals [24]. For these reasons, the

organic solvent tolerance of enzymes is a  relevant property, which

show potential in biotechnological applications. In the case of the

enzyme belonging to the  HSL family some data about the organic

solvent tolerance were reported [10,25]. Herein we reported a

complete analysis on the effect of the six organic solvents on

PsyHSL, Aes, EST2 and AFEST enzymes. Moreover we checked

the effect of organic solvents on a  reaction of biotechnologi­

cal interest, namely the modification of EST2 enantioselectivity

towards the substrate (RS)­p­nitrophenyl­2­chloropropionate. This

substrate is used to produce (S)­2­chloropropionic acid, an  inter­

mediate in the synthesis of optically pure phenoxypropionic acid

herbicides [26,27].

2. Experimental

2.1. Purification of proteins

Enzymes used in the experiments were expressed and purified

as previously reported: the psychrophilic Psy HSL from Psychrobac­

ter sp. TA144, see reference De  Santi et  al. [10]; the mesophilic Aes

from E. coli [11,29]; the thermophilic EST2 from A. acidocaldarius,

see reference Manco et al. [12]; and the hyperthermophilic AFEST

from A. fulgidus,  see reference Manco et al. [13].

2.2. Esterase activity

The time course of the esterase­catalysed hydrolysis of pNP­

esters (C5 and C6 acyl chain length) was  followed by monitoring

of p­nitrophenol production at  405 nm,  in 1­cm path­length cells

with a Cary 100 spectrophotometer (Varian, Australia). Initial rates

were calculated by linear least­squares analysis of time courses

comprising less than 10% of the total substrate turnover. Assays

were performed at the optimal temperature of each enzymes

(35 ◦C  for PsyHSL; 65 ◦C  for Aes; 70 ◦C  for EST2; 80 ◦C for AFEST)

[10,12,13,29], in a  mixture of 40  mM  Tris–HCl pH 8.0 for PsyHSL

and 40 mM  buffer phosphate pH 7.1 for the other enzymes, 4%

acetonitrile at  the indicated pH (3% for PsyHSL), containing pNP­

esters (100 mM).  Stock solutions of pNP­esters, C5 and C6,  were

prepared by dissolving substrates in pure acetonitrile [10,12,13].

Samples of identical composition as the assay mixture, omitting

the enzyme, provided suitable blanks. Assays were done in dupli­

cate and results were means of two independent experiments.

One unit of enzymatic activity was defined as the amount of

the protein releasing 1 mM  of p­nitrophenoxide/min from pNP­

pentanoate or ­hexanoate at  indicated temperature. The absorption

coefficient used for p­nitrophenoxide was 19,000 M−1 cm−1 at

35 ◦C  and pH 8.0 or 20,000 M−1 cm−1 form 65 to 80 ◦C at

pH 7.1.

2.3. Effect on enzymatic activity by organic solvents

Enzyme activity was evaluated in the optimal conditions of

temperature and pH of each enzymes using the better reported sub­

strate (100 mM final concentration), that are pNP­pentanoate for

PsyHSL [10] and pNP­hexanoate for Aes, EST2 and AFEST [12,13,35].

Stock solutions of each substrate were prepared in all the solvents

tested; the activity was measured using an increasing concentra­

tion of the solvents up to 20% (v/v) in the assay mixture. Results

were reported as relative activity with respect to the value mea­

sured without solvents.

2.4. Stability to solvents

The stability to solvents of the enzymes was studied at the opti­

mal  temperature and pH of each enzyme incubated in a  mixture

containing 2.5, 5.0 and 10.0% (v/v) of each organic solvent. Pure

enzymes (0.2 mg/ml) were incubated in sealed glass tubes at the

appropriates temperatures. Aliquots were withdrawn at 15, 30, 60,

120, 240, and 360 min  (in some case up to 24 h) and assayed at  the

optimal temperature of each enzymes, in the  standard conditions

described above.

2.5. Kinetic measurements

Initial velocity versus substrate concentration data were fitted

to the Lineweaver–Burk transformation of the Michaelis–Menten

equation, by weighted linear least­squares analysis with a per­

sonal computer and the GRAFIT program 3.0 [30]; pNP­pentanoate

ranged from 1 to 200 mM and pNP­hexanoate from 1 to  150 mM.

Assays were done in duplicate or  triplicate and results for kinetic

data were mean of two  independent experiments. Kinetic param­

eters were calculated for each organic solvents (3%, v/v for PsyHSL

and 4%, v/v for the other enzymes), dissolving pNP­pentanoate or

­hexanoate in each pure organic solvent, and also without solvent,

dissolving pNP­pentanoate or  ­hexanoate in water at their max­

imum of solubility. Measurements were done at  the optimal pH

and temperature of each enzymes.
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Table 1

Main characteristics of the organic solvents used in this study.

Structure Characteristics

Hydrophobicity, log Pa Denaturation capacity (DC)b Polarity index, Ic Dielectric constant, ε
d

−0.3  64.3  5.8 37

−1.0  63.3  6.4 38

−1.3  60.3 7.2 47

−0.76 30.5 5.1 33

−1.8  18.7  5.4 38

−0.8  50.2 6.7 4.3

a The log P value were taken from, or calculated on the basis of Ref. [19].
b The denaturing capacities of the solvents were taken from Ref. [20].
c The polarity indexes of solvents were taken from Ref. [21].
d The dielectric constant value were taken from Refs. [22,23].

2.6. In vitro ester synthesis

The assays were carried out in buffered solutions with or

without solvents as previously described [31]. Briefly, 50  mM

p­nitrophenol and 500 mM hexanoic acid were added to a buffered

solution containing or  not the solvent, and after the addition of

the enzymes the activity was recorded at 405 nm by following

the decrease of  absorbance due to ester synthesis. Each enzyme

was tested at its optimal temperature and pH in the presence of

5 and 10% (v/v) solvent. Results are  the mean of two  independent

experiments.

2.7. Enantioselectivity measurements

The assays were carried out in buffered solutions with or

without 4% (v/v) solvent (as previously described [26]). The

substrates were prepared dissolving (R)­ or (S)­p­nitrophenyl­

2­chloropropionate in pure organic solvents. Assays were done

at 25 ◦C and in 50 mM sodium citrate buffer at  pH  5.0. The

kinetic determinations were performed only for EST2 wild type

enzyme and for EST2 L212P mutant in acetonitrile [26]. Initial

velocity versus substrate concentration data were fitted to the

Lineweaver–Burk transformation of the Michaelis–Menten equa­

tion, by weighted linear least­squares analysis with a  personal

computer and the GRAFIT program 3.0 [30]. Assays were done in

duplicate or triplicate and results for kinetic data were mean of two

independent experiments.

3.  Results and discussion

3.1. Activity and stability

In Table 1 are reported the six solvents used and their main

characteristics; it has been considered their: (a) hydrophobicity,

expressed as log P, that is empirically calculated log10 of the coeffi­

cient for solvent partitioning P between 1­octanol and water [19],

log P could be used as a  criterion to correlate organic solvents and

their denaturating strength only for solvents of the same class such

as alcohols [20]; (b) denaturation capacity, that is an  index of ther­

modynamic stability of a protein obtained by taking into account

the solvent concentration at the protein is half inactivated.

It  has been experimentally verified that exists a  linear rela­

tionships between DC of a  solvent and half­inactivation of several

proteins. Thus DC represents a  good index of the denaturing

strength of organic solvents [20]; (c) polarity index, that is  a

measure of the enzymes denaturation degree by the solvent, in

other words solvents having polarity index of 5.8 and above if

are used as cosolvents cause reversible conformational changes

in the enzyme molecule up to a  concentration of 50% (v/v). Sol­

vents having polarity index of 5.0 and below cause irreversible

conformational changes of the enzymes [21,22]; (d) dielectric con­

stant, that is a  rough measure of a  solvents polarity. Solvents with

a dielectric constant of less 15 are considered to be non polar [36].

The polar aprotic solvents, defined as solvents do not contain­

ing an  –OH or –NH bond, were acetonitrile, dimethyl formamide

and dimethyl sulfoxide; they have different values of hydropho­

bicity, polarity index and dielectric constant [19,21–23].  Methanol

was used as polar protic solvent, defined as containing an –OH or

–NH bond, and ethylene glycol as polar polyprotic; they differ in

hydrophobicity and denaturation capacity values [19,20]; diethyl

ether was  used as apolar solvent. Polar aprotic solvents tend to

have large dipole moment and solvate positively charged species

via their negative dipole. For all enzymes, we measured the activ­

ity as function of the solvent percentage, up  to 20% by the  volume,

and at different temperatures as  follows: (i) at  the reported optimal

temperature of each enzyme, (ii) at  the living temperature of the

bacterium from which the enzymes have been isolated, (iii) at room
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Table 2

Enzymes half­live. Acetonitrile stability was  measured at three different solvent

concentrations: 2.5, 5.0  and 10.0% (v/v). The stability was followed for different times

of incubation at the optimal temperature and pH of each enzyme; pNP­pentanoate

(PsyHSL) or pNP­hexanoate (Aes, EST2, AFEST) were used as substrates. The stability

was  reported as half life­time t1/2 (min).

Enzymes Acetonitrile concentration (v/v)

2.5% 5.0% 10.0%

PsyHSL 3 min 2 min 1 min

Aes 800 min  250 min  170 min

EST2  330 min  100 min  90 min

AFEST 105 min  95  min  60 min

temperature (25 ◦C) and (iv) at 50 ◦C. The stability of enzymes to

solvents was measured at three different concentrations: 2.5, 5.0

and 10.0% (v/v), and at  the optimal temperature and pH  of each

enzyme. The kinetic parameters were calculated in presence of 4%

of each solvent and the rate of ester synthesis of each enzyme in all

solvents were calculated aiming at verify if the decrease of activ­

ity at high concentration of solvent was due to denaturation or to

some change of the equilibrium reaction.

3.2. Acetonitrile

Fig. 1 shows the results obtained for the enzyme activity as

function of acetonitrile concentration and temperatures. In  panel

A (Fig. 1) is shown the profile obtained for PsyHSL: we observed

a maximum increase of activity in presence of solvent at about

3% (v/v) at 35 ◦C; lower increments were recorded at 25 and 4 ◦C.

At a concentration of acetonitrile ranging between 6 and 8%, the

activity dropped down below the value measured without the sol­

vent. For other enzymes (Aes panel B, EST2 panel C, AFEST panel

D, Fig. 1), the maximum increase of activity was  observed at 25 ◦C

and in presence of about 6% of solvent; the temperature increasing

was  inversely related to the activity increasing. In the case of AFEST

at 25 and 50 ◦C and up to 20% of acetonitrile we recorded enzyme

activation with respect to the sample without solvent set as 100%.

Instead EST2 appears to be more sensitive to high concentrations

of acetonitrile at all temperatures tested.

As far as the enzyme stability in acetonitrile is concerned, it

turned out that PsyHSL had low stability at  all solvent concentra­

tions tested, with a  half­life of few minutes (Table 2), while the

other enzymes seemed to be more stable, with a  half­life of about

800 min  for Aes at 2.5% (v/v) acetonitrile. A decreasing stability was

recorded at  higher solvent concentration for all the enzymes tested

(Table 2).

3.3. Dimethyl sulfoxide

Concerning the addition of dimethyl sulfoxide, the greatest acti­

vation was obtained for PsyHSL (Supplemental data, Fig. S1A)  and

its behaviour was very similar to that of EST2; AFEST (Supplemen­

tal data, Fig. S1C and D), showed a  relevant activity also at high

solvent concentration, while for Aes was  recorded a  fast decrease

of activity at  concentrations over 6% (Supplemental data, Fig. S1B).

As for the enzyme stability in dimethyl sulfoxide, the behaviour

was very similar to that obtained for acetonitrile at all concentra­

tions analysed; PsyHSL was  less stable than the others enzymes and

Aes seemed to be less stable with respect to acetonitrile, showing

half­lives of about 600 and 150 min in 2.5 or 10%, DMSO, respec­

tively. EST2 seemed to be more stable than in acetonitrile showing

half­lives of 500 and 90 min  in 2.5% and 10% DMSO, respectively

(Supplemental data, Table S1).

3.4. Dimethyl formamide

The analysis of activity in DMF  shows that the maximum

enhancement was  obtained in the range of 2–6% of solvent for all

Fig. 1. Enzyme activity vs acetonitrile concentration (%,  v/v). Data obtained for: (A) PsyHSL; (B) Aes;  (C) EST2; (D) AFEST. For each enzyme the assays were done at the optimal

pH,  and using pNP­hexanoate as substrate.
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Table 3

Ester synthesis. We followed spectrophotometrically the synthesis of p­NP­hexanoate, starting from p­nitrophenol and hexanoic acid, using a reaction mixture containing 5

or 10% of each solvents. Results obtained at 10% of solvent concentration are reported in parentheses. Results are mean of two different experiments. One unit of synthetic

activity  was  defined as the amount of protein that synthesized 1 mmol  of pNP­hexanoate/min.

Solvents Enzymes activity (U/mg)

PsyHSL Aes EST2 AFEST

None 0.0051 ± 0.0002 0.012 ± 0.001 2.4 ± 0.1 1.10 ± 0.05

Acetonitrile n.d. 0.0063 ± 0.0005 (n.d.) 6.9 ± 0.2 (4.3 ± 0.1) 2.8 ± 0.01 (2.1 ± 0.01)

Dimethyl  sulfoxyde 0.0045 ± 0.0005 (0.0028 ± 0.0002) 0.015 ± 0.001 (0.0074 ± 0.0005) n.d. n.d.

Dimethyl formamide 0.0042 ± 0.0005 (n.d.) 0.010 ± 0.001 (n.d.) 3.3 ± 0.1 (n.d.) 2.5  ± 0.02 (n.d.)

Methanol n.d. n.d.  30.0 ± 5.0 (3.1 ± 0.1) 9.5  ± 0.1 (4.0 ± 0.2)

Ethylene glycol n.d. n.d.  n.d. n.d.

Diethyl ether n.d. n.d.  n.d. n.d.

enzymes; for additional increments of solvent the activity dropped

down below the value measured in absence of solvent (Supplemen­

tal data, Fig. S2A–D).

By analysing all data regarding the enzyme stability in DMF,

we could hypothesize a  stronger denaturing action of this solvent

most likely, due to the increased polarity with respect to the two

solvents used before. This could destabilize charges present on

the protein surface. Accordingly, PsyHSL showed half lives of few

minutes, and even EST2 and AFEST were demonstrated to be less

stable with respect to other solvents analysed (half lives of about 60

and 20 min  at 2.5  and 10% DMF, respectively; Supplemental data,

Table S2).

3.5. Methanol

The analysis of activity in methanol shows a  behaviour sim­

ilar to other solvents, with an  increase of activity in the range

3–5% of methanol, which reached about 4­fold for PsyHSL (Sup­

plemental data, Fig. S3). EST2 activation at 70 ◦C decreased

rapidly above 10% methanol (Supplemental data, Fig. S3C). This

result was confirmed also in terms of stability; in fact EST2

was demonstrated to be less stable in methanol with respect

to  the other solvents analysed, whereas Aes showed an  excel­

lent stability in this solvent (Supplemental data, Table S3).

Since methanol is a  strong protein denaturant, because it dis­

rupt the hydrophobic interaction [38], we could speculate a

general effect due to the high polarity of methanol; further­

more, for EST2 and AFEST, the denaturation effect was enhanced

by the high temperatures used for the incubation, e.g. 70 and

80 ◦C.

3.6. Ethylene glycol

PsyHSL activity was dramatically affected by the presence of

ethylene glycol; in fact, we observed a  decrease of activity with

respect to the control, in all tested conditions (Supplemental data,

Fig. S4A).  Concerning the addition of ethylene glycol to the other

three enzymes, we observed that activity remained above the value

measured without solvent for Aes and EST2 up to 12.5% of ethylene

glycol (Fig. S4B); for AFEST this trend was maintained almost up to

20% of solvent (Supplemental data, Fig. S4B–D).

In terms of protein stability, in the presence of ethylene gly­

col, EST2 and Aes demonstrated to be very stable, with a half life

of 240 and 360 min, respectively at 10% of solvent, whereas AFEST

showed a  moderate stability (Supplemental data, Table S4). Com­

paring the results obtained in ethylene glycol with that obtained

with methanol, it turned out that the less destabilizing effect we

observed in ethylene glycol could be ascribed to the lower “denat­

uration capacity” (Table 1)  of the ethylene glycol with respect to

methanol.

3.7. Diethyl ether

In  Fig. S5 (Supplemental data) it is  reported the effect of diethyl

ether on the enzyme activities. In  all the conditions tested, Aes,

EST2 and AFEST proved to be less active than without solvent, while

PsyHSL enzymatic activity increased at 25 and 37 ◦C up to 5% of

solvent concentration (Supplemental data, Fig. S5A). Interestingly

diethyl ether affects the stability of the same three enzymes in the

same way  as the solvent which shows the lower half­lives, with

respect to the other solvents analysed, and at  all the used per­

centages (2.5, 5.0 and 10.0%); in contrast the psychrophilic protein,

PsyHSL appeared to be more stable in diethyl ether with respect

to the other solvents tested here a  result similar to the effect of

methanol (Supplemental data, Table S5).

How may we explain these results? An hypothesis could be that

being the structural core of (hyper)thermophilic enzymes much

more stable with a  overall less flexible structure due to a  large

number of ionic and hydrophobic interactions [32,33], an  apolar

solvent reaching the inner core of the protein might interfere with

the protein hydrophobic interactions leading to protein unfolding.

On the other hand, psychrophilic enzymes are characterized by

a high structural flexibility, due to a  lower number of hydrophobic

interactions [34], and as a  consequence these proteins might be

less sensitive to the presence of apolar solvents (diethyl ether in

this case).

3.8. Kinetic parameters

The kinetic parameters were calculated at 4% final concentra­

tion of each solvent for Aes, EST2 and AFEST and 3% for PsyHSL.

The results are summarized in Table S6 (Supplemental data). Fig. 2

shows the kcat and s =  kcat/KM values as ratio of the value obtained

in water and solvents used for each enzyme. A careful reading of

the kinetic parameters pointed out an increase of enzymatic activ­

ity for all the tested enzymes, only exception being PsyHSL and

Aes, for which a  slight reduction was observed in diethyl ether

(Fig. 2A). PsyHSL showed the strongest increases of kcat (around

4­fold) with respect to the other enzymes, in dimethyl sulfoxide.

Concerning Aes, we observed a large increase in kcat (up to 3­fold) in

DMF, ethylene glycol and methanol. Slighter increasing, up to 1.5­

fold, were recorded for EST2 and AFEST (Fig. 2A); finally, for all the

enzymes analysed, the addition of solvents increased the KM val­

ues (Supplemental data, Table S6). In  terms of specificity constants

s (kcat/KM)  the variations recorded correspond to a  weak increase

for Aes, a  decrease for EST2 and AFEST and 2–3 fold increase for

PsyHSL (Fig. 2B).

3.9. Ester synthesis

With the aim to understand if the decrease in enzymatic activ­

ity, observed after incubation in organic solvents, was due to a
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Table 4

The parameters were calculated using (R)­ or (S)­p­nitrophenyl­2­chloropropionate as substrate, in a mixture containing sodium citrate buffer 50 mM  pH 5.0 and 10% of each

solvents at 25 ◦C. Stock solution of the substrates dissolved in each solvent were prepared. The kinetic determinations were performed only for EST2.

Solvent (R)­p­Nitrophenyl­2­chloropropionate (S)­p­Nitrophenyl­2­chloropropionate Ratio Ss/Rs

kcat (s−1)  KM (mM)  kcat/KM (s−1 mM−1)  kcat (s−1)  KM (mM)  kcat/KM (s−1 mM−1)

– 37.5 ± 1.5 0.100 ± 0.014 375 ± 60 52.6 ± 3.4 0.110 ± 0.030 480 ± 100 1.28 ± 0.27

Acetonitrile 53.5 ±  2.0  0.170 ± 0.020 314 ± 50 56.6 ± 2.5 0.076 ± 0.013 745 ± 80 2.37 ± 0.39

Dimethyl sulfoxide 39.0 ± 2.0  0.105 ± 0.015 371 ± 50 48.8 ± 2.4 0.124 ± 0.024 394 ± 50 1.06 ± 0.06

Dimethyl formamide 48.0 ± 1.0  0.230 ± 0.025 208 ± 27 36.7 ± 1.6 0.125 ± 0.025 293 ± 75 1.41 ± 0.39

Methanol 43.2 ± 1.0  0.190 ± 0.013 227 ± 18 35.5 ± 1.0 0.130 ± 0.015 273 ± 35 1.20 ± 0.20

Ethylene glycol 43.7 ± 2.3 0.190 ± 0.030 230 ± 40 41.5 ± 1.8 0.115 ± 0.020 360 ± 80 1.57 ± 0.55

denaturation process or to an inversion of the hydrolytic reaction,

the rates of ester synthesis were calculated.

Our results (Table 3)  show an excellent rate of ester synthesis

for EST2 and AFEST in 5% methanol, while the increase of methanol

percentage (10%) corresponds to a drastic decrease of synthetic

Fig. 2. Graphical representation of kinetic parameters reported in Table S6

(Supplemental data). Parameters were reported as ratio with respect to the

value obtained in water. (A) kcat solvent/kcat H2O values are reported; (B)

ssolvent/sH2O values are reported. To better understand the real  difference

in  activity among the enzymes used, we report the value measured in

H2O: PsyHSL kcat = 19.0 ± 1.3 s−1 ,  s =  190 ± 30 s−1 mM−1; Aes kcat = 40.3 ± 0.6 s−1 ,

s = 260 ±  10 s−1 mM−1;  EST2 kcat =  3800 ± 80  s−1 ,  s =  475 ± 55 (×103) s−1 mM−1;

AFEST kcat = 1530 ± 5 s−1 ,  s  = 352 ± 23  (×103) s−1 mM−1 .

reaction. Other esterases tested under the same conditions demon­

strated a  very poor catalytic rate of synthesis, suggesting that the

presence of organic solvent led to the protein unfolding.

3.10. Enantioselectivity

To translate the information gathered on the solvents stabil­

ity into a  reaction/process of biotechnological interest, we used

as a  model reaction the EST2 hydrolysis of (RS)­p­nitrophenyl­2­

chloropropionate to obtain (S)­2­chloropropionic acid, a compound

used in the synthesis of optically pure phenoxypropionic acid her­

bicides [27]. Previously, it  has been reported that EST2 is able to

hydrolyse this compound, showing a  slightly preference for the S

form [26]; in the same work by a  random mutagenic approach, con­

sisting in error prone PCR of the EST2 gene, expression of the genes

and screening for altered activities against the R or the S  form of

the substrate we  isolated a  mutated version of EST2, L212P that

displayed about 6­fold increase of specificity for the S  form [26]. In

Table 4  are reported the kinetic parameters measured for EST2 in

the different solvents, using the (R) or (S) forms of the substrate. In

the presence of acetonitrile we  measured the maximum difference

in affinity for the S form, respect to the parameters measured with­

out solvent showing a  ratio between the specific constants Ss/Rs in

acetonitrile of 2.37 (without solvent the ratio was  1.28, Table 4).

In presence of acetonitrile the parameters measured on the R form

of the substrate were the same obtained without solvent and the

difference was due to a  decrease of KM value, corresponding an

increase of affinity for the S  form. Regarding DMF  an inversion of

ratio of activities was observed favouring the R form. Whereas using

DMSO a  decrease of ratio Ss/Rs was  measured respect to the value

without solvent (Table 4), due to a decrease of specific constant for

the S  form, remaining unchanged for the R form. Finally we  tested

the behaviour of the mutant L212P in acetonitrile, obtaining a  slight

increase of the ratio Ss/Sr with respect the value measured without

solvents, from 6.6 to 7.4.

4. Conclusions

The study of behaviour of enzymes in different conditions such

as temperature, pH, presence of salts and/or organic solvents may

be a  preparatory phase to understand the potential of enzymes in

biotechnological application. By  now, many enzymes have been

described soluble in pure organic solvents, more stable there than

in water and show different catalytic properties, generally reduced

activity but altered specificity [39–41]. Systems made of homo­

geneous aqueous–organic solvent mixtures are used in catalysis

when the substrates are not completely soluble in water, and they

may alter the synthesis/hydrolysis equilibrium and the enantios­

electivity [42]. In  this light, the nature of organic solvent used

causes changes in the properties of the reaction medium which

can determine different conformational flexibility, deformation of

the enzyme [43],  and different solubility and polarization of the

substrates.
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The ester hydrolysis reaction is a  nucleophilic substitution

which involves a  carbocation intermediate, anything that can facil­

itate this will speed up the catalytic reaction. The addition of

solvents to the reaction can stabilize ionic intermediates in the

case of aprotic solvents; and to solvate the leaving group in the

case of protic solvents, among these there are  water and alco­

hols, which will also act  as nucleophiles [37]. In  this work, we

observed that ethylene glycol (polyprotic) is less destabilizing than

methanol for all proteins; in fact, the half­lives were higher with

respect to methanol (Tables S3 and S4), also the activity in the

presence of increasing percentage of solvent (v/v) was  higher in

ethylene glycol than in methanol (Figs. S3 and S4). In  the case of

aprotic solvents no direct correlation was observed, for instance,

while Aes showed an high half­life in both DMSO and DMF, EST2

half­life was similar to  Aes in DMSO, but 10 fold less in DMF. In

terms of kinetic parameters (Table S6)  the aprotic solvents gave

increased specific constants for PsyHSL and Aes due to essentially

an increase in kcat. In the case of EST2 and AFEST an increase of kcat

and KM values was observed, with consequent decrease of specific

constants.

The activity and stability of the tested enzymes was  altered by all

solvents tested; from a  kinetic point of view, dimethyl formamide,

dimethyl sulfoxide, methanol and ethylene glycol enhance the

activity (kcat) of all enzymes; parallelly it was  observed a gen­

eral and slight increase in the KM values suggesting a  reduction

of the substrate affinity. These effects are  not unexpected because

organic solvents might change local or  global polarity of the enzyme

and therefore they could stabilize the surface binding site for sub­

strate or they might remove or change the distribution of water

molecules in the active site that in turn could have an effect

on kcat and KM. At  substrate level, the solvents might give some

conformational differences or  have a  mere inhibitory effect [28].

For the same reasons the organic solvents might have a  different

effect on the enantiomer substrate (RS)­p­nitrophenyl chloropro­

pionate because the R or the S  form could interact better with

EST2 enzyme and as consequence give a  different rate of hydrol­

ysis or a different affinity. In  the model case analysed here, the

mutation L212P concerns an  exposed residue in the active site

likely to be involved in slight modifications [26], which in turn

help the S form of substrate to have a better interaction with

the enzyme ultimately leading to an  increase of activity. These

alterations could be easily mimicked by the so called “medium

engineering” as reported here (Table 4). If we assume that for

L212P mutant the enzyme conformation is  optimized for the

S form, the presence of organic solvents could have a  nega­

tive or slight positive effect on the catalysis because the organic

solvent could interfere with the optimal active site conforma­

tion.

In  this light, we could explain why we obtained only a  slight

increase in affinity of S  form in presence of acetonitrile for the

mutant L212P and the inversion of ratio of activity when dimethyl

formamide was used.

The highest protein stability of EST2 and AFEST in all tested

solvents, is in good agreement with previous knowledge about

properties of (hyper)thermophilic enzymes; accordingly PsyHSL

seemed to be less stable in presence of solvents, in agreement

with its lower thermal stability; in other words these two prop­

erties: thermal and solvent stability are  strictly related suggesting

a common denaturation pathway in which molecular flexibility is

a fundamental determinant of enzyme denaturation, and worth to

be taken into account when planning to study specific biotransfor­

mation reactions.

Appendix A. Supplementary data

Supplementary data associated with this article can be

found, in the online version, at  http://dx.doi.org/10.1016/

j.molcatb.2012.06.002.
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Cold-adapted enzymes possess high specific activity at low and moderate temperatures
with respect to their mesophilic and thermophilic homologs; it is accepted that they have a
less rigid and more flexible structure in the region surrounding the active site. However, the
low stability of such molecules could represent the main barrier for their application in
some industrial bioprocesses. The aim of this article was to investigate the ability of the nat-
urally occurring osmolytes to increase the thermal stability and the specific activity of the
cold-active lipase from Psychrobacter sp. TA144 (PsyHSL), which belongs to the hormone-
sensitive lipase group. The effect of trimethylamine N-oxide (TMAO), betaine, and L-proline
addition on the activity and thermal stability of PsyHSL was investigated by means of bio-
chemical and biophysical techniques. It turned out that in the presence of 3 M TMAO, the
enzyme specific activity enhanced up to 250% at 50�C, while the addition of 1 M TMAO
increased the thermostability fivefold at 45�C. Our experiments demonstrated that, even in
the case of a psychrophilic enzyme, osmoprotectants, particularly TMAO, addition may be
considered an efficient strategy to improve the protein thermal stability and specific activity
at higher temperatures. VVC 2012 American Institute of Chemical Engineers Biotechnol. Prog.,
28: 946–952, 2012
Keywords: psychrophilic enzymes, hormone-sensitive lipase, TMAO, betaine, L-proline

Introduction

The available data regarding psychrophilic enzymes

pointed out that the high specific activity at low temperatures

of these biocatalysts is often associated to a low thermo-

stability, which makes them inclined to loose their activity at

moderate and even high temperatures.1 This feature is con-

sidered quite often a detrimental trait for the biotechnologi-

cal use of such enzymes, and could represent a great

limitation in their bioprocess applications.

In naturally evolved enzymes, low temperature activity

has been generally associated with low conformational sta-

bility as seen by the shift of the apparent temperature optima

to lower temperatures and low stability vs. chemical denatur-

ants. These observations suggested a necessary inverse rela-

tionship between low-temperature activity and structural

stability and stimulated the investigation of structural factors

responsible for these characteristics. Comparative investiga-

tions of numerous protein models and crystal structures

revealed that cold-adapted enzymes tend to exhibit an attenu-

ation of the strength and number of structural factors known

to stabilize protein molecules.2

During these years, many researchers have centered their

activity looking for new strategies to overcome the thermal
Correspondence concerning this article should be addressed to Dr. D.
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lability of psychrophilic proteins. The use of new methodolo-

gies (such as site-directed mutagenesis, directed evolution,

etc.) led to increase the thermostability of psychrophilic

enzymes and very often to decrease their cold-adaptation,

that is, the activity at low temperatures.3 Although the afore-

mentioned are powerful methods, these approaches are labo-

rious, time consuming, and need to be applied to each given

biocatalyst. An alternative strategy could be represented by

the use of osmolytes to enhance thermal stability of cold-

active enzymes.

Osmolytes are small molecules known as chemically stabi-

lizing solutes, and they are commonly found in nature to pro-

tect plants, animals, and microorganisms from environmental

stresses; they could be divided into three main groups: sugars,

amino acids and their derivatives, and methyl ammonium

derivatives. The effect of these osmolytes on the protein sta-

bility is well known, as they promote the protein stabilization

and also induce the refolding of misfolded proteins.4 More-

over, the effect of osmolytes on the enzymatic activity of

enzymes has also been investigated on a number of enzymes.

Jamal et al.5 classified the osmolytes into two main groups

based on their specific action: compatible and counteracting.

Although amino acids belong to the first group, that pro-

motes the protein stabilization without any influence on the

activity, the counteracting osmolytes (methyl ammonium

derivatives) protect proteins against inactivation/denaturation

by urea and are believed to cause changes in protein enzy-

matic activity.5

In extremely cold environments, organisms tend to accu-

mulate small organic compounds, such as osmolytes, that

lower the colligative freezing point of the cytoplasm and

thereby contribute to seasonal freezing resistance. These

osmolytes are also called chemical chaperones, as they are

able to promote and preserve protein folding and do so with-

out any apparent specificity for protein structure and

sequence. Despite recent advances in the understanding of

the effect of such compound on the protein stability, little in-

formation is available on the role of osmolytes in the

increase of thermal stability and enzymatic activity of psy-

chrophilic enzymes.

Trimethylamine N-oxide (TMAO), betaine, and L-proline

are naturally occurring osmolytes. The effect of these com-

pounds as chemical chaperones is well known in organisms

that withstand extreme environmental conditions6 and they

could help in avoiding cold-denaturation of proteins exposed

to harsh conditions. TMAO and betaine belong to the coun-

teracting osmolytes, whereas L-proline belongs to the com-

patible osmolytes. TMAO is widely used to analyze the

effect of osmolytes on conformational stability.7

In this article, we report on the effect of several osmo-

lytes, such as TMAO, betaine, and L-proline, on the enzy-

matic activity/thermal stability of the psychrophilic

hormone-sensitive lipase from Psychrobacter sp. TA144 (af-

ter called PsyHSL),8 which belongs to the ‘‘H’’ block in the

ESTHER database (http://bioweb.ensam.inra.fr/ESTHER/gen-

eral?what¼index). We focused our attention on PsyHSL as

the region surrounding the active site is homologous to the

human HSL.9 In our previous report, we established that, as

most psychrophilic enzymes, PsyHSL showed a high cata-

lytic activity at very low temperatures associated with a very

low thermal stability at temperatures exceeding 40�C.

Herein, we report that the addition of TMAO and betaine

increase the specific activity at higher temperatures and led

the protein to be significantly more thermostable at 45�C up

to 5 h of incubation.

Materials and Methods

Materials and analytical procedures

Tris–HCl buffer 20 mM pH 8.0 was used for CD spectra,

whereas Tris–HCl buffer 100 mM pH 8.0 was used for ki-

netic measurements. The osmolytes TMAO, betaine (N,N,N-
trimethylglycine), L-proline were purchased from Sigma

Chemical and they were used at a concentration of 1 M and

3 M. Buffer solutions were prepared by use of distilled water

at 18.3 MX and filtered through 0.22-lm filters before use.

SDS-PAGE (12.5%) was performed in nondenaturing con-

ditions, without b-mercaptoehtanol and avoiding heat-denatu-

ration treatment of the samples. The sample was incubated

at 35�C for 1 h in the presence of 3 M TMAO just before

loading. ‘‘Page ruler prestained protein ladder’’(Fermentas)

was used as the molecular weight standard.

PsyHSL purification

Recombinant PsyHSL was purified from inclusion bodies

by use of the protocol as described in De Santi et al.8 The

purified enzyme was routinely stored at ÿ20�C in the pres-

ence of 20% glycerol used as stabilizing agent.

Enzyme thermal stability: PsyHSL optimal

temperature studies

The enzymatic activity of PsyHSL was assayed at 35, 40,

45, and 50�C in the absence and in the presence of TMAO,

betaine, and L-proline at final concentrations of 1 and 3 M.

The substrate used for this analysis was pNP-pentanoate, dis-
solved in acetonitrile, at a final concentration of 100 lM in

a reaction mixture of 100 mM Tris–HCl pH 8.0, containing

3% acetonitrile. The amount of enzyme for each assay was 5

lg and the specific activity (U/mg) was calculated.8

PsyHSL thermostability studies

To study the effect of osmolytes on the thermostability of

PsyHSL, pure enzyme (0.2 mg/mL) was incubated in sealed

glass tubes at the different temperatures in 100 mM Tris–

HCl pH 8.0 in the presence of TMAO, betaine, and L-proline

at a final concentration of 1 M. The activity of the psychro-

philic protein was then assayed in the range of temperature

from 4�C to 50�C.

Aliquots were withdrawn each hour starting from 1 to 5 h

and assayed at 35�C. All assays were done in duplicate and

the residual percentage activity was determined. The mea-

surement of esterase activity was performed using pNP-pen-
tanoate, in standard condition as described above.

CD measurements

CD measurements were performed by means of a Jasco J-

715 spectropolarimeter equipped with a Peltier type tempera-

ture control system (Model PTC-348WI). The molar elliptic-

ity [h] expressed in deg cm2 dmolÿ1, was calculated in the

far-UV region from the equation: [h] ¼ (h)obs�mrw/10�l�C,
where (h)obs is the ellipticity measured in degrees, mrw is

the mean residue molecular weight, (109.1 Da) for PsyHSL
enzyme, C is the protein concentration in g mLÿ1 and l is
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the optical path length of the cell in cm. In the near-UV

region, the molar ellipticity [h] was calculated per protein

molar concentration (m) using the equation [h] ¼

(h)obs�100/mL. CD spectra were recorded using 0.1-cm path

length cells and a protein concentration of about 0.1 mg/mL

in the far-UV region; 0.5-cm path length cells and protein

concentration of about 2 mg/mL were instead used in the

near-UV region. They were recorded at constant temperature

with a time constant of 4 s, a 2-nm bandwidth, and a scan

rate of 20 nm/min, signal-averaged over at least three scans,

and baseline corrected by subtracting a buffer spectrum.

Thermal unfolding curves were recorded in the temperature

mode, by following the changes of the CD signal in the

near-UV region, at 278 nm, with a scan rate of 1.0�C/min.

Results

Effect of osmolytes on the optimum assay

temperature of PsyHSL

Standard assay conditions for PsyHSL were previously

determined and the apparent optimal temperature resulted to

be 35�C in standard assay conditions.8 Osmolytes that are

the object of this study (i.e., L-proline, betaine, and TMAO)

were added to the standard assay buffer at two final concen-

trations (1 and 3 M) and PsyHSL specific activity was deter-

mined at four different temperatures (35, 40, 45, and 50�C).

At temperatures lower than 30�C, the presence of tested

osmolytes did not influence the PsyHSL specific activity

(data not shown). The results are presented in Table 1, where

kinetic data are reported as specific activity, and the PsyHSL
specific activity was recorded at the respective temperature

in standard conditions. In all tested conditions, the specificity

of the enzyme resulted to be almost the same, demonstrating

that the presence of osmolytes does not affect the enzyme

substrate affinity (data not shown).

It turned out that L-proline addition had a drastic negative

effect on PsyHSL activity at all tested temperatures. At tem-

peratures 35�C and 40�C, TMAO or betaine addition

(regardless of their respective final concentration) induced a

slight reduction of PsyHSL specific activity. Interestingly, at

the higher temperatures, the addition of either betaine or

TMAO to the assay mix resulted in an increase of enzyme

specific activity, up to 253%, for example, when the enzyme

was tested in the presence of 3 M TMAO at 50�C.

Effect of osmolytes on thermal stability of PsyHSL

The thermal stability of PsyHSL was evaluated in the

presence of osmolytes and the results obtained were com-

pared to those obtained in the same buffer without osmopro-

tectants. As observed in Figure 1, the addition of all tested

osmolytes induced a notable thermal stabilization of

PsyHSL, the most efficient one being TMAO added at 1 M

final concentration. Indeed, the enzyme retained its activity

after 5 h incubation up to 45�C, whereas at 50�C and after 3

h of incubation the enzyme preparation was almost totally

inactivated. A similar PsyHSL behavior was observed in the

presence of 1 M betaine or 1 M L-proline; the addition of

both osmolytes stabilized the enzyme, which retained its ac-

tivity for 5 h up to 35�C. At higher temperatures, the added

osmolytes only partially counteracted the enzyme thermal

denaturation, and L-proline was found to be more effective

than betaine because 2.5% residual activity was still detected

after 5 h of incubation of PsyHSL at 50�C (Figure 1).

CD measurements

Circular dichroism measurements were performed to

investigate on the changes in conformational stability of the

enzyme induced by the presence of high concentrated solu-

tions of osmolytes. Figure 2 shows the CD spectra obtained

in the absence and in the presence of osmolytes and at dif-

ferent temperatures. In Figure 2A, we show the CD spectra

of PsyHSL enzyme at pH 8.0 in a dilute buffer solution of

20 mM Tris–HCl, recorded at 5�C (filled circles) and 70�C

(open circles). The analysis of the CD spectrum obtained at

5�C by means of Dichroweb10,11,12 provided the values of

31% a-helix, 33% b-strand content for PsyHSL as previously

reported.8 The CD spectrum of PsyHSL recorded at 70�C

appears different from a typical random coil spectrum, as it

still showed a broad negative band in the far-UV region.

This might be due to a residual non-native secondary struc-

ture or to the presence of soluble aggregates of the enzyme

formed at high temperatures. Thermal denaturation curves

recorded by following the change in the CD signal at 222

nm did not show a sigmoidal trend suggesting that the sec-

ondary structure gradually decreases at increasing of temper-

ature. This prevented us from studying the thermal

denaturation of PsyHSL by changes in the far-UV CD spec-

tra. The CD spectra of PsyHSL enzyme at pH 8.0 in a

diluted buffer solution of 20 mM Tris–HCl and 20% glycerol

(filled squares), the same buffer in the presence of 1 M beta-

ine (open squares), 1 M TMAO (open circles), 3 M TMAO

(filled circles) are reported in Figure 2B. The comparison of

spectra suggested that the protein secondary structure was

unaffected by the presence of 1 M and 3 M TMAO as well

as of 1 M betaine. The high absorption of 1 M L-proline sol-

utions below 230 nm prevented the registration of trustwor-

thy CD spectra of PsyHSL in the presence of that osmolyte.

The CD spectra of PsyHSL in the presence of 1 M TMAO

at the temperatures of the activity assay are reported in

Table 1. Specific Activity of PsyHSL at Different Temperatures

Sample
Specific Activity (U/mg) Specific Activity (U/mg) Specific Activity (U/mg) Specific Activity (U/mg)

35�C 40�C 45�C 50�C

PsyHSL buffer 41.3 � 0.6 40.9 � 0.1 22.2 � 0.1 7.56 � 0.3
1 M TMAO 25.6 � 0.1 36.0 � 0.2 40.1 � 0.2 14.5 � 0.1
3 M TMAO 16.3 � 0.1 16.7 � 0.2 17.1 � 0.2 19.1 � 0.1
1 M betaine 40.0 � 0.2 37.9 � 0.3 36.3 � 0.1 6.18 � 0.2
3 M betaine 25.6 � 0.3 32.0 � 0.1 34.1 � 0.1 12.5 � 0.1
1 M proline 3.7 � 0.1 2.8 � 0.3 0.80 � 0.3 0.61 � 0.1
3 M proline 2.8 � 0.5 2.4 � 0.4 2.38 � 0.4 0.44 � 0.2

The enzymatic assays were performed in the presence of different osmolytes. The activity was measured using pNP-pentanoate at a final concentration
of 100 lM in 0.1 M Tris–HCl pH 8.0, containing 3% acetonitrile.
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Figure 2C. As can be observed, the negative CD band

remains constant up to 50�C. The overall results of the

PsyHSL far-UV CD spectra suggest that its secondary struc-

ture does not change in the presence of osmolytes and

slightly changes at increasing temperature even in the pres-

ence of osmolytes. No thermal transition curves can be

recorded by following changes of CD bands in that region.

This finding is not surprising considering the high flexibility

of psychrophilic proteins. The contribution of aromatic side

chains to the near-UV CD spectra of proteins can be used as

sensitive probe of protein conformation. PsyHSL possesses

14 tyrosine and six tryptophan residues, therefore, the near-

UV CD spectrum is representative of the ordered spatial

arrangement of these residues in the native protein confor-

mation. The near-UV CD spectra at 5�C (thick line) and at

70�C (thin line) of PsyHSL enzyme at pH 8.0 in 100 mM

Tris-HCl buffer and 20% glycerol are reported in Figure 3.

The spectrum at 5�C is characterized by a large positive

band centered at 278 nm that flattens at 70�C thus suggesting

that the increase of temperature strongly perturbs the protein

tertiary structure. Near-UV CD spectra of PsyHSL at 5�C in

the presence of osmolytes (Figure 4; Panel A 1 M TMAO,

Panel B 1 M Betaine, and Panel C 1 M L-proline) show the

same large positive band centered at 278 nm showing that

the tertiary structure does not change in the presence of

osmolytes. Each spectrum shown in Figure 4 was recorded

at the temperatures of the activity assay (see Figures 4A–C).

These spectra highlight a decrease of the positive band at

increasing temperature, suggesting the reduction of PsyHSL
tertiary structure. Thermal denaturation profiles, recorded by

following the CD signal at 278 nm at a constant scanning

rate of 1�C/min, although appeared noisy, showed sigmoid

patterns. Thermal denaturation curves of PsyHSL are

reported in Figure 5. The experimental values are reported

as fraction of unfolded molecules assuming that the CD sig-

nals at 5�C and 70�C correspond to the native and denatured

state, respectively. The denaturation temperature values were

evaluated from the inflection point of each sigmoid curve

and are reported in Table 2. According to its psychrophilic

nature, PysHSL possesses a low thermal stability. In fact, its

denaturation temperature at pH 8.0 in 20 mM Tris–HCl

buffer was 35.5�C (see Table 2), whereas in the presence of

20% glycerol it increased to 43.5�C. The effect of osmopro-

tectants was tested in the presence of 20% glycerol. The

addition of 1 M L-proline did not affect the denaturation

temperature, which remained almost the same (43.5�C, Table

2). A further increase of the denaturation temperature was

observed on the addition of 1 M betaine in the buffer,

enhancing temperature up to 44.5�C. As far as the addition

of 1 M TMAO was concerned, a significant increase in dena-

turation temperature was observed, where the value

increased to 50.5�C (see Table 2). These results strongly

suggest that in the presence of high concentration of osmo-

lytes, the protein seems to be more resistant against the

action of temperature. Among the osmolytes, TMAO

emerged as the most effective. These observations agree

Figure 1. Thermostability of PsyHSL at various temperatures, such as 48C (�), 108C (*), 158C (!), 208C (~), 258C (n), 308C (&),
358C (^), 408C (^), 458C (~), and 508C (grad).

The enzyme was incubated, in the absence of any osmolyte (A), in the presence of TMAO 1 M (B), betaine 1 M (C), and L-proline 1 M (D), in 0.1
M Tris–HCl pH 8.0 at the indicated temperatures for the times indicated. The residual activity was measured at 35�C in standard condition.
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with the results obtained from specific activity. The tempera-

ture-induced denaturation of PsyHSL was found to be irrevers-

ible, both in the absence and in the presence of osmolytes.

Discussion

Several reports have shown that the conformational stabil-

ity of protein in vitro increased in the presence of osmo-

lytes.13–15 The mechanism, however, is not yet completely

understood. The effect of the osmolytes on protein stability

should be directed by a fine equilibrium between their ability

to enhance/reduce the surface tension of water and their

capability to either encourage preferential hydration for pro-

teins or exert direct binding to the protein surface amino

acids. Indeed, two models are used to describe the effect of

osmolytes on protein stability.5 The binding model specu-

lates that an increase in the osmolyte-induced stability arises

from the preferential hydration (or exclusion of the osmo-

lyte) leading to a shift in the denaturation equilibrium, to-

ward the native state.16,17 The second model, the excluded

volume model, is based on the idea that osmolytes limit the

conformational freedom of proteins by driving them to their

most compact native state (catalytically most efficient form).

The decrease in conformational freedom arises from steric

repulsions between the protein and the osmolyte.5

Despite significant advances in understanding the effect of

osmolytes on protein stability, its consequent effects on the

activity of enzymes has not been examined. In fact, protein

stability and enzyme activity are strictly related, but up until

today it is not clear how this link is retained in the presence

of osmolytes.

Several reports demonstrated that hyperthermophilic and

mesophilic enzymes are stabilized by the same osmo-

lytes.13,14,18 Concerning psychrophilic proteins, there is up to

now only one recent report on the cold-adapted enzyme, Desea-

sin MCP-01,19 in which the use of TMAO as a stabilizing agent

is reported to increase the thermostability while keeping

enzyme psychrophilic characters (such as structural flexibility

and high catalytic efficiency at low temperatures). Indeed, to be

active in cold environments, psychrophilic proteins often dis-

play a fragile structure and are generally considered to be less

stable and more susceptible to heat- and cold-denaturation.2

The aim of this work was to explore the ability of the nat-

ural occurring osmolytes to increase thermal stability and the

specific activity of the hormone sensitive lipase from Psy-
chrobacter sp. TA144. PsyHSL was produced in E. coli cells
and recovered in quite homogeneous form (about 90–95%

pure).8 The purified recombinant PsyHSL exhibited stability

in the presence of 20% glycerol, and efficiently converted

several substrates into products. The recombinant psychro-

philic enzyme exhibited an apparent optimal temperature

equal to 35�C with respect to the substrate pNP-pentanoate
and when the optimal pH 8 was used. Stability studies dem-

onstrated that the enzyme behaves as a classical psychro-

philic one,20 as it was characterized by a pronounced

thermal-lability. Indeed, it retained almost 100% of activity

Figure 3. Near-UV CD spectra of PsyHSL in 100 mM Tris–
HCl buffer, pH 8, 20% glycerol at 58C (thick line)
and 708C (thin line).

Figure 2. (A) Far-UV CD spectra of PsyHSL enzyme in 20
mM Tris–HCl buffer, pH 8 at 58C (�) and at 708C
(*); (B) far-UV CD spectra at 58C in 20 mM Tris–
HCl, pH 8, 20% glycerol (n), 1 M betaine (&), 1 M
TMAO (*), 3 M TMAO (�); (C) far-UV CD spectra
of PsyHSL enzyme in 20 mM Tris–HCl buffer, pH 8
in the presence of 1 M TMAO at 58C (~), 358C
(~), 408C (*), 458C (�), 508C (&), and 708C (n).
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after 2 h of incubation at 4�C, whereas a gradual loss of ac-

tivity was observed when the enzyme was incubated at tem-

perature above 30�C, with practically no remaining activity

after only 20 min of incubation at 40�C (Figure 1A).

In this work, we investigated the ability of TMAO, beta-

ine, and L-proline to alter the thermal stability and specific

activity of PsyHSL. The addition of different osmolytes

seemed to have different effects on the optimal temperature

of PsyHSL, as TMAO and betaine addition at 1 M and 3 M

at final concentration shifted the optimal temperature by

about 15�C with respect to any compound addition. The best

increase of PsyHSL specific activity was about 250% in the

presence of TMAO (3 M) at 50�C (Table 1).

We also investigated the effect of osmolytes on thermo-

stability of PsyHSL. Our results demonstrated that PsyHSL

retained its catalytic activity after 5 h of incubation at 45�C

in the presence of 1 M TMAO (Figure 1B), whereas the

cold-active enzyme displayed a narrow stability loosing its

activity after 20 min of incubation at 40�C in the absence of

any osmolytes (Figure 1A). The stabilization of PsyHSL by

TMAO addition resulted in a noticeable increase of the pro-

tein thermostability (t1/2), which enhanced by fivefold at

45�C (data not shown).

A PsyHSL CD spectroscopic analysis by far-UV CD spec-

tra was performed (Figure 2), and it demonstrated that the

osmolytes addition did not affect the PsyHSL secondary

structure (Figure 2B). The near-UV spectra (Figure 3) dem-

onstrated that the protein tertiary structure (recorded at 5�C)

was destroyed at 70�C, thus allowing us to use the near-UV

spectra to study the protein thermal denaturation profiles in

the presence of osmolytes (Figure 4).

As shown in Table 2, PsyHSL displayed a melting tem-

perature of 35.5�C, in good agreement with other cold-active

enzymes.20 When 20% glycerol was added, the melting tem-

perature increased up to 43.5�C, and further addition of

osmolytes, such as betaine and TMAO increased the melting

temperature up to 44.5�C and 50.5�C, respectively (Figure

5). It has been previously demonstrated that osmolytes can

independently affect proteins;5 hence, their effects can be

additive. This may be the reason why many organisms use

multiosmolyte systems. Based on our findings, we can

hypothesize that the presence of both glycerol and TMAO

notably enhanced the melting temperature of the PsyHSL by

about 15�C and thus its stability.

The overall results reported in this article show that the

effects of osmolytes on the thermal stability and enzymatic

Figure 4. Near-UV CD spectra of PsyHSL enzyme in 20 mM
Tris–HCl buffer in the presence of (A) 1 M TMAO,
(B) 1 M betaine and (C) 1 M L-proline at 58C (n),
358C (&), 408C (�), 458C (*), and 508C (~).

Figure 5. Thermal-induced unfolding profiles of PsyHSL in 20
mM Tris–HCl buffer, pH 8 (~), 20 mM Tris–HCl
buffer, pH 8, 20% glycerol without osmolyte (n), in
20 mM Tris–HCl buffer, pH 8 with 1 M L-proline
(&), in 20 mM Tris–HCl buffer, pH 8 with 1 M be-
taine (*) and with 1 M TMAO (�). Measurements
were performed as described in ‘‘Materials and
Methods’’ section.

Table 2. Denaturation Temperature of PsyHSL Enzyme in Different
Buffer Conditions at pH 8.0 and in the Presence of Different
Osmolytes Obtained by Recording the Molar Ellipticity at 278 nm

Td (
�C)

20 mM Tris-HCl 35.5
20 mM Tris-HCl þ 20% glycerol (Buffer A) 43.5
Buffer A þ L-proline 1 M 43.5
Buffer A þ betaine 1 M 44.5
Buffer A þ TMAO 1 M 50.5
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efficiencies were similar to those described for mesophilic

enzymes.15 In particular, it was demonstrated that TMAO

improved the specific activity and protein thermal stability at

high temperature. To clarify the molecular mechanisms re-

sponsible for TMAO effect on PsyHSL, the binding capabil-

ity of TMAO to psychrophilic protein was investigated by

nondenaturing SDS-PAGE gel electrophoresis (Figure 6),

incubating the protein at 35�C for 1 h in the presence of 3

M TMAO before loading the sample. In the presence of

TMAO, the protein showed a lower electrophoretic mobility,

likely due to the TMAO holding capability (Figure 6) thus

allowing us to hypothesize that TMAO shows preferential

hydration in the vicinity of PsyHSL.

Our results suggest that TMAO molecules are inclined to

be excluded from the enzymes surface and oblige the protein

to assume a densely folded structure, with a minimum of

surface area exposed to water molecules. The steric repul-

sions between the protein and the osmolytes limit the confor-

mational freedom of proteins by driving them to their most

compact native state. This hypothesis could justify the detri-

mental effect of TMAO addition on PsyHSL specific activity

at moderate temperatures (35�C and 40�C), especially

observed at higher TMAO concentration (3 M, see Table 1).

Our findings confirmed that TMAO can be used as an effi-

cient stabilizing agent to boost the thermostability of cold-

adapted enzymes. Compared with mutation and modification,

addition of TMAO is an uncomplicated and consistent method

to improve both thermostability and specific activity of a

cold-adapted enzyme and it may represent a novel approach

to increase the thermal stability of psychrophilic protein in

view of their application in several bioprocesses. This pro-

vides new prospects for exploiting cold-adapted enzymes.
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a b s t r a c t

Antimicrobial peptides (AMPs) are considered one of the most ancient components of the innate

immune system. They are able to exert their protection activity against a variety of microorganisms, and

are widely distributed in both vertebrates and invertebrates. In this paper we focused on an AMP

identified in the Antarctic teleost Chionodraco hamatus, an icefish species. The cDNA sequence of the

AMP, named chionodracine, is comprised of 515 bp and translates for a putative protein precursor of 80

amino acids, with a signal peptide of 22 amino acids. The structural features evidenced in the primary

sequence of chionodracine lead to the inclusion of the peptide in the antimicrobial family of piscidins.

The analysis by real-time PCR of the basal gene transcripts of chionodracine in different icefish tissues

showed that the highest expression was found in gills, followed by head kidney. The chionodracine

expression levels in head kidney leukocytes were up-regulated in vitro both by LPS and poly I:C, and

in vivo by LPS. A putative chionodracine mature peptide was synthesized and employed to obtain

a polyclonal antiserum, which was used in immunohistochemistry of gills sections and revealed

a significant positivity associated with mast cells. The bactericidal activity of the peptide was investigated

and found significant against Antarctic psychrophilic bacteria strains (Psychrobacter sp. TAD1 and TA144),

the Gram-positive Bacillus cereus, and at a lesser extent against the Gram-negative Escherichia coli.

Interestingly, the haemolytic activity of chionodracine was tested in vitro on human erythrocytes and no

significant lysis occurred until peptide concentration of 50 mM.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The antimicrobial peptides (AMPs) are considered as funda-

mental components of the innate immune system of eukaryotes,

where they contribute actively to the control of microbial invasion

[1e3]. The specificity of AMPs against pathogens is extremely wide

towards species and strains of bacteria, fungi, parasites and viruses

[4]. Due to their considerable genetic variability, AMPs cannot be

easily classified on the base of size, structure or physico-chemical

parameters, thus several categories have been described as

peptides having common structures such as a-helices, b-sheets,

extended structures and loop structures [5,6]. The expression of

AMPs is usually high in primary barriers tissues of the organism,

such as the skin in mammals, to prevent colonization by pathogens

[4,7,8]. The potential use of AMPs as antimicrobial drugs can be

significant [9,10], but it is actually limited by the knowledge of their

mechanisms of action that has not been fully understood [11].

During recent years the research on fish AMPs showed an

exponential increase, and a large number of AMPs sequences have

been cloned and characterized (for a review see Ref. [12]). Among

these it should be mentioned pleurocidin from winter flounder

(Pleuronectes americanus) [13], piscidin or moronecidin from hybrid

striped bass (white bass,Morone chrysops, female, x striped bass,M.

saxatilis, male) [14] and dicentracine from sea bass (Dicentrarchus

labrax) [15]. Fish AMPs have been shown to be biologically active

against both bacterial and viral fish pathogens [16,17] and, there-

fore, could be of importance in fish farming for their impact on the

immune system responses [18]. The tissue localization of fish AMPs

has been performed in sea bream, where piscidin were demon-

strated to be primarily present in mast cells and professional
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phagocytic granulocytes [19]. Other AMPs from fish, like hepcidins,

have been shown to also function as iron regulators [20], thus

suggesting others possible functional roles of these molecules.

The icefish Chionodraco hamatus is a teleost species belonging to

the Channichthyidae family, one of the six extant families of

Antarctic Perciformes [21]. These fishes display interesting physi-

ological adaptations, like antifreeze glycoproteins [22] and peculiar

immunoglobulins [23,24]. In addition, icefishes show a complete

absence of haemoglobin and of functional blood erythrocytes [25].

Such peculiarities make C. hamatus an interesting model of study

for the immune system adaptation to low environmental

temperatures.

In this paper we describe in C. hamatus the identification of

a cDNA coding for a piscidin-like AMP, named chionodracine, and

investigated levels of gene expression in different tissues, as well as

the in vitro and in vivo gene regulation after stimulationwith LPS or

poly I:C. Moreover, a polyclonal antibody has been produced

against the putative mature sequence of the peptide and used to

investigate the presence of chionodracine in the gills, a tissue in

direct contact with the outside. Indeed, the gills are the major route

of entry for pathogen invasion after epithelial damage [19,26e28]

and thus are considered important immune organs capable of

mounting robust immune responses [29]. Finally, we evaluated the

bactericidal activity of chionodracine against both fish and human

bacteria, for a possible use of the peptide as an antimicrobial drug.

2. Materials and methods

2.1. Cloning of an AMP from C. hamatus

C. hamatus specimens were collected with nets in Januarye

February 2011 during the XXVI Italian Antarctic Expedition orga-

nized by the National Program of Antarctic Research (P.N.R.A.) at

the Italian Antarctic Base, Terra Nova Bay, Ross sea (Mario Zucchelli

Station). After collection, fish were placed in tanks, transported to

aquaria and kept in running seawater.

Head kidney leukocytes were obtained from C. hamatus after

disrupting the organ by teasing on a 100 mm cell strainer and total

RNA was isolated from leukocytes using Trisure (Bioline). The RNA

was resuspended inDEPC-treatedwater andcDNApreparedwith the

BioScript RNase H minus (Bioline) enzyme using the protocol

described in Ref. [30]. Two degenerate primers (PISFW 50-CT(T/C)

TCTTGTGCT GTCGATGGT-30 and PISRV 50-GCA(A/T/G)GA(G/T/C)

CAG(C/G)AAG(A/C)(T/G)C (G/A/T)GC-30) corresponding to conserved

regions of knownAMPgeneswere used in PCRon the cDNA. Controls

for the presence of DNA contamination were performed using the

cDNA as template and with b-actin primers that span an intron.

Reactions were conducted using a Mastercycler (Eppendorf). The

cyclingprotocolwas one cycle of 94 !C for 5min, 35 cycles of 94 !C for

45 s, 48 !C for 45 s, 72 !C for 45 s, followed by one cycle of 72 !C for

10min. PCRproducts (15 ml)were visualizedon1% (w/v) agarose gels

containing ethidium bromide (10 ng/ml) using hyperladder IV (Bio-

line) as size marker. The PCR product was purified using a QIAquick

Gel Extraction Kit (QIAgen), inserted into the pGEM-T Easy vector

(Promega) and transformed into competent JM109 Escherichia coli

cells. PlasmidDNA fromat leastfive independent cloneswas purified

using the Wizard Plus SV Minipreps DNA Purification System

(Promega) and sequenced using MWG DNA Sequencing Services.

Sequences generatedwere analysed for similarity with other known

sequences using the BLAST [31] program.

Further primers were designed based on the initial icefish AMP

sequence for 50- and 30-rapid amplification of cDNA ends (RACE-

PCR) (30AMFW: 50-CTTTCTTGTGCTGTCGATGGT-30 and 50AMRV: 50-

GCAAGACCAGCAAGAGCGGC-30). cDNA was synthesized from head

kidney RNA with a First-strand cDNA Synthesis kit (GE Healthcare)

following the manufacturer’s instructions. For 30 RACE-PCR, cDNA

was transcribed using an oligo-dT adaptor primer (50-CTCGA-

GATCGATGCGGCCGCT15-3
0). PCR was performed with the 30AMFW

primer and the oligo-dTadaptor primer. For 50 RACE-PCR, cDNAwas

transcribed from total RNA using the oligo-dT primer, treated with

E. coli RNase H (Promega), purified using a PCR Purification Kit

(QIAgen), and tailed with poly(C) at the 50 end with terminal

deoxynucleotidyl transferase (TdT, Promega). PCR was performed

with 50AMRW primer and an Oligo-dG primer (50-GGGGGGIGG-

GIIGGGIIG-30). Sequencing of amplified products and similarity

searches were performed as described above. The icefish AMP

sequence was analysed for the presence of a signal peptide using

SignalP software [32]. Alignment of the icefish AMP amino acid

sequence to other knownmolecules from other species was carried

out using the BioEdit sequence alignment package. A phylogenetic

tree was constructed by the “neighbor joining” method using

MEGA 4.1 Software [33] on full-length amino acid sequences using

the normal default parameters and as test of reliability the boot-

strap test with 10,000 replications and 60,000 random seeds. The

identified AMP was named chionodracine.

2.2. Basal expression of chionodracine

To study the chionodracine basal expression, four icefishes were

sampled and leucocytes from different tissues (spleen, head kidney

(HK), gills, liver, gut) obtained as described above. Total RNA was

isolated from each tissue separately with Trisure (Bioline), resus-

pended in DEPC-treated water and used for real-time quantitative

PCR without pooling the tissue samples coming from the different

fishes. For reverse transcription, the BioScript RNase H minus (Bio-

line) enzyme was used with the protocol described in Ref. [30]. The

expression level of chionodracine transcripts was determined with

an Mx3000P real-time PCR system (Stratagene) equipped with

version4.1 software andusing theBrilliant SYBRGreenQ-PCRMaster

Mix (Agilent Technologies) following the manufacturer’s instruc-

tions, with ROX as internal passive reference dye. Specific PCR

primers were designed for the amplification of about 200 bp prod-

ucts fromchionodracine (AMPFW:50-CTTGTGCTGTCGATGGTGGT-30;

AMPRV: 50-CTGCACCTTCATCGCT TCCC-30) and 18 S ribosomal RNA

(18SFW: 50-CCAACGAGCTGCTGACC-30; 18SRV: 50-CCGTTACCCGTG-

GTCC-30), used as a house-keeping gene. Ten nanogram of cDNA

template was used in each PCR reaction. The PCR conditions were:

95 !C for 10min, followed by 35 cycles of 95 !C for 45 s, 52 !C for 45 s

and 72 !C for 45 s. Triplicate reactions were performed for each

template cDNAand the templatewas replacedwithwater in all blank

control reactions. The analysis was carried out using the endpoints

method option that causes the collection of the fluorescence data at

the end of each extension stage of amplification. A relative quanti-

tation has been performed, comparing the levels of the target tran-

script (chionodracine) to a reference transcript (calibrator, the tissue

with the lowest chionodracine expression, in this case the liver). A

normalizer target (18 S ribosomal RNA) is included to correct for

differences in total cDNA input between samples. The results are

expressed as the mean " SD of the results obtained from the four

considered fishes.

2.3. In vitro and in vivo expression of chionodracine after

stimulations

The in vitro chionodracine expression was studied using leuko-

cytes isolated from four icefishes (100 g of weight) head kidney

(HK) cells cultured in L-15 medium (Gibco) containing 10% FCS,

adjusted to 1#105 cells/ml and incubated for 4 h and 24 h with: (1)

5 mg ml$1 of lipopolysaccharide (LPS from E. coli 0127:B8, Sigma);

(2) 50 mg ml$1 poly I:C (Sigma). The cell control samples were

F. Buonocore et al. / Fish & Shellfish Immunology 33 (2012) 1183e11911184
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stimulated with L-15 alone. Total RNA was isolated with Tripure

(Roche), resuspended in DEPC-treated water and used for real-time

quantitative PCR without pooling the samples coming from the

different fishes. The primers and the real-time PCR conditions were

the same as described in the above section, except that the cali-

brator for this experiment was the time 0 control.

The in vivo chionodracine expression was studied after intra-

peritoneally injection of 500 ml of L-15 medium (Gibco) brought to

600 mOsm kg$1, that is the osmolarity of Antarctic Teleosts as

determined in previous experiments and due to their particular

adaptation to low temperatures, and containing 100 mg of LPS in

four icefishes. The four control fishes were injected with L-15 only.

After 24 h, leukocytes were isolated from head kidney and total

RNA extracted as described above. The primers and the real-time

PCR conditions were the same as described in the above section,

except that the calibrator for this experiment was the time

0 control.

The results of all the experiments were expressed as the

mean " SD of the results obtained from four fishes and the differ-

ences from the control were considered significant if p <0.05 using

the two-way ANOVA analysis followed by the Bonferroni’s post-test

for the in vitro stimulations and the one-way ANOVA followed by

the Bonferroni’s post test for the in vivo stimulation.

2.4. Production of a polyclonal antibody, and enzyme-linked

immunosorbent assay (ELISA)

Three Balb/C mice (eight weeks old from Charles River Labora-

tories, Lecco, Italy) were acclimatized for one week in the animal

facilities of the University of Tuscia (Viterbo, Italy). Thesemicewere

immunized by intraperitoneal injection of the selected chiono-

dracine peptide (22 amino acids long) conjugated with the carrier

protein KLH (Primm srl, Milano, Italy). The immunization proce-

dure was as follows: (1) t ¼ 1 day injection of 50 mg of KLH-peptide

diluted with 50 ml of PBS (Sigma) plus 50 ml of complete Freund’s

adjuvant; (2) t ¼ 13 days and t ¼ 25 days injection of 50 mg of KLH-

peptide diluted with 50 ml of PBS (Sigma) plus 50 ml of complete

Freund’s adjuvant; (3) t¼ 36 days and t¼ 47 days injection of 50 mg

of KLH-peptide diluted with 50 ml of PBS (Sigma); t ¼ 60 days bled

of the mice. The sera isolated by centrifugation contain the poly-

clonal antibodies against the chionodracine peptide. The sera from

the three different mice were successively analysed by enzyme-

linked immunosorbent assay (ELISA) to investigate their activity

against the peptide. The procedure was similar as previously

described [34]. Briefly, the 96-well microtitres plates (Cellstar,

Greiner Bio-One) were filled with 100 ml/well of 50 mM carbonatee

bicarbonate buffer (pH 9.4) containing 0.2 mg of the chionodracine

peptide and coated overnight at 4 !C. After washing and blocking

procedures, 100 ml of serial dilutions of mice serum (from 1:10 to

1:100) were added to the wells and incubated for 16 h at 25 !C.

After washing, antibody binding was detected with horseradish

peroxidase-conjugated goat anti-mouse IgG antibody (1: 200

dilution) using a colouration with H2O2 and 4-chloro-1-napthol.

The results were recorded by reading the optical density (OD) value

at 492 nm by an automated ELISA reader (Labsystems Multiskan

MS). Each point was performed in triplicate.

2.5. Immunohistochemistry

Gills from three different fish were fixed for 7 h at 4 !C in

Bouin’s fixative. After embedding in paraplast, blocks were seri-

ally sectioned at a thickness of 7 mm. Some sections were stained

with May-Grümwald Giemsa while others were used for the

immunohistochemistry.

Immunohistochemistry (IHC) was performed by ABC-

peroxidase with nickel enhancement as previously described [35].

In summary, serial sections 7 mm-thick were incubated for 18 h at

room temperature with the mouse polyclonal antiserum named

Pab Ch1 (diluted 1:100 in PBS 0.1 M, pH 7.3 containing 0.1% sodium

azide) that recognizes the selected mature chionodracine peptide.

Pre-immune serum substituted the primary antibody in negative

controls. Thereafter, sections were incubated for 60 min with bio-

tinylated horse anti-mouse IgG serum (Vector Labs., Burlingame,

USA) diluted 1:1000 with PBS containing 0.1% sodium azide and 1%

BSA, followed by incubation for 60 min with avidin-biotinylated

peroxidase complex (ABC, Vectastain Elite, Vector). After rinses

and staining (diaminobenzidine and nickel enhancement), sections

were dehydrated, mounted and examined under bright-field

illumination.

In each specimen, multiple sets of consecutive sections were

differentially immunostained with the antibody above mentioned.

Cell measurements were obtained using a computer-assisted image

analysis system which includes a Zeiss microscope equipped with

a colour video camera (Axio Cam MRC, Arese, Milano Italy) and

a software package (KS 300 and AxioVision). Measurements of cell

diameter (major axis) were performed in 5 specimens and pooled.

Mean and SD were calculated.

2.6. Antibacterial activity assays

The antimicrobial activity of the chionodracine peptide was

examined against four Gram-negative bacterial strains (Psychro-

bacter sp. TAD1, Psychrobacter sp. TA144, Pseudomonas aeruginosa,

E. coli BL21(DE3)) and one Gram-positive bacterial strain (Bacillus

cereus). The strains were kindly provided by the Department of

Organic Chemistry and Biochemistry, University of Naples and the

Institute of Protein Biochemistry, CNR, Naples. Luria Bertani (LB)

medium was used for the growth of the four Gram-negative

bacteria while peptone 1.5% was used for the growth of B. cereus.

All bacteria were grown aerobically and cultured at different

temperatures: 15 !C (Psychrobacter sp. TAD1, Psychrobacter sp.

TA144) for 48 h, 25 !C (E. coli and B. cereus) for 48 h and 37 !C

(E. coli, B. cereus and P. aeruginosa) for 16 h.

The peptide was dissolved in sterile deionized water to reach

a final concentration of 1 mg/ml. The minimum inhibitory

concentration (MIC) was determined by using serial dilutions of the

peptide, with LB medium or Peptone 1.5%, using a volume of 500 ml

per tube. The final concentration of the peptide ranged from 1.25 to

20 mM. Two internal controls were used: an E. coli BL21 (DE3)

culture without the peptide and an E. coli culture with the peptide

pOVA (as internal control) that has no antimicrobial properties. The

tubes were inoculatedwith an appropriate bacterial cell suspension

to reach a final concentration of 105 cfu/ml for each strain. After

incubation at different temperatures (as reported above), the MIC

was defined as the lowest concentration of the peptide that totally

inhibited the growth.

To measure the minimum bactericidal concentration (MBC), an

aliquot (200 ml) of the cell suspension was taken from the tubes

above the MIC and the cell suspension was plated on an LB agar

plate after incubation at the different temperatures (see above) for

48 h. MBCwas defined as the lowest concentration of the peptide at

which more than 99.9% of the cells were killed compared with

a non-treated control.

2.7. Haemolytic activity assay

The haemolytic assay was performed as indicated by Beloko-

neva et al. [36]. In brief, a 2.5% (v/v) suspension of human red blood

cells from healthy donors in PBS (Gibco) was incubated with serial
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dilutions of the selected peptide. Red blood cells were counted by

a haemocytometer and adjusted to approximately to about

8.0 # 106 cells/ml. Erythrocytes were successively incubated at

37 !C for 2 h with the chionodracine peptide in distilled water

(positive control), PBS (negative control) and with the different

concentrations of peptide (from 50 mM to 0.5 mM with seven dilu-

tions). Each point has been made in triplicate. The supernatant was

separated from the pellet with a centrifugation at 1500 # g for

5 min; the absorbance was measured at 570 nm. The relative OD

compared to that of the positive control defined the percentage of

haemolysis.

3. Results

3.1. Chionodracine cloning and sequence analysis

The first PCR was made with primers PISFW and PISRV and gave

only one product of the expected size (146 bp) that, after

sequencing, showed homology with other known AMP sequences

in Teleosts (data not shown). 30-RACE-PCR performed with primer

30AMFW (based on the initial 146 bp sequence) and oligo-dT

adaptor primer gave a product of 407 bp. 50-RACE-PCR performed

with 50AMRW (based on the initial 146 bp sequence) and the Oligo-

dG primer gave a product of 289 bp. The full-length cDNA (EMBL

accession number FR718953) of the chionodracine is comprised of

515 bp from the three overlapping products with a coding sequence

of 240 bp and was confirmed by PCR using primers that amplify the

complete coding sequence (data not shown). The 30-UTR contained

a polyadenylation signal (AATAAA) 18 bp upstream of the poly(A)

tail. The presence of a putative signal peptide of 22 amino acids

(cleavage site between Ala22 and Phe23) and no N-glycosylation and

O-glycosylation sites was evidenced using predictive methods.

A multiple alignment of the chionodracine amino acid sequence

with other known AMP sequences from Teleosts was assembled

(Fig. 1) to investigate the conserved amino acid residues. The

chionodracine, due to its primary structure, should be included in

the antimicrobial family of piscidins, which comprises

moronecidins and pleurocidins [37]. Pleurocidin was found in the

skin mucus of winter flounder (P. americanus) [13] and was pre-

dicted to assume an amphipathic alpha-helical conformation [38].

These AMPs are produced as pre-pro-peptides and, after secretion,

the mature peptides should be obtained due to the processing of

the pro-peptides by local proteases, as it happens in mammals [39].

From the alignment in Panel A of Fig. 1, it has been evidenced that

only few amino acids are conserved between all the pleurocidin

and moronecidin sequences and these amino acids are mainly

located in the signal peptide region. In the Panel B of Fig. 1, the

chionodracine has been aligned only with the components of the

Moronidae family and, in this case, the number of conserved amino

acids is much higher and they are present all along the sequence.

Phylogenetic analysis (Fig. 2) performed using amino acid

sequences showed that chionodracine grouped with the AMP

sequences of the other Teleosts belonging to the Perciformes Order.

Another branch comprises the Teleosts of the Pleuronectiformes

Order, whereas the two representatives of the Scorpaeniformes and

Gadiformes Orders are in a separate cluster.

3.2. Basal and in vitro and in vivo chionodracine expression

Chionodracine mRNA basal levels have been analysed in

different organs and tissues of C. hamatus specimens (Fig. 3). The

products of real-time PCR were loaded on agarose gels to exclude

the presence of non-specific amplicons and single bands of the

expected sizes were obtained. The highest chionodracine expres-

sionwas found in gills, followed closely by head kidney. The lowest

mRNA levels were evidenced in liver, followed by gut. Chiono-

dracine expression was studied on icefish leukocytes from head

kidney after 4 h and 24 h of stimulation with LPS and poly I:C. The

stimulation with LPS (Panel A, Fig. 4) shows a slight decrease of

chionodracine expression after 4 h and a slight increase after 24 h,

both being not statistically significant. The stimulationwith poly I:C

(Panel A, Fig. 4) shows a slight increase of chionodracine transcripts

levels after 4 h and a much higher increase at 24 h, both being

statistically significant. Differently, the in vivo treatment with LPS

A

B

Fig. 1. Alignment of the predicted icefish AMP amino acid sequence with other known AMP molecules from Teleost fishes. The conserved amino acid residues in the different

sequence are indicated by dots. The different identified domains are evidenced above the alignment. Accession numbers: dicentracine (sea bass, Dicentrarchus labrax) AAP58960;

moronecidin (white bass, Morone chrysops) AAL57318; moronecidin (striped sea bass, Morone saxatilis) AF385583; moronecidin (Mandarin fish, Siniperca chuatsi) AAV65044;

chionodracine (icefish, Chionodraco hamatus) FR718953; piscidin-like (brown-marbled grouper, Epinephelus fuscoguttatus) ADE06665; epinecidin (orange-spotted grouper, Epi-

nephelus coioides) AY705494; dicentracin (sablefish, Anoplopoma fimbria) ACQ58110; piscidin-4 (Morone chrysops # Morone saxatilis) ADP37959; piscidin (Atlantic cod, Gadus

morhua) FJ917596; pleurocidin-like (witch flounder, Glyptocephalus cynoglossus) AY273177; pleurocidin-like (Atlantic halibut, Hippoglossus hippoglossus) AAP55801; pleurocidin-like

(winter flounder, Pseudopleuronectes americanus) AY282498; piscidin-like (large yellow croaker, Larimichthys crocea) EU741827. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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(Panel B, Fig. 4) shows a significant and relevant increase of chio-

nodracine expression after 24 h of stimulation.

3.3. Immunohistochemical detection of chionodracine in gills

The ELISA assay performed on sera of the three mice immunized

with chionodracine revealed that mice responded to immunization

with a medium serum titre of 1:100 (data not shown), and the one

showing highest positivity in ELISA (Pab Ch1) was used for

immunohistochemical detection in icefish gills.

The general morphology of the C. hamatus gill was characterized

by thin and slender filament (or primary lamellae) with elongated

secondary lamellae. An epithelial sheet covered filaments and

secondary lamellae, in particular a pluristratified primary epithe-

lium covered the filament while a monostratified secondary

epithelium covered the secondary lamellae. In the primary and

secondary epithelia among the different cell types could be

observed immune cells such as lymphocytes and mast cells (Fig. 5).

These latter were predominantly found in the primary lamellae and

in the interlamellar regions (Fig. 5). They were also distributed in

the secondary epithelium. Chionodracine-positive cells were

identified by comparing serial sections of gills that were stained

with May-Grümwald Giemsa or Pab Ch1 antibody. This comparison

evidenced that mast cells were consistently chionodracine-positive

and were localized within the primary lamellae, in the

interlamellar regions and in the secondary lamellar epithelia

(Fig. 5). These mast cells were very numerous large cells (cell

diameter 8.43"1.13) inwhich the immunostaining was distributed

throughout the cytoplasm (Fig. 5). No reaction was observed in the

control sections (Fig. 5).

3.4. Antibacterial activity assays

The concentrations of the selected chionodracine peptide

required to inhibit and to kill the bacterial strains (MIC) are

summarized in the Table 1. Among all bacterial strains tested, E. coli

and B. cereus, grown at 25 !C, were the most susceptible to the

peptide followed, very closely, by psychrophilic bacteria. At 37 !C,

the MIC value for E. coli and B. cereuswere 4-fold and 2-fold higher,

respectively, compared to their growth at 25 !C. MBC values were

also determined and showed in Table 1. These values were the same

of the corresponding MIC values except for E. coli. This indicates

that the chionodracine peptide is able to exert bacteriostatic rather

than bactericidal activity against these two strains.

3.5. Haemolytic activity assay

The haemolytic effect of the selected chionodracine peptide has

been tested on human erythrocytes to investigate its capacity to

induce membrane lysis. Seven concentrations have been used

(starting from a concentration of 50 mM with successive dilutions)

that correspond for the first point to 120 mg of peptide (Fig. 6). The

percentage of haemolysis is very low for all tested concentrations

and it reaches the maximum (0.8%) with the highest concentration

value (50 mM).

4. Discussion

The resistance of pathogens to antibiotics is an increasing threat

to public health, leading to a demand of new classes of antibiotics

that may overcame this problem [11]. In turn, to avoid or delay as

much as possible microbial resistance, it could be a strategy to

search for antibiotic substances in environments where the ecology

of microbial interactions are markedly different. In this view, and

considering that different AMPs have already been discovered in

fish species, the aim of our work was to investigate the presence of

antibacterial peptides in Antarctic species, namely in the icefish C.

hamatus.

We have thus identified in this species, by homology cloning, an

AMP that we named chionodracine, belonging to the antimicrobial

family of piscidins. The peptide displays a relative high sequence

identity to its homologous in striped bass, sea bass and white bass.

Investigating basal expression analysis of chionodracine mRNA

we evidenced highest levels in the gills. This is in agreement with

the consideration that in fish the gills are a main portal for entry of

pathogens [7] and, therefore, a strong local immune response is

needed in this site to try to avoid the development of a disease.

Comparing these results with other Teleosts, it could be evidenced

that dicentracine in sea bass [15], epinecidin in orange-spotted

grouper [16] and a piscidin from mandarin fish [37] appeared to

be highly expressed in head kidney, whereas piscidin-4 peptides

are present in high concentrations in gills of striped bass [40].

The expression of chionodracine was also studied in vitro and

in vivo in leukocytes, and obtained results gave us the first clues on

the possible biological activity of chionodracine. Indeed, we

observed a significant up-regulation after 24 h of stimulation with

LPS, a component of the external membrane of the E. coli, indicating

an involvement of chionodracine in the innate immune responses

against bacteria. In addition, also a stimulation with poly I:C, that

mimics a double-stranded RNA molecule, was observed after 24 h,

Fig. 3. Chionodracine basal expression in different tissues. Chionodracine mRNA levels

were expressed as a ratio relative to rRNA 18 S levels in the same samples after real-

time PCR analysis using the tissue with the lowest expression (liver) as calibrator. Data

were expressed as the mean " SD.

Fig. 2. Phylogenetic tree showing the relationship between chionodracine sequence

with other known Teleosts AMP molecules. The tree was constructed by the “neigh-

bour-joining” method using the bootstrap test with 10,000 replications. 0.1 Indicates

the genetic distance.
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thus suggesting an involvement in innate responses against viruses.

Similar experiments have been performed in vivo in the orange-

spotted grouper for epinecidin [16] and in the mandarin fish for

a piscidin [37] and in both species a significant increase of

expression was found after 6 h of stimulation.

After these encouraging results, we decided to investigate more

in detail the putative amino acid sequence of chionodracine to

evidence a possible mature antimicrobial peptide. In the alignment

of Fig. 1 a prediction of putative mature AMP from the different

species is evidenced, although amature sequence is known only for

winter flounder, where pleurocidin was purified from skin [13].

However, some structural features are well defined, as usually

antimicrobial peptides are highly amphipathic molecules with

hydrophobic and hydrophilic moieties present in different locali-

zations on the surface of the peptide [41]. Therefore, we decided to

analyse the primary sequence of our putative mature peptide using

some web resources. The server for the prediction of antimicrobial

peptides in a protein sequence (AntiBP server http://www.imtech.

res.in/cgibin/antibp/antibp1.pl) should give an overall accuracy of

about 92% in finding and designing peptide based antibiotics [42]

and when used on our sequence the obtained score was quite

high (0.817), suggesting a putative high antibacterial activity.

Subsequently, the mature sequence has been investigated for its

capacity to form an amphipathic a-helical conformation using the

server http://rzlab.ucr.edu/scripts/wheel/wheel.cgi created by Don

Armstrong and Raphael Zidovetzki. The obtained helical wheel

projection is shown in Fig. 7. The chionodracine mature peptide

shows two positive charged amino acids, which is a common aspect

of most antimicrobial peptides, and it shows in the upper right side

of the wheel hydrophobic and hydrophilic amino acids, whereas in

the lower left side potentially charged amino acids: therefore the

primary sequence possesses all the characteristics needed to form

an amphipathic a-helical structure.

The results from structural analyses encouraged the synthesis of

a mature peptide to be used for the production of a polyclonal

antibody and for other studies. Thus, mice were immunized and

a serumwas obtained and employed to test by IHC the positivity to

chionodracine in gills sections. As expected by the high mRNA

expression data, a significant positivity was detected by IHC, and

the chionodracine-positive cells resulted to be very similar to mast

cells (MC) localized within the primary lamellae, in the inter-

lamellar regions and in the secondary lamellar epithelia. This

observation is in agreement with previous results, where AMPs

were identified in teleost gill epithelial goblet cells [14,43] as well

as in immune cells, including neutrophils [44], rodlet cells [45] and

mast cells [46,47].

To better understand these results, it should be remembered

that in teleosts, MC have been recognized to be important

components of not specific immune defence, having populations

heterogeneity with varied morphologies, granular content and
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Fig. 4. Chionodracine expression analysis after in vitro stimulation with LPS and poly I:C and in vivo stimulation with LPS. Panel A: Chionodracine mRNA levels expressed as a ratio

relative to rRNA 18 S levels in the same samples after real-time PCR analysis of HK leukocytes stimulated with L15 (control), with 5 mg/ml LPS for 4 and 24 h, and with 50 mg/ml of

poly I:C for 4 and 24 h, and normalized against the non-stimulated 0 h control. Data were expressed as the mean  SD and three asterisks indicates when p <0.001 with respect to

the time 0 control. Panel B: Chionodracine mRNA levels expressed as a ratio relative to rRNA 18 S levels after real-time PCR analysis of HK leukocytes stimulated in vivo with L15

(control) and with 100 mg of LPS for 24 h and normalized against the non-stimulated 0 h control. Controls and data expression are the same as indicated for Panel A.
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response to stimuli, and diverse mediator molecules [48]. The MC

have been identified in all vertebrate classes as single-lobed cells

containing variable amounts of membrane-bound secretory gran-

ules, which store a large series of mediators that in teleost fish are

tryptase and histamine. In particular histamine was detected in MC

of Perciformes [19], while was absent in Pleuronectiformes, Sal-

moniformes, Anguilliformes, Cypriniformes and Lepidosir-

eniformes, corroborating the high heterogeneity of MC

populations. In addition, increasing evidence supported that in fish

the MC are able to secrete AMPs among which the piscidins are the

prototypical AMP present in piscine MC [8,14,19,40,43,45,49,50].

Fig. 5. Histological sections and immunohistochemical localization of chionodracine in the gills of Chionodraco hamatus. (a) May-Grümwald Giemsa (MGG) of gill showing within

the primary and secondary lamellae several mast cells (arrows). Scale bar ¼ 50 mm. (b) Higher magnification of figure (a) showing the mast cells within the interlamellar regions and

in the secondary epithelium (arrows). Scale bar ¼ 10 mm. (c) A mast cell is shown at higher resolution in the insert. Scale bar ¼ 5 mm. (d) Chionodracine-positive cells in the primary

and secondary lamellae (arrows). Scale bar ¼ 50 mm. (e) Immunopositive cells prevalent localized in the secondary epithelium. Scale bar ¼ 10 mm. (f) Immunoreactive cells in the

interlamellar regions. Scale bar ¼ 10 mm. A chionodracine-positive cell is shown at higher resolution in (g). Scale bar ¼ 2 mm. (h) Negative control showing absence of chionodracine

immunoreactivity in gill tissue treated with pre-immune serum. Scale bar ¼ 20 mm. Key: S: secondary lamella; P: primary lamella.

Table 1

Minimum inhibitory concentration (MIC) and minimum bactericidal concentration

(MBC) of the chionodracine mature peptide against mesophilic and psychrophilic

bacteria at the three different tested temperatures.

Temperature Species Gram MIC (mM) MBC (mM)

15 "C Psychrobacter sp. TAD1 # 10 10

15 "C Psychrobacter sp. TA144 # 15 15

25 "C Escherichia coli # 5 30

25 "C Bacillus cereus þ 5 5

37 "C Escherichia coli # 20 30

37 "C Bacillus cereus þ 10 10

37 "C Pseudomonas aeruginosa # ND ND
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The chionodracine peptide was also employed to investigate

a possible biological activity as antibiotic substance, and thus we

performed specific antimicrobial assays against two strains of

psychrophilic bacteria (Psychrobacter sp. TAD1 and Psychrobacter

sp. TA144), the Gram-negative bacteria E. coli and the Gram-

positive bacteria B. cereus (see Table 1). Taking into consideration

the low-temperature Antarctic environment, to study the chiono-

dracine activity we decided to perform further assays growing the

E. coli and B. cereus at lower temperatures than usual (25 "C instead

of 37 "C). The result showed that the peptide was more active

against both bacteria under these conditions. This could be a first

indication that either the peptide is adapted to low temperatures,

or that the membranes of the two bacteria change their

conformations at low temperatures and could be therefore more

easily affected by the peptide. These speculations need more

experiments to better elucidate observed activities.

For comparison with fish antibacterial peptides, piscidins have

potent, broad-spectrum antibacterial and antifungal activity and

have strong antiparasitic activity [8,45,49]. With regard to their

mechanism of action, piscidins are thought to inhibit the synthesis

of the cell wall, nucleic acids, and proteins or even inhibit enzy-

matic activity of pathogens [51]. Chionodracine, belonging to the

family of piscidins, could be then directly involved in the destruc-

tion of pathogens as reported for the pleurocidin by Murray et al.

[52]. The AMPs in fact have been recognized in regions of active

inflammatory response especially due to parasitic and bacterial

infections [47,53,54] and in this sense the gills can be considered

one of the tissues first exposed to environmental challenges and

pathogens, whose ability to mount an immune defence is crucial

[8,52].

In the near future, the capacity of the peptide to kill microbes

will be further studied on other fish bacteria (like Vibrio anguilla-

rum, Photobacterium damselae subsp. piscicida, etc.) and viruses

(like Betanodavirus, etc.) to test its possible use in aquaculture.

Furthermore, its activity will be investigated on human bacteria

(other than the already tested P. aeruginosa, which was not affected

by the peptide), virus and fungi specific pathogens to verify the

utility as a new antimicrobial drug. This idea was supported by the

haemolytic activity assays, showing that themature peptide did not

induced membrane lysis on human erythrocytes at the tested

peptide concentrations, thus providing a first pre-requisite for its

possible use as antibiotic molecule.
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The term bioprospecting has been adopted for systematic searches in nature for new bioactive compounds,

genes, proteins, microorganisms and other products with potential for commercial use. Much effort has been fo-

cused onmicroorganisms able to thrive under harsh conditions, including the Polar environments. Both the lipid

and protein cellular building blocks of Polar microorganisms are shaped by their adaptation to the permanently

low temperatures. In addition, strongly differing environments, such as permafrost, glaciers and sea ice, have

contributed to additional functional diversity. Emergingmassive-parallel sequencing technologies have revealed

the existence of a huge, hitherto unseen diversity of low-abundance phylotypes – the rare biosphere – even in

the Polar environments. This realization has further strengthened the need to employ cultivation-independent

approaches, includingmetagenomics and single-cell genomic sequencing, to get comprehensive access to the ge-

netic diversity of microbial communities for bioprospecting purposes. In this review, we present an updated

snapshot of recent findings on the molecular basis for adaptation to the cold and the phylogenetic diversities

of different Polar environments. Novel approaches in bioprospecting are presented andwe conclude by showing

recent bioprospecting outcomes in terms of new molecules patented or applied by some biotech companies.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Even though the development of new products by e.g. the phar-

maceutical or biocatalyst industries increasingly leans on synthetic

approaches, like combinatorial organic synthesis, rational design

and directed evolution, natural compounds are still the main source

of biomolecules with genuinely novel structural features and proper-

ties (Harvey et al., 2010). In recent years, the term bioprospecting has

been coined for the systematic search in nature for novel bioactive

molecules. Bioprospecting efforts are presently often characterized

by high-throughput approaches, where robotized technologies are

employed to screen systematically through large numbers of samples

from specific environments or categories of organisms.

Microorganisms are essential in today's bioprospecting efforts, both

as producers of secondarymetabolites and biocatalysts. In the search for

new enzymes, much effort has been directed towards extremophiles,

i.e. microorganisms living in conditions on the margins of life and,

therefore, anticipated to have evolved catalysts with correspondingly

“extreme” properties. In Polar environments, the obvious extremophilic

adaptation is to very low temperatures, a feature which distinguishes

basically all kinds of environments in these regions. Furthermore, the

cold is often combined with other kinds of challenging surroundings,

such as the hypersalinity of sea ice brine channels, the extremely low

free water and nutrient availability in permafrost soil and the unique

light conditions in these high-latitude regions.

In this review the authors present an updated picture of the out-

comes of prokaryotic bioprospecting in Polar environments, on the back-

ground of the distinctivemolecular adaptations andmicrobial diversities

found in these high-latitude areas. Phylogenetic and functional diversi-

ties are discussed in the light of new, powerful analytical tools, such as

metagenomics. Our main focus will be on the permanently cold marine

and terrestrial environments. Evidentlymesophilic and thermophilicmi-

crobial environments of the Arctic and the Antarctica, including e.g. di-

gestive tracts of warm-blooded animals, thermal springs and deep-sea

hydrothermal vents, also harbor organisms that are interesting from a

bioprospecting perspective, butwefind such environments to be outside

the scope of this review.

2. Low temperature has shaped evolution of biomolecules

Environmental temperature influences biological functions of poi-

kilothermic organisms at all levels, from molecules to whole organ-

isms, and differences in temperature regime have been considered

as a strong selective force during evolution (Eanes, 1999; Watt and

Dean, 2000). By living in the most permanently cold environments on

the planet, microorganisms adapted to the Polar regions have been stud-

ied as evident cases both for elucidating the molecular characteristics of

cold adaptation, in general, and for finding cold-adaptedmolecules with

application potential. The microorganisms that survive and grow in the
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Polar regions have adopted a variety of adaptive strategies to maintain

activity and metabolic function despite the challenging conditions.

Cold adaptation has taken place both at the cellular andmolecular levels

and involves several phenotypic traits. These include changes in low-

molecularweight compounds, such as carotenoid pigments and compat-

ible solutes, the latter conventionally associated with osmotic stress re-

sponse (Shivadji and Prakash, 2010). The most evident expressions of

cold adaptation are, however, found in the changed composition of

membrane lipids which facilitates the maintenance of membrane fluid-

ity and in the structural changes of enzymes to retain sufficient catalytic

capacity at temperatures around 0 °C (Casanueva et al., 2010).

2.1. Lipid adaptation

It has for a long time been known that adaptation to life at low

temperature in poikilothermic organisms is manifested in their mem-

brane fatty acid profiles, both as individual responses to environmen-

tal change and as evolutionary differences between related organisms

in separate climate regimes (Hazel and Williams, 1990; Russell,

1997). As the most general feature, cold adaptation at both levels

involves an increased fraction of mono- or polyunsaturated fatty

acids at the expense of saturated fatty acids, thereby maintaining

membrane fluidity at lowered temperatures. The long-chain n−3

polyunsaturated fatty acids, principally the eicosapentaenoic (EPA)

and docosahexaenoic (DHA) acids, are common elements of the

membranes in eukaryotic organisms in cold marine environments,

either accumulated through de novo biosynthesis in protists or by

grazing/predation in Metazoa (Brett and Muller-Navarra, 1997). In

prokaryotes, the presence of EPA was first reported by Johns and

Perry (1977), and a series of subsequent studies has associated de

novo biosynthesis of n−3 PUFAs in prokaryotes with well-known lin-

eages of marine gamma-proteobacteria, most conspicuously in

Shewanella, Moritella and Colwellia (Russell and Nichols, 1999). Early

studies indicated the n−3 PUFA accumulation was a characteristic

of deep-sea bacteria (DeLong and Yayanos, 1986; Wirsen et al.,

1987), suggesting that it was a barophilic as much as a low-

temperature adaptation. The capacity for n−3 PUFA production has,

however, later been found to be equally widespread in non-

barophilic, cold-adapted bacteria (Henderson et al., 1993; Yano et

al., 1997; Cho and Mo, 1999; Nichols, 2003; Frolova et al., 2011), in-

cluding Arctic and Antarctic strains (Nichols et al., 1993; Jøstensen

and Landfald, 1997; Bowman et al., 1998; Jadhav et al., 2010). Mutant

studies have unequivocally associated PUFA production in bacteria

with cold adaptation, as growth is impaired at low, but not elevated

temperatures by knocking out this trait in e.g. EPA-producing

Shewanella sp. (Sato et al., 2008). However, the beneficial role of the

n−3 PUFA seems not to be restricted to bulk membrane fluidity sta-

bilization, as it has been associated with membrane organization and

cell division processes and possibly interaction with specific mem-

brane proteins (Kawamoto et al., 2009). Interestingly, biosynthesis

of EPA and DHA in prokaryotes, as well as in certain protists of the

thraustochytrid group, is not the result of elongations and desatu-

rations of intermediates of the conventional fatty acid biosynthesis

pathways, as it is in animals and other groups of protists. Rather,

the two PUFAs are synthesized in their entirety from acetate by sep-

arate, polyketide synthase like systems (Metz et al., 2001). Genomic

analyses have recently identified homologues to these PKS-like gene

clusters in a wide range of bacterial phyla, but the gene products

are less clarified outside the well-established EPA and DHA producing

genera (Shulse and Allen, 2011).

2.2. Proteins

As far as the psychrophilic microorganims are concerned, their abil-

ity to thrive close to the freezing point of water implies a vast array of

adaptations in most cellular components. Investigations on the

structural basis for enzymatic adaptation to different temperatures are

largely based on comparative studies, since psychrophilic proteins dis-

play sequences and structures analogous with those of their meso-

and thermo-philic counterparts. It is generally accepted that cold-

adapted proteins have a less rigid, more flexible structure (Marx et al.,

2007) and these comparative studies have also revealed a number of

more specific structural characteristics in cold-active proteins.

Metpally and Reddy, 2009 systematically analyzed the compositional

variation and substitution preferences of amino acids in proteomes of

psychrophiles, as compared to those of mesophiles, in order to unveil

the general proteome-wide characteristics for cold adaptation. In psy-

chrophilic bacteria, serine, aspartic acid, threonine and alanine are over-

represented in the coil regions of secondary structures, while glutamic

acid and leucine are under-represented in the helical regions. Compared

to mesophiles, psychrophiles comprise a significantly higher proportion

of amino acids that contribute to high proteinflexibility in the coil regions

of proteins, i.e. those with tiny/small or neutral side chains. Amino acids

with aliphatic, basic, aromatic and hydrophilic side chains are under-

represented in the helical regions of proteins of psychrophiles.

To investigate the flexibility as a key characteristic of cold adapta-

tion, other studies have been conducted on the cavities in psychrophilic

enzymes. Theywere significantly different from the homologousmeso-

philic enzymes (Paredes et al., 2011), as the psychrophilic enzymes

tend to be more solvated in the core and their cavity surfaces contain

a higher proportion of acidic amino acids. This allows water molecules

to stably exist within the cavities. Specifically these small adjustments

include the reduction in the number of salt bridges, the reduction of ar-

omatic interactions, a reduced hydrophobic clustering, the reduced con-

tent in the amino acids proline and arginine; together with additional

loop-structures, and more solvent interaction (Feller, 2010).

From a thermodynamic point of view, an inevitable consequence

of life at very low temperature is a decrease in the biocatalytic reac-

tion rates. A decrease in temperature down to 0 °C results in about

10- to 60-fold reduction in the reaction rates, as suggested by the Ar-

rhenius equation. Therefore, a consistent feature of psychrophilic en-

zymes is a lowered conformational stability, allowing the protein to

be more flexible and thereby retaining sufficient catalytic rates in

metabolically active organisms. This concept is clearly encapsulated

by Cavicchioli et al. (2011): “….the high flexibility of cold-active en-

zymes enables increased complementarity between active site and

substrates, at low energy cost, resulting in high specific activities at

low temperatures”.

The comparison of biophysical studies, X-ray crystal structures

and whole genome analyses performed between (hyper)thermophil-

ic proteins and psychrophilic counterparts has suggested that protein

thermal stability under differing temperature regimes is largely

achieved by an additive series of small changes. Therefore, a unique

mechanism of stabilization does not exist (Metpally and Reddy

2009). Parameters that have been reported to be involved in stabiliza-

tion at high temperatures are as follows: (1) decreased number of

small residues such as glycine and alanine, which has been reported

to be responsible for higher flexibility; (2) increased number of pro-

line residues, in particular in loop regions; (3) decreased number of

cysteine residues; (4) decreased number of putative deamidation sites;

(5) increased percentage of charged amino acids, these residues are en-

gaged in ion pairs on the protein surface, thereby being responsible for

the “resilience” property of the protein; (6) increased electrostatic and

hydrophobic interactions, and finally (7) decreased areas and volumes

of cavities (de Pascale et al., 2008; Vieille and Zeikus, 2001; Pace, 2000;

De Simone et al., 2001 and Mandrich et al., 2004).

Comprehensive statistical studies based on analyses of the increas-

ing number of sequenced genomes and on solved three-dimensional

structures, have given additional information on the patterns of tem-

perature adaptation at the sequence and structural levels. In particular,

these studies have confirmed an increased number of charged residues,

especially lysine, arginine and glutamate and a decreased number of
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polar residues, such as serine, aspartate and glycine, in thermophilic

and hyper-thermophilic proteins (Osterlund et al., 1996; Shen et al.,

1999, 2000; Lang et al., 1998). Moreover, these data are in agreement

with some experimental evidence on the importance of salt bridges

for protein stability. Recent findings demonstrate that thermal stability

is not simply correlatedwith the number of ion pairs, butmore interest-

ingly, with optimized electrostatic interactions (Mandrich et al., 2005;

Del Vecchio et al., 2005). It is important to underline that not all the

above-mentioned changes should be expected to occur in a single pro-

tein molecule, since proteins may adopt several strategies in altering

their stability and activity in response to environmental variations

(Mandrich and de Pascale, 2011).

3. The cultivation-independent picture of prokaryotic diversity

Although cultivation of microorganisms has steadily grown more

sophisticated, microscopic studies during the 1970s made it evident

that the fraction of prokaryotic organisms receptive of laboratory cul-

tivation constituted just a small fraction of all viable cells present in

most natural environments (Staley and Konopka, 1985; Amann et

al., 1995). This same picture emerged from basically any environment

to be explored. The groundbreaking introduction of ribosomal RNA

gene sequence analysis into microbial phylogeny studies by Carl

Woese and co-workers (Fox et al., 1980) and the use of this approach

on clone libraries of the 16S rRNA gene amplified from environmental

DNA (Ward et al., 1990) confirmed that the uncultivated majority of

prokaryotes, to a large extent, are made up of phylogenetic groups

that differ from, and sometimes show very remote relationships

with, hitherto cultivated bacteria (Giovannoni et al., 1990; Weisburg

et al., 1991; Pace, 1997). From these early observations, cultivation-

independent, molecular-phylogenetic approaches to microbial diver-

sity studies have undergone spectacular developments the last two

decades. The development has largely been driven by the technolog-

ical leaps distinctive of the field of molecular biology in general. Most

strikingly, it is illustrated by the development in gene sequencing

technologies, where machine capacities and costs per base pair in

obtaining sequence information have undergone strong inverse de-

velopments. The massive parallel sequencing technologies of today

have made it possible to acquire, at an affordable cost, quantities of

genetic information that were beyond imagination just a decade ago.

Early cultivation-independent studies of prokaryotic species' rich-

ness in terrestrial and marine samples by DNA re-association or 16S

rRNA gene clone libraries indicated figures that were much higher

than reflected in strain collections from corresponding environments

(Torsvik et al., 2002; Rappe and Giovannoni, 2003). Recent massive

parallel 16S rRNA gene sequencing projects have deepened this pic-

ture further by establishing the existence of two clearly discernible

bacterial community components. On the one hand there are abun-

dant phylotypes, which constitute a minor fraction of all phylotypes

present, but a dominant fraction of the total 16S rRNA gene pool —

implying that they also dominate by way of cell numbers. On the

other hand, there is an overwhelming number of noticeably low-

abundant phylotypes — “the rare biosphere” (Sogin et al., 2006;

Bent and Forney, 2008), which, despite their diversity, make up a

minor fraction of the total ribosomal gene pool. Confident estimates

have not been established on the actual species' richness of the rare

biospheres of globally dominant ecosystems, as even the most exten-

sive sequencing efforts so far, have not reached comprehensive cover-

age of the phylotypes present (Kirchman et al., 2010; Pommier et al.,

2010; Will et al., 2010; Bartram et al., 2011; Matcher et al., 2011).

A second important finding from cultivation-independent 16S rRNA

gene based analyses is the ubiquitous presence of uncultivated represen-

tatives of the Archaea domain in non-extreme natural environments. By

and large, archaeal numbers and species richness are lower than ob-

served for their bacteria counterparts in the same environments, the ex-

ception being the deep ocean waters, where archaeal cell densities have

been shown to match that of bacteria (DeLong, 2003). Seawater and soil

samplings unequivocally point to the Crenarchaeota branch of the Ar-

chaea as numerically dominant (DeLong, 2003; Bates et al., 2011), and

there are strong indications that crenarchaeotal groups are key players

in the nitrogen cycling in these environments. For instance, the first

“uncultivable”marine Archaea to be cultivated and characterized pheno-

typically was a Crenarchaeota which gains respiration energy from am-

monia oxidation (Könneke et al., 2005). Marine sediments present a

more mixed picture with significant presence of both Crenarchaeota

and Euryarchaeota. This has been demonstrated both in deep-ocean

and more shallow sediments. Not unexpectedly, the sediment

euryarchaeal phylogroups frequently show closest relationship with

established methanogenic lineages (Vetriani et al., 1999; Wang et al.,

2010; Jiang et al., 2011; Nguyen and Landfald, unpublished results).

3.1. The prokaryotic diversities of selected Polar environments

Several Polar environments have been targeted for cultivation-

independent diversity studies the last number of years. The main

focus has been on the most unique environmental types within

these regions, such as the surface and permafrost layers of the tundra,

sea ice, cores from the large Greenland and Antarctica ice sheets and

the utterly inhospitable dry valleys of the Antarctica. Additionally, the

Polar regions have been included in comprehensive studies of the

oceanic waters and sediments. Here, the Polar distinctiveness seems

less pronounced, as the oceans, on a worldwide basis, exchange

water masses e.g. through the global oceanic conveyor belt.

3.1.1. The terrestrial environment

The upper active layer of the tundra, alternating between a frozen

winter state and a thawed summer state, and the underlying, much

thicker permafrost layer offer widely different life conditions for the

indigenous microbiotas, although several studies have demonstrated

substantial numbers of viable microbial cells even in the permafrost

(Panikova et al., 2006; Price and Sowers, 2004). In the summer sea-

son, the thawed active layer should be expected to select for opportu-

nistic fast-growing organisms capable of exploiting the moderate

temperatures and good nutrient availability. On the other hand, the per-

mafrost, experiencing constant “winter” conditions with sub-zero tem-

peratures and subsequent low water and nutrients availability, should

rather select for oligotrophic organisms with low, but steady growth

rates under such conditions. On this background, two recent studies

from the Canadian high Arctic (Wilhelm et al., 2011; Yergeau et al.,

2010) indicate surprisingly moderate differences in gross phylogenetic

composition and profiles of functional genes between the thawed upper

active layer and the permafrost layer below. Both layers were found to

harbor the same phyla that are also characteristic of upper soils of bore-

al forest in the Northern hemisphere (Neufeld and Mohn, 2005).

Newsham et al. (2010) have observed the same trend in the Antarctica

by finding marginal differences in bacterial community structure be-

tween two soils differing in water content and nutrient composition.

Several studies have largely found Actinobacteria, and the various

sub-phyla of the Proteobacteria to constitutemore than50%of classified

operational taxonomic units in the tundra bacterial communities, while

the frequencies of other ubiquitous groups, such as Bacteroidetes,

Firmicutes, Acidobacteria and Gemmatimonas, seem more variable.

Somewhat contrary to this phylogenetic stability, Mackelprang et al.

(2011) have documented rapid shift inmetabolic profile and communi-

ty structure upon thawing of Alaskan permafrost soil while Zak and

Kling (2006) have found distinct differences in community structure

between different Arctic tundra ecosystems. Cyanobacteria have been

shown as essential primary producers of both limnic and terrestrial en-

vironments in the Polar regions (Vincent, 2000; Jungblut et al., 2010).

Methanogenic Archaea in Polar terrestrial environments is essential

in the conversion of thawedpermafrost organicmaterial into atmospher-

ic methane, thereby contributing to a positive feedback in greenhouse
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gas driven climatic change (McGuire et al., 2009). The prevalence of

methanogenic Euryarchaeota among Archaea has been confirmed in

high-arctic wetland by cultivation-independent approaches (Høj et al.,

2005), but the hitherto uncultivated Crenarchaeota group I.b3 was also

detected at two separate locations. Other Crenarchaeota groups have

previously also been found in Kamtschatka tundra soil (Ochsenreiter et

al., 2003). In two separate studies, Steven et al. (2007, 2008) have

detected substantial fractions of both Eury- and Crenarchaeota in perma-

frost cores, i.e. 61 vs. 39% and 76 vs. 34%, respectively. In the upper active

layer in the 2008 study, the dominance by Crenarchaeota was, however,

complete.

3.1.2. The glacial and sub-glacial microbiota

Deep ice core samples from the Greenland ice sheet have confirmed

the presence of tiny ultramicrobacteria – some being cultivable – even

in layers that have been trapped in the glacial ice for 100,000 years or

more (Priscu and Christner, 2004). Cultivable variants have largely

been found to belong to the family Flavobacteriaceae (Loveland-

Curtze et al., 2010). In sub-glacial material underneath the >3000 m

ice sheet of the Eastern Antarctica, Lanoil et al. (2009) have found

quite dense, but relatively low-diversity bacterial communities domi-

nated by beta-proteobacterial lineages. Interestingly, these Antarctic

phylogroups showed quite close relationships with both Arctic and al-

pine sub-glacial bacterial communities (Foght et al., 2004; Simon et

al., 2009; Skidmore et al., 2005).

3.1.3. The sea ice microbiota

The seasonal sea ice which covers huge areas of both the southern

and the northern circumpolar oceans during their respective cold pe-

riods, constitute unique ecosystems which form the basis of microbial

communities that are distinct from both the glacial and pelagic coun-

terparts. The bulk of organisms live in the brine channels, character-

ized by salinities which may exceed that of seawater several-fold.

The salt concentration tends to vary through the ice layer, as it

drops from the top layer exposed to the very cold winter atmosphere

towards the interface with the underlying seawater at its freezing

point of roughly −2 °C (Thomas and Dieckmann, 2002). Community

structure studies have also indicated a seasonal variation: a study

from the Canadian Arctic indicates the winter community in the sea

ice to reflect the composition of the underlying seawater quite closely

by being dominated by bacteria of the SAR11 clade and other typical

planktonic groups (Collins et al., 2010). Contrary to this, several stud-

ies of spring and summer sea ice samples from both the Arctic and the

Antarctica have demonstrated a surprisingly high prevalence, i.e.

from 3% to more than 50% of total microscopic prokaryotic counts,

of cultivable bacteria belonging to the well-known, easily cultivable

genera within the γ-proteobacteria and Bacteroidetes groups in sea

ice (Helmke and Weyland, 1995; Junge et al., 2002; Brakstad et al.,

2008).

3.1.4. The Polar oceans and sediments below

Through the global ocean circulation systems, water masses are

slowly exchanged between the world's oceans, also resulting in an ex-

change of planktonic microorganisms (Munn, 2011). Accordingly, the

main oceanic realms of the world seem noticeably homogenous with

regard to the composition of major phyla of planktonic bacteria

(Wietz et al., 2010). Some dominant groups, most strikingly the alfa-

proteobacterial SAR11 group, seemomnipresent as a significant fraction

of the overall picoplankton biomass, from warm, equatorial waters to

the high-latitude oceans. Other ubiquitous contributors to the bacter-

ioplankton are various lineages of the Gamma-proteobacteria (e.g. the

SAR86 group) and some representatives of the Bacteroides phylum.

The Polar oceans are no exception to this pattern (Kirchman et al.,

2010; Murray and Grzymski, 2007).

Recent high-throughput sequencing efforts have confirmed a large

rare biosphere diversity also in the Arctic Ocean. Galand et al. (2009)

have found the 1.5% most abundant of altogether nearly 8000 phy-

lotypes of bacteria to constitute more than half of all 16S rRNA gene

sequence tags, while the 86% phylotypes defined as rare (b0.01%

each of total phylotypes) made up just 6% of the total sequence

pool. The same rank-abundance pattern was even more pronounced

within the Archaea, however at a far lower level of overall richness.

Distinct biogeographical and water depth partitions were observed

between phylotypes.

4. Traditional cultivation and “-omics” technologies in bioprospecting

4.1. The importance of isolates

As for other kinds of environments, our knowledge of the pheno-

types and systematics of prokaryotic microorganisms in the Polar re-

gions is historically based on meticulous collection, isolation and

phenotypic characterization of strains. Before World War 2, just a

few sporadic descriptions of bacteria from Antarctic environments

were available, with Ekelöf (1908) being the first. However, more sys-

tematic studies were commenced from the 1950s onwards, as re-

search expeditions to the Polar regions became more regular

phenomena. Over time, the microbiologists' interests also turned

from purely descriptive studies of the prevalence and systematics of

bacteria in these extreme environments to elucidating the evolution-

ary adaptations to the cold surroundings. Antarctic and Arctic strains

have been essential in studies of cold adaptation in microbes from the

1960s onwards (Morita, 1975; Gounot, 1986; D'Amico et al., 2006).

Collection of new isolates is still the basis for most microbiological

bioprospecting efforts – also in the Polar regions – as this both gives

access to the totality of genomic information in new microorganisms

and makes the study of their phenotype possible in the laboratory.

More sophisticated media and cultivation conditions (Vartoukian et

al., 2010), as well as physical access to new habitats (e.g. from glacial

and permafrost core samples or underneath sea ice by diving) have

steadily brought new phylotypes of cold-adapted prokaryotes into

the stock culture collections.

A further extension of possibilities offered by cultivation has come

with the emergence of genomics and transcriptomics studies. These

technologies imply access to the sequence information of the complete

genome from interesting isolates. With the new massive-parallel se-

quencing technologies, this can be obtained at a price that is affordable

for increasing numbers of laboratories. Various bioinformatic tools may

subsequently be used to identify promising genes for amplification,

cloning, expression and characterization of gene products.

A common strategy for bioprospecting through isolates collection

is to employ selective media and cultivation conditions for phyloge-

netic groups which, from experience, are highly likely to potentially

possess interesting bioactivities. The Actinomycetes – traditionally

isolated from terrestrial, but more recently increasingly from marine

environments (Fenical and Jensen, 2006) – have been prime targets

for bioprospecting efforts, as they are frequent producers of second-

ary metabolites. Later the Cyanobacteria have also been shown as

particularly interesting in this respect (Burja et al., 2001; Nunnery

et al., 2010; Kehr et al., 2011). However, bioprospecting efforts

targeting secondary metabolites from Arctic or Antarctic isolates

have so far been very limited, the study by Biondi et al. (2008) on cya-

nobacteria being an exception. To date most screening projects on

Polar bacteria have focused on the search for cold-adapted enzymes.

4.2. Diving into the uncultivated majority by metagenomics and

metatranscriptomics

Besides the advances in sequencing technologies, other recent devel-

opments in high-throughput molecular biology techniques, such as ro-

botized handling of large numbers of clones and screenings for

bioactivities, have paved the way for metagenomic approaches to
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microbial bioprospecting. The term metagenomics was introduced by

Handelsman et al. (1998) and, in principle, implied an extension of the

genomics approach into the completemicrobial gene pool of selected en-

vironments — possibly after separation into size group characteristic of

specific organisms, e.g. bacteria, protists or viruses. Consequently, the

term metatranscriptomics covers the analogous cDNA-based approach.

However, the uncovering of the tremendous diversity of the rare bio-

sphere, as mentioned previously, has made complete coverage of the di-

versity of microbial communities a daunting task in most natural

environments— evenby today'smost high-capacity sequencing technol-

ogies. The outcome of metagenomic sequencing efforts tends to be a

strong representation – even resulting in near-complete or complete ge-

nome sequences – of the most abundant phylotypes in the communities

(Venter et al., 2004), while organisms of the rare biosphere are randomly

represented by genomic fragments.

In essence, metagenomics comprises the collection and purification

of environmental DNA followed by cloning of the DNA into a suitable

vector/host systemon a large scale or –more recently – simply sequenc-

ing the collected DNA on a massive scale by one of the presently avail-

able massive-parallel sequencing technologies (Simon and Daniel,

2011). Although more labor intensive and costly than straightforward

sequencing, the cloning strategy offers some distinct advantages, in

particular related to subsequent use of the metagenomic material for

bioprospecting. Firstly, clone librariesmay be used for functional screen-

ing, i.e. to do large-scale searches for recombinant expression of specific

activities in the cloned genomic material. This kind of searches work

most efficiently towards single-peptide chain enzymes, but occasionally

also more complex proteins or even biosynthetic pathways are coded

and expressed from the same clone. Secondly, the cloning approach

gives genomic fragments varying in length from a few kilobasepairs

with conventional plasmid vectors up to around 100 kbp with BAC vec-

tors, harboring corresponding stretches of contiguous gene sequence in-

formation. In contrast, the combination of short read lengths from the

massive parallel sequencing technologies of today with the extreme di-

versities of many environmental microbial communities tends to give

lots of short, non-contiguous sequence information which covers just

fragments of individual genes and, therefore, has limited value in bio-

prospecting (Wommack et al., 2008).

Recently, technologies have also been developed to obtain genomic

information from individual cells of the uncultivated bacteria. After

picking out individual cells by micromanipulation devices or flow-

cytometry cell sorting, multiple-displacement DNA amplification is

employed to generate sufficient DNA for shotgun genome sequencing.

Interesting candidates may be singled out by prior sequencing of the

16S rRNA or other phylogenetically informative genes (Woyke et al.,

2009; Eloe et al., 2011; Siegl et al., 2011; Youssef et al., 2011).

5. The outcome of microbial bioprospecting in Polar regions, so far

Research on Polarmicroorganisms tofindnewbioproducts has been

focused on four main areas, including 1) enzymes for use in a range of

industrial processes, including food technology, 2) bioremediation and

other pollution control technologies, 3) dietary supplements, with a

particular focus on polyunsaturated fatty acids (PUFAs) and 4) anti-

freeze proteins.

Organisms thriving in permanently cold habitats, like the Polar zones,

are a vast reservoir of cold-adapted enzymes. Such enzymes may be

employed in a series of industrial applications (Aguilar, 1996; Morita et

al., 1997), including as ingredient in cleaning agents, in the biodegrada-

tion of xenobiotic compounds in cold areas, in leather processing, in

some food processes, such as cheese manufacturing, bakeries, meat ten-

derization, fermentation and confectionery, and in somemolecular biolo-

gy techniques, e.g. in heterologous gene expression systems or the use of

heat-labile Antarctic alkaline phosphatase (Rina et al., 2000; Margesin

and Schinner, 1999). The use of cold adapted enzymes can minimize un-

desirable side reactions taking place at higher temperatures and allow

reactions involving heat-sensitive substrates (Jeon et al., 2009). These

properties play an important role in the food and feed industries, where

it is important to preserve the nutritional value andflavor of the products.

Enzymes of Polar origin have also shown application potential in mixed

aqueous-organic or non-aqueous solvents. Esterases and lipases have

been found to exhibit a high level of stereospecificity that may be used

for synthesizing chiral drugs (Jeon et al., 2009). Furthermore, genetic or

chemical modifications offer useful and interesting ways for modifying

the properties of enzymes to intensify their performance or augment

their properties. Direct evolutionwas used to generate a cold-adapted Li-

pase B from Candida antarctica, where the half-life of enzyme inactivation

and the activity were both significantly improved (Zhang et al., 2003).

A recent study has also demonstrated that it is possible to improve

the productivity at low temperature by reducing uncompetitive sub-

strate inhibition (Siddiqui et al., 2009). The modified enzymes will

not be subject to substrate inhibition and this can be particularly

valuable for those industrial processes that are operated with high

substrate concentrations.

Specific classes of cold-active enzymes have been investigated, i.e.

hydrolytic enzymes, comprising esterases, lipases, cellulases, glycosi-

dases and proteases. Recently, a novel cold-adapted cellulase from an

earthworm living in a cold environment was discovered that could

convert cellulose directly into glucose (Ueda et al., 2010). This

might be an important discovery regarding the efficient production

of biofuels from cellulosic waste at low temperatures. For all the men-

tioned types of enzymes, functional screening methods are currently

available which allow simple screening for novel biocatalysts both

from microbial isolates and metagenomic libraries. Table 1 summa-

rizes several enzymes recently isolated through metagenomic studies

from Polar environments and Table 2 reports some example of en-

zymes and molecules from Polar environments recently utilized in in-

dustrial applications.

Polar regions are mostly uninhabited, but even the low level of

human activities often involves the use of petroleum hydrocarbons,

i.e. fuel for aviation, power generation, heating and operation of vehi-

cles and ships. Further, the contamination by PCBs and polychlorinated

biphenyls may constitute a great problem in these areas, among other

factors due to the presence of several military bases, especially in the

Arctic. Numerous studies have demonstrated that cold-active microor-

ganisms may be employed for biodegrading hydrocarbons, and when

optimized, the biological treatment of contaminated soil is less expen-

sive than alternative ways to decontaminate, such as incineration, stor-

age, or concentration (Eriksson et al., 2001).

One of the most noteworthy research projects on decontamina-

tion of hydrocarbon-contaminated soils by using Arctic genetic re-

sources has been developed jointly by the Russian Federation, the

United Nations Environment Programme (UNEP), and the Global En-

vironment Facility (GEF). They have launched a program entitled:

“Russian-Federation Support to the National Program of Action for the

Protection of the ArcticMarine Environment”. This pilot project ismain-

ly concentrated on acquiring new technologies for implementing biore-

mediation processes based on somemarine algae and bacteria from the

Arctic. Recent studies of Polar bacterial communities have demonstrat-

ed a high prevalence of bacterial strains (many γ-Proteobacteria) that

Table 1

Enzymes recently isolated by metagenomics screening from Polar environments.

Enzyme Source Reference

Esterase Arctic sediment Jeon et al., 2009

Lipase Antarctic soil Cieśliński et al., 2009

β-galactosidase Arthrobacter sp.20B Białkowska et al., 2009

β-galactosidase Alkalilactibacillus ikkense Schmidt and Stougaard, 2010

α-amilase Pseudoalteromonas arctica GS230 Lu et al., 2010

β-galactosidase Arthrobacter sp. ON14 Xu et al., 2011

Chitinase Glaciozyma antarctica PI12 Ramli et al., 2011

Esterase Arctic soil Yu et al., 2011
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are able to produce polyunsaturated fatty acids. The majority is psy-

chrophilic (requiring low temperatures for growth) and halophilic (re-

quiring the presence of salts for growth) in contrast to the bacteria

present in the underlying water. PUFA-producing bacteria may repre-

sent an alternative source for human use. A significant advantage is

that bacteria generally contain only one long-chain PUFA (usually

eicosapentaenoic or docosahexaenoic acid) rather than the multiple

components present in fish or algal oils.

Birds, fishes, amphibians, insects and plants have evolved several

strategies to cope with extremely low temperatures in their natural

habitats. The mechanisms involved also provide some valuable insight

into bacterial cold tolerance. One of the major strategies adopted by

the multicellular organisms is the production of specific proteins,

which help them tomaintain their body fluids in the liquid state at sub-

zero temperatures. In general, such proteins are called antifreeze pro-

teins (AFPs), although other terms such as antifreeze glycoproteins

and antifreeze polypeptides are also used to denote the structural fea-

tures of these cryoprotectants (Chattopadhyay, 2006).

The presence of AFPs in bacteria was firstly demonstrated by

Duman and Olsen, 1993. Since then, a number of cold-adapted bac-

teria (e.g. Pseudomonas putida, P. fluorescens, Marinomonas protea

have been found to possess AFPs and the first Antarctic bacterium

found to be rich in AFPs was a strain of Moraxella (Chattopadhyay,

2006). A significant fraction of them are Antarctic isolates. In gener-

al, the bacterial proteins display less freeze protection than those

found in AFPs from animals. Hence it is believed that AFPs in animals

work by the mechanism of freeze avoidance, whereas freeze toler-

ance is the strategy used by plants and bacteria. The AFPs isolated

from bacteria have a wide range of biotechnological applications,

such as improving the cold storage and cryopreservation properties

of cells and tissue, thereby reducing or preventing microbial con-

tamination of frozen food (Venketesh and Dayananda, 2008). One

of the most promising examples of application of these proteins in

the food industry is the use of AFPs in the production of low-fat

ice cream by the Unilever (Leary, 2008). For many years, the compa-

ny has utilized anti-freeze protein to control the ice formation and

structure in this product range. This food processing use of AFPs

has been controversial, but it is noteworthy that anti-freeze proteins

are naturally present in a wide range of organisms consumed as part

of the established human diet, including fish, carrots, cabbage and

Brussels sprouts (Breton et al., 2000).
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a b s t r a c t

The ciliated protozoon Euplotes focardii, originally isolated from the coastal seawaters of Terra Nova Bay

in Antarctica, shows a strictly psychrophilic phenotype, including optimal survival and multiplication

rates at 4e5  C. This characteristic makes E. focardii an ideal model species for identifying the molecular

bases of cold adaptation in psychrophilic organisms, as well as a suitable source of novel cold-active

enzymes for industrial applications. In the current study, we characterized the patatin-like phospholi-

pase from E. focardii (EfPLP), and its enzymatic activity was compared to that of the homologous protein

from the mesophilic congeneric species Euplotes crassus (EcPLP). Both EfPLP and EcPLP have consensus

motifs conserved in other patatin-like phospholipases.

By analyzing both esterase and phospholipase A2 activity, we determined the thermostability and the

optimal pH, temperature dependence and substrates of these enzymes. We demonstrated that EfPLP

shows the characteristics of a psychrophilic phospholipase. Furthermore, we analyzed the enzymatic

activity of three engineered versions of the EfPLP, in which unique residues of EfPLP, Gly80, Ala201 and

Val204, were substituted through site-directed mutagenesis with residues found in the E. crassus homolog

(Glu, Pro and Ile, respectively). Additionally, three corresponding mutants of EcPLP were also generated

and characterized. These analyses showed that the substitution of amino acids with rigid and bulky

charged/hydrophobic side chain in the psychrophilic EfPLP confers enzymatic properties similar to those

of the mesophilic patatin-like phospholipase, and vice versa.

This is the first report on the isolation and characterization of a cold-adapted patatin-like phospho-

lipase from eukaryotes. The results reported in this paper support the idea that enzyme thermal-

adaptation is based mainly on some amino acid residues that influence the structural flexibility of

polypeptides and that EfPLP is an attractive biocatalyst for industrial processes at low temperatures.

� 2013 Elsevier Masson SAS. All rights reserved.

1. Introduction

Psychrophiles are organisms living at cold temperatures, colo-

nizing about 70% of earth’s biosphere, such as polar and alpine

regions ordeep-seawaters [1]. The ability of psychrophiles to survive

in the cold is the result of molecular evolution and adaptations

which, together, overcome the deleterious effects of low energy en-

vironments and the freezing of water [1]. One of the essential

adaptive properties of psychrophiles is represented by their cold-

active enzymes, which have received a great deal of attention in

fundamental research for understanding the molecular basis un-

derlying cold-adaptation [2], and for their potential utilization in

certain industrial applications [3]. Cold-adapted enzymes have

evolved a range of molecular features that confer a high level of

structural flexibility, particularly around the active site that are

translated into lowactivation enthalpy. This property can beuseful to
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improve the efficiency of industrial processes by lowering the ener-

getic costs [3,4].

Lipases are one of the most investigated groups of enzymes

because they display both hydrolysis and synthesis activity toward

many useful ester compounds. Lipases catalyze esterification,

trans-esterification, interesterification, acidolysis, alcoholysis, and

aminolysis, in addition to the hydrolytic activity on triglycerides.

Thus, they constitute a potential source of biotechnologically

interesting substances and have emerged as key enzymes for a

wide variety of different industrial applications, including syn-

thesis of biopolymer and biodiesel, production of pharmaceutical

and detergents, food processing, chemical transformation, and

cosmetics. In this contest, cold-adapted lipases have lately

attracted attention because their high activity at low temperature

is a favorable property for the production of relatively frail com-

pounds [5].

A family of lipolytic enzymes designated as patatin-like phos-

pholipases (PLPs, EC ¼ 3.1.1.3, PFAM accession number: PF01734)

has been previously proposed as key biocatalysts [6]. The PLPs are

nonspecific lipid acyl hydrolases predominately found in potato

tubers [7e9], where are essentially storage proteins with catalytic

properties [10]. These proteins catalyze the nonspecific hydrolysis

of phospholipids, glycolipids, sulfolipids, and mono- and diac-

ylglycerols [11e14]. Furthermore, PLPs appear to be involved in

signal transduction and to function as bioactive enzymes that

protect plants from parasites [15,16]. Sequence homology studies

[16,17], together with crystal structure study of a isozyme of pata-

tin, and alanine-scanning mutagenesis study [17,18], have shown

that PLPs share conserved blocks with the animal calcium-

independent phospholipase A2 (iPLA2) and cytosolic phospholi-

pase A2 (cPLA2), and possess an active dyad site instead of the

Ser-His-Asp/Glu triad common of other lipolytic enzymes [19].

PLPs were intensively studied in plants, bacteria and vertebrates

[20e22]. Most of these works focused mainly on subfamily classi-

fication of the PLP genes and on the characterization of the bio-

logical roles by informatics approaches. Relatively few PLPs have

been characterized biochemically so far.

In this paper, we report the biochemical characterization of the

first eukaryotic PLP from Euplotes focardii (EfPLP), a ciliated proto-

zoon endemic of Antarctic coastal seawaters. Ciliates provide

excellent material to study adaptive evolution to cold, since they

are single cells directly exposed to environmental cues. We choose

E. focardii as model organism for this study because this eukaryotic

microbe shows strictly psychrophilic phenotypes: its optimal

temperature of survival and reproduction is 4e5  C; it lacks a

transcriptional response of the Hsp70 genes to thermal shock

[23,24]; it possesses cold-stable microtubules [25,26] and modified

ribosomal proteins [27].

By analyzing enzymatic activities, we determined optimal pH,

temperature dependence, thermostability and substrates speci-

ficity of EfPLP, in comparison with the activities of a PLP from the

evolutionary close mesophilic species Euplotes crassus (EcPLP). We

demonstrated that EfPLP shows the characteristics of a psychro-

philic phospholipase, because it is active in the cold, whereas

EcPLP is not. Furthermore, we analyzed the enzymatic activity of

three engineered versions of the EfPLP, in which unique residues

of EfPLP, Gly80, Ala201 and Val204, were substituted through site-

directed mutagenesis by Glu, Pro and Ile, respectively (i.e. resi-

dues found in the E. crassus homolog). These analyses indicated

that the introduction in the EfPLP of amino acids with rigid and

bulky charged/hydrophobic side chains confer enzymatic prop-

erties more similar to those of the mesophilic PLPs. For obtaining

further support of our findings, we also carried out the reverse

procedures by replacing Glu81, Pro202 and Ile205 residues of EcPLP

with Gly, Ala and Val, respectively. Following, the effects of

temperatures on enzyme properties of those variants were

examined and catalytic efficiency was also investigated. These

results indicate that enzyme thermal-adaptation is based on

amino acid residues that influence the structural flexibility

of polypeptides. Furthermore, we demonstrated that PLPs are

enzymes that can display both esterase and phospholipase A2

(PLA2) activities, a characteristic that makes these molecules

promising for industrial applications even at low temperatures.

2. Materials and methods

2.1. Materials

Restriction enzymes, recombinant Taq DNA polymerase and Pfu

DNA polymerase were purchased from Fermentas (Milan, Italy).

Ampicillin, Isopropyl-b-D-thio-galactoside (IPTG), 5-bromo-4-

chloro-indolyl-b-D-galactopyranoside (X-Gal) and p-Nitrophenyl

(pNP) esters were purchased from SigmaeAldrich (USA). Arach-

idonoyl thio-PC was obtained from Cayman Chemical Co. (Ann

Arbor, MI, USA). 1,2-dipropinoyl-sn-glycero-3-phosphocholine

(DiC3PC), 1,2-dibutanoyl-sn-glycero-3-phosphocholine (DiC4PC)

and 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DiC6PC) were

purchased from Avanti Polar Lipids (Alabama, USA). All chemicals

were reagent grade. All oligonucleotide primers used in this study

were synthesized by Sigma (Milan, Italy).

2.2. Cell strains and growth conditions

Cultures of E. focardii strain TN1 [28] and E. crassus strain G1

were used. E. focardii strain TN1 represents type-species material

chosen from a number of wild-type strains isolated from sediment

and seawater samples collected from the coastal waters of

Terra Nova Bay, Antarctica (temperature  1.8 !C, salinity 35 f and

pH 8.1e8.2). It was grown and maintained in a cold room at 4 !C.

The E. crassus strain G1 used in this study was kindly obtained from

the strain collection of Luporini’s laboratory at the University of

Camerino. It is a close relative species of E. focardii and represents

the mesophilic counterpart. In a phylogenetic tree of Euplotes

species based on 18S rDNA these two Euplotes belong to the same

cluster (data not shown). Both cell lines were fed with the green

alga Dunaliella tertiolecta as food.

2.3. Isolation of Euplotes PLPs nanochromosomes frommacronuclear

DNA via PCR and rapid amplification of telomeric ends (RATE)

E. focardii macronuclear DNA was purified as described [29]. To

obtain the primary partial E. focardii PLP gene (EfPLP) sequence, we

based our PCR strategy on degenerate oligonucleotide primers

designed from Euplotes EfPLP consensus sequence (obtained by the

alignment of homologous genes from E. crassus, which were kindly

provided by the laboratory of Professor Gladyshev, Harvard Medical

School, USA). Degenerate oligonucleotide primers were designed

according to the improvedCODEHOPprimerdesignmethod [30]. The

forward primer, 50-GTKTCTGCHGGWTCCCTMAACACTTTAGGTCT-30,

covered codons 59e68 plus two nucleotides from69, and the reverse

primer, 50- GATGTCVATSTTVCARATTACTCCACCATCAA-30, corre-

sponded to two nucleotides of codon 190 plus triplets 200e191.

Amplificationwas performed using touchup PCR strategies: 95 !C for

2 min, followed by 10 cycles of 95 !C for 30 s, from 45 !C annealing

temperature gradually rise 1 !C each cycle for 30 s to 54 !C, and 72 !C

for 30 s, followedby25cycles of 95 !C for 30 s, 55 !C for 30 s, and72 !C

for 30 s, and finally a final extension at 72 !C for 5 min. The amplifi-

cation products were expected to be about 1270 bp long.

Based on the organization of nanochromosomes in Euplotes spp.

[31], RATE PCR [29] was carried out for obtaining the sequences of

G. Yang et al. / Biochimie 95 (2013) 1795e18061796



N-terminal and C-terminal coding regions and the 50- and 30-UTRs.

The forward primer, 50- GCAGATAACTTAGGTGACAGAACTCT-30 and

reverse primer, 50- AGAGTTCTGTCACCTAAGTTATCTGC-30 were

individually used in combination with the telomeric oligonucleo-

tide 50-(C4A4)4-3
0 in RATE PCR. Amplified products were cloned into

pTZ57R/T vector (Fermentas, Milan, Italy) and further transformed

into Euplotes coli DH5a. Clones containing the EfPLP recombinant

plasmids were sequenced in both strands (BMR Genomics, Padova,

Italy).

The E. crassus PLP gene (EcPLP) was amplified from E. crassus

genomic DNA. Oligonucleotides EcNdeI (50-CATATGAGGAAAT-

GTAGAGCATTAGCCCT-30) and EcXhoI (50-CTCGAGTTGAGACTCA-

GATTTTGGTTGTTTT-30) were used as forward and reverse

primers, respectively. The amplification primer EcNdeI and EcXhoI

were designed to introduce an NdeI restriction site upstream

from the initiation site, and an XhoI restriction site downstream

from the stop codon of EcPLP, respectively. Amplification was

performed using standard conditions: 30 cycles at 95 !C for 30 s,

59 !C for 30 s and 72 !C for 70 s. After the amplification, the

reaction was further incubated at 72 !C for 10 min and stored

at 4 !C. The PCR product was ligated into pTZ57R/T vector (Fer-

mentas, Milan, Italy) and further transformed into E. coli DH5a,

and clones containing EcPLP recombinant plasmids were

sequenced in both strands (BMR Genomics, Padova, Italy).

E. coli DH5a was used as host for cloning whereas E. coli BL21

(DE3) harbored the recombinant plasmids for gene expression.

E. coli strains were routinely grown in LB medium at 37 !C. When

required, antibiotics and chromogenic substrates were added at the

following concentrations: 100 mg/mL ampicillin and 30 mg/mL

5-bromo-4-chloro-indolyl-b-D-galactopyranoside (X-Gal). The

complete Euplotes PLPs sequences are available on GeneBank� by

accession numbers: JX257001 (EfPLP) and JX257002 (EcPLP).

2.4. Subcloning of Euplotes PLPs into the expression

vector pET-22b(þ)

In order to facilitate heterologous expression of EfPLP protein in

E. coli, the gene without predicted signal peptide (resulting from

the deletion of the gene region encoding the first 18 amino acids)

was synthesized with E. coli codon usage by a gene synthesis

distributor (Mr. Gene, Regensburg, DE). Restriction sites NdeI and

XhoI were introduced to the 50- and 30- respectively. The synthe-

sized EfPLP gene was cloned into pET-22b(þ) expression vector

(Novagen, USA) previously digested by NdeI and XhoI restriction

enzymes to construct an expression plasmid pET-EfPLP. Similarly,

the EcPLP recombinant plasmid was digested by NdeI and XhoI

restriction enzymes and EcPLP was cloned into pET-22b(þ)

expression vector previously digested by NdeI and XhoI

restriction enzymes in order to obtain a pET-EcPLP expression

vector. The expression cassette includes an in-frame C-terminal

fusion purification 6# His-Tag. The DNA sequence of the resulting

construct was verified by bidirectional DNA sequencing.

2.5. Plasmid constructions of mutants

The site-directed mutants were prepared by the overlap exten-

sion method [32]. It yielded six expression plasmids: pET-EfPLP-

G80E, pET-EfPLP-A201P and pET-EfPLP-A201P/V204I for generating

variants of EfPLP; pET-EcPLP-E81G, pET-EcPLP-P202A and pET-EcPLP-

P202A/I205V for obtaining mutants of EcPLP. The polymerase chain

reactions were carried out by using the plasmids pET-EfPLP and pET-

EcPLP, respectively as templates, Pfu DNA polymerase, and two

complementary mutagenic primers for each site-specific mutation.

The sequences of the oligonucleotides usedwere as shown inTable 1.

Each amplification reaction was performed with 30 cycles of 94 !C

for 30 s, 68 !C for 1 min, and 72 !C for 10 min. The final amplified

products were verified by bidirectional DNA sequencing.

2.6. Overexpression and purification of wild-type and mutant

Euplotes PLPs

E. coli BL21 (DE3) cells carrying wild-types or mutants plasmids

were grown overnight at 37 !C in LB medium supplemented with

100 mg/mL ampicillin. The overnight cultures were diluted to a cell

density of about 0.08 OD600 in 600 mL of LBmedium supplemented

with 100 mg/mL ampicillin using a 2 L flask. Cultivation took place in

a 2 L flask at 30 !C under vigorous stirring and aeration. The in-

duction procedures were carried out when cultures reached 0.6e

0.8 at OD600 by addition of filter-sterilized IPTG to a final concen-

tration of 1 mM. The cultures were grown for overnight post-

induction. Cells were harvested by centrifugation at 5000 g at

4 !C for 20 min, divided into 0.50 g aliquots and frozen at  80 !C.

2.7. Purification of PLPs from E. coli BL21 (DE3) cells

IPTG induction of recombinant E. coli BL21 (DE3)/PLPs cells

resulted in the accumulation of recombinant wild-type and mutant

proteins as inclusion bodies. To recover of PLPs from inclusion

bodies, the bacterial cell pellet (0.50 g) was frozen and thawed

twice, resuspended in 3 mL TE buffer (50 mM TriseHCl, pH 8 and

40 mM EDTA). 0.75 g sucrose and 0.6 mg lysozymewere added and

the solution was incubated at 37 !C for 30 min. An osmotic shock

was performed by the addition of 3 mL ice-cold TE buffer. The so-

lution was again homogenized and incubated for 30 min at 37 !C.

The cells were subjected to sonication for 5 for 1 minwith intervals

of 2 min to prevent overheating. Subsequently, Triton-X100 was

Table 1

Nucleotide sequences of primers used for site-directed mutagenesis and generated recombinant plasmids.

Directed mutation Primer sequencea Generated plasmid

EfPLP-G80E FW: 50-ACTGACGTTGAGGaAGCAAGCGAGTTC-30 pET-EfPLP-G80E

RV: 50-GAACTCGCTTGCTtCCTCAACGTCAGT-30

EfPLP-A201P FW: 50-ATCGACATTcCTTCGGCTGTTCGTCGTTGT-30 pET-EfPLP-A201P

RV: 50-ACAACGACGAACAGCCGAAGgAATGTCGAT-30

EfPLP-A201P/V204I FW: 50-ATCGACATTcCTTCGGCTaTTCGTCGTTGT-30 pET-EfPLP-A201P/V204I

RV: 50-ACAACGACGAAtAGCCGAAGgAATGTCGAT-30

EcPLP-E81G FW: 50-CAGAGGAAGTTGAAGgAGCCACTGAATTC-30 pET-EcPLP-E81G

RV: 50-GAATTCAGTGGCTcCTTCAACTTCCTCTG-30

EcPLP-P202A FW: 50-AACATCGACATTgCTTCAGCTATCAGAAGGT-30 pET-EcPLP-P202A

RV: 50-ACCTTCTGATAGCTGAAGcAATGTCGATGTT-30

EcPLP-P202A/I205V FW: 50-CATCGACATTgCTTCAGCTgTCAGAAGGTG-30 pET-EcPLP-P202A/I205V

RV: 50-CACCTTCTGAcAGCTGAAGcAATGTCGATG-30

a Mismatch sites for site-directed mutagenesis are in small letters.
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added to a final concentration of 0.1% (w/v) and the solution was

sonicated again for 1 min. The inclusion bodies were collected by

centrifugation (20 min, 6726 g, 4 !C) and washed with 4 mL TE

buffer. After centrifugation, the pellet was suspended in 2 mL of

10 mM TriseHCl (pH 8). After 10 min centrifugation at 15,000 g, the

pellet containing inclusion bodies was solubilized in 10 mL of 8 M

urea and 5 mM glycine (pH 9) at room temperature. To remove the

insoluble material, the solutionwas centrifuged 20 min at 10,000 g.

The resulting supernatant was dialyzed in 200mL of 20mM glycine

(pH 9), 20 mM beta-mercaptoethanol and 5 mM EDTA, at 4 !C, to

allow the unfolded protein to refold. The buffer was changed three

times in 24 h. Finally, the solutionwas dialyzed again at 4 !C against

200 mL 20 mM TriseHCl (pH 8) to remove beta-mercaptoethanol

and EDTA. Then, the refolded protein was stored at  20 !C in

presence of 10% glycerol. All isolation steps were performed at 4 !C

(unless otherwise specified).

2.8. SDS-polyacrylamide gel electrophoresis (PAGE) and protein

concentration determination

SDS-PAGE was performed according to the method of Laemmli

using 5% polyacrylamide-stacking gel and 12% polyacrylamide-

resolving gel with a Bio-Rad Mini-Protean II cell unit, at room

temperature. The protein concentration was determined according

to the Bradfordmethodwith bovine serum albumin as the standard

[33]. The protein content was measured by monitoring the optical

density at 595 nm.

2.9. N-terminal sequencing of the Euplotes PLPs recombinant protein

Electroblotting was performed using PVDF membrane with

25 mM Tris Base, 192 mM glycine (pH 9) transfer buffer in the

presence of 10% methanol. The membrane stained with Coomassie

Brilliant Blue and destained to achieve protein band from mem-

brane. Recombinant protein identification was carried out by

N-terminal sequencing (AB Procise 49X cLC Protein Sequencing

System) of the electroblotted protein band.

2.10. Enzyme assays

The esterase activities of the PLPs were measured spectrophoto-

metrically at 405 nmby detection of p-nitrophenoxide released from

pNP esters in 1-cm path-length cells with a Cary 100 spectropho-

tometer (Varian, Australia) equipped with a temperature controller.

Assays were performed in 1 mLmixture containing purified enzyme

(30 mg/mL), TeorelleStenhagen buffer (50 mM boric acid, 10 mM

phosphoric acid, 2.5 mM citric acid, adjust pH by NaOH) [34] at pH

10.5, 3% acetonitrile, and pNPesters at different concentrations. Stock

solutions of pNP esters were prepared by dissolving the substrates in

pure acetonitrile. Enzyme activities were determined at 25 !C for

EfPLP, EfPLP-G80E and EcPLP-P202A/I205V, at 30 !C for EfPLP-A201P

and EcPLP-P202A, and at 35 !C for EcPLP, EcPLP-E81G and EfPLP-

A201P/V204I, respectively. Assays were carried out in duplicate or

triplicate, and the results were expressed as the means of two or

three independent experiments. One unit enzymatic activity was

defined as the amount of protein that released 1 mmol of p-nitro-

phenoxide/min from pNP esters. The absorption coefficient used for

p-nitrophenoxide was 19,000 M 1 cm 1.

2.11. Determination of optimal pH and temperature of wild-type and

mutant PLPs

The pH dependence of the esterase activity was monitored at

348 nm (the pH-independent isosbestic point of p-nitrophenol and

the p-nitrophenoxide ion), with pNP butyrate (100 mM) as

substrate. A molar absorption coefficient of 5000M 1 cm 1 at 25 !C

was introduced. The universal Teorell-Stenhagen buffer over a

broad range of pH (pH 8e12) was used. Data were analyzed as

described by Dixon and Webb [35]. The temperature optimumwas

determined by analyzing the esterase activity in the range of

temperature from 0 to 50 !C in Teorell-Stenhagen buffer (pH 10.5),

containing 3% acetonitrile, using pNP butyrate (100 mM) as

substrate.

2.12. Determination of the thermostability

Half-lives of thermal inactivation were determined for purified

wild-types and variants PLPs by incubating the enzymes (30 mg/mL)

at 40, 55 and 70 !C for 30e180 min with regular time intervals.

Initial and residual activities were measured under the standard

assay conditions previously described. The first-order rate constant,

kd, of irreversible thermal denaturation was obtained from the

slope of the plots of ln (initial activity/residual activity) versus time,

and the half-lives (t1/2) were calculated as ln 2/kd.

2.13. Measurement of PLA2 activity of wild-types and mutants

PLA2 activities toward the substrate arachidonoyl thio-PC were

estimated colorimetrically by determining the release of thiol

groups. Substrate in ethanol was bubbled under a gentle stream of

nitrogen and then solubilized in assay buffer (80mMHEPES, pH 7.4,

150 mM NaCl, 10 mM CaCl2, 4 mM Triton X-100, 30% v/v glycerol,

and 1mg/mL bovine serum albumin) and vortexed until completely

dissolved. A solution in 6mL of assay buffer contained arachidonoyl

thio-PC at a final concentration of 1.5 mM. The PLA2 assay was

conducted using a 96 well microplate with a total assay volume of

225 mL. The reaction mixture contained assay buffer, arachidonoyl

thio-PC substrate and purified enzyme (30 mg/mL). Reactions were

initiated by the addition of purified enzyme to the wells followed

by incubation for 1 h at 23 !C. Assays were stopped by addition of a

mixture of 25 mM 5,50-dithio-bis (2-nitrobenzoic acid) (DTNB) and

475 mM EGTA. Color was developed for 5 min and then absorbance

was measured at 414 nm in a Multiskan Spectrum microplate

reader (Thermo Labsystems). The determination of PLA2 activity

was calculated by following substrate manufacturer’s instructions.

The PLA2 activities toward substrates 1,2-dipropanoyl-sn-glycero-

3-phosphocholine (or 1,2-dihexanoyl-sn-glycero-3-phosphocholine

or 1,2-dibutanoyl-sn-glycero-3-phosphocholine) were determined

titrimetrically at pH 10.5 and at 25 !C with a pH-stat T50 (Mettler

Toledo). Substrates in chloroform were bubbled under a gentle

stream of nitrogen and then solubilized in distilled water with

sonication. The standard condition contained distilled water and

10 mM substrate in a final volume of 4 mL. Substrate mix was pre-

equilibrated with NaOH (0.1 mM) to pH 10.5 and pre-incubated at

25 !C for 10 min. Assays were initiated by adding enzymes to the

final concentration of 30 mg/mL into substrate mix, the enzyme

activities were measured by continuously monitoring the tempera-

ture amount of acid liberated from hydrolysis using the pH stat. One

unit of PLA2 activity was defined as 1 mMof fatty acid liberated under

standard condition.

2.14. Kinetic measurements

The kinetic parameters KM and kcat of enzymes were measured

using pNP esters as substrates at the condition described in the

Enzyme Assays section. The initial velocities of substrate hydrolysis

weremonitored for a minimum of six substrate concentrations. The

following substrate concentration ranges were used: pNP acetate

(C2, 100e1500 mM), pNP propionate (C3, 100e1500 mM), pNP

butyrate (C4, 100e1700 mM), pNP valerate (C5, 100e1500 mM), pNP
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caprylate (C8, 50e700 mM), pNP caprate (C10, 50e700 mM). All ki-

netic data were analyzed by nonlinear regression using Origin 8.0.

The Standard Error (S.E.) value of each parameter was estimated

from the curve fitting. Assays were done in duplicate or triplicate,

and results for kinetic data were mean of two independent

experiments.

2.15. Sequence analysis and comparative modeling

Sequence alignment between the putative amino acid se-

quences of EfPLP and EcPLP was initiated by the EMBOSS Needle

Pairwise Sequence Alignment. Sequence similarity and analysis

for conserved blocks were performed using BLAST programs on

the National Center for Biotechnology Information (NCBI) web-

site (http://www.ncbi.nlm.nih.gov). Sequence alignments were

performed using the tools of the T-Coffee server (http://www.ebi.

ac.uk/Tools/msa/tcoffee/) and ClustalW2 (http://www.ebi.ac.uk/

Tools/msa/clustalw2/). The N-terminal signal peptide was pre-

dicted using SignalP 3.0 server (http://www.cbs.dtu.dk/services/

SignalP/). Molecular weights were determined using Protein

Calculator V3.3 (http://www.scripps.edu/wcdputnam/protcalc.

html). Comparative homology model of the E. focardii PLP was

obtained by the program SWISS-MODEL [36,37], using the

patatin from Solanum cardiophyllum (PDB: 1OXW) as a specific

template, and the sequence identity between template and target

is 19%.

3. Results

3.1. Subcloning the Euplotes PLP genes

Euplotes macronuclear DNA consists of short linear molecules

(nanochromosomes) ranging in size from 0.3 to 40 kbp, each of

which is present in multiple copies and generally encodes a single

genetic function [38]. These nanochromosomes have telomeres at

their ends that consist of repeats of the C4A4 motif (schematically

represented in Fig. 1A). By our RATE-PCR-based cloning strategy

(described under “Materials and Methods”), we obtained two

entire PLP nanochromosomes from E. focardii and E. crassus, that

we named EfPLP and EcPLP. These nanochromosomes were 1156

bp and 1229 bp long respectively, without introns. The coding

regions were 1071 bp and 1074 bp long, respectively, and the

predicted proteins of 357 and 358 amino acids, respectively. The

EfPLP coding region was flanked by 56 and 29 bp untranslated

regions at the 50 and 30 sides respectively. The EcPLP coding region

was flanked by 59 and 37 bp untranslated regions at the 50 and 30

sides respectively.

Blastp searches of the EfPLP predicted amino acid sequence

revealed similaritywithPLPs fromotherprotists, including threePLPs

from Tetrahymena thermophila (XP_001014319.1, XP_001014317.1,

XP_001011026.1)with57%positives (E-value6e-59), 51%positives (E-

value 1e-51), 50% positives (E-value 9e-39), respectively, and a hy-

pothetical patatin from the Ichthyosporea fish parasite Capsaspora

owczarzakiATCC30864 (EFW47637.1)with51%positives (E-value1e-

33). Each of the bacterial patatin-like conserved blocks [39] was

identified in both EfPLPand EcPLP (indicated as blocks I, II, III and IV in

Fig.1B). Block I consists of a Gly-rich region, which probably serves as

an oxyanion hole. Block II represents a typical lipase nucleophilic

elbowGly-X-Ser-X-Glycontaining theputative active-site Ser (Gly59e

Val60eSer61eAla62eGly63 in EfPLP and Gly60eVal61eSer62eAla63e

Gly64 in EcPLP), which is located 10e20 AA downstream the Block I.

Block III contains a conserved ASXXXP motif of unknown function.

Block IV contains the active-site Asp (Asp191 in EfPLP and Asp192 in

EcPLP) that, togetherwith the active-site Ser, forms the catalytic Sere

Asp dyad.

Further sequence analysis performed using SignalP 3.0 server

indicated the presence of a signal peptide typical of secreted pro-

teins with a putative cleavage site located between Ser18 and Lys19
in EfPLP and Ala19 and Arg20 in EcPLP. Molecular weight of the

cleaved mature EfPLP and EcPLP proteins were calculated as

37.6 kDa and 37.9 kDa, respectively. The EfPLP and EcPLP amino acid

sequences were 80.2% identical.

3.2. Sequence analysis

Cold active enzymes have been reported to be structurally

modified by an increasing flexibility of the polypeptide chain

enabling an easier accommodation of substrates at low tempera-

ture [3,40]. Therefore, to characterize unique characteristics of

EfPLP that may be responsible for cold-adaptation, we chose to

focus our attention to residue substitutions which were found in

the EfPLP with respect to EcPLP from sequence comparison, and

would be expected to increase intramolecular flexibility: 1) Pro to

Ala in position 201; 2) charged residue to Val/Gly/Asn/Ala in posi-

tions 49/80/96/347, respectively; 3) Ile to Val/Val/Gly in positions

204/229/317, respectively. The substitutions of bulky/rigid amino

acid with small ones have been observed for cold-adapted variants

of several proteins and are expected to increase intramolecular

flexibility [25,27,41]. In addition, these substitutions are similar to

those that transform mesophilic subtilisin-like proteases into cold-

active variants [42]. Fig. 2A0 and A00 show the low-resolution ho-

mology model of EfPLP (see Materials and Methods) that give an

approximation of the three-dimensional organization of the

conserved residues that compose the catalytic dyad, the conserved

block domains, and the localization of the mutated residues. We

observed, that three of the unique residues of EfPLP, Gly80, Ala201
and Val204 (underlined in Fig. 1B), that surround the catalytic sites,

may be potential candidates for cold adaptation of EfPLP. To test this

hypothesis, we decided to compare the enzymatic activity of EfPLP

and EcPLP, and to investigate the activity of three engineered ver-

sions of EfPLP and EcPLP, respectively. In the former three mutants,

E. focardii residues were substituted as they were in the E. crassus

sequence: 1- EfPLP-G80E, inwhich Gly80 was substituted by Glu; 2-

EfPLP-A201P, in which the Ala201 was substituted by Pro; 3- EfPLP-

A201P/V204I, in which the Ala201 and Val204 were substituted by

Pro and Ile, respectively. In the latter threemutants, the Gly, Ala and

Val together of EfPLP were introduced into EcPLP. Therefore, these

mutants were named as EcPLP-E81G, EcPLP-P202A and EcPLP-

P202A/I205V.

Wild-types and six mutants were subcloned in the expression

vectors pET-22b(þ), as described under “Materials and Methods”.

After confirming the correct ORF and mutations by DNA

sequencing, the plasmids were transformed into E. coli BL21

(DE3) cells for protein expression and purification. As estimated

from SDS-PAGE (Fig. 2B) the purified proteins were about 95%

pure.

3.3. Esterase activity of the PLP wild-types and mutants: pH

dependence, thermophilicity and thermostability

As a first step, we determined the optimal pH for the esterase

activity of the Euplotes PLPs using pNP butyrate as a substrate.

Kinetics was followed spectrophotometrically at 348 nm in the

pH range of 8.0e12.0, which is the pH independent isosbestic

wavelength between the p-nitrophenol and p-nitrophenolate ion

produced by the reaction. As shown in Fig. 3, the maximum ac-

tivities for both wild-type EfPLP and EcPLP were recorded at pH

10.5 in Teorell-Stenhagen buffer. Similar results were obtained

using the mutated versions of the EfPLP and EcPLP (data not

shown).
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The effect of temperatures on esterase activity for both wild-

types and mutants was determined using pNP butyrate as sub-

strate in the temperature range of 0e50 !C. As shown in Fig. 4A,

about 50% of the hydrolytic activity of EfPLP was found at 0 !C. The

highest percentage activity was observed at 25 !C. No activity was

detected at 50 !C. In contrast, EcPLP showed no activity at 0 !C, the

highest activity was found at 35 !C, and the enzyme was still active

at 50 !C (Fig. 4A).

The analysis of the esterase activity of the EfPLP-G80E mutant

showed that it behaved similarly to the wild-type, i.e. about 50% of

Fig. 1. EfPLP sequence analysis. (A) Schematic representation of the EfPLP macronuclear gene. The coding regions (gray squares) are flanked by non-coding regions (chequered

squares) of differing lengths that terminate in telomeres composed of four repetition of the C4A4/G4T4 motif (black squares). The telomeric sequence can be used as template of

oligonucleotides for PCR amplification in combination with oligonucleotides that bind DNA sequence of the coding region, indicated by horizontal arrows (see text). Signal peptide

(SP) and conserved blocks (I, II, III, IV) are also represented; (B) Alignment of the predicted amino-acid sequences of EfPLP (JX257001) and EcPLP (JX257002) with the homologs from

T. thermophila (XP_001014319.1), C. owczarzaki (EFW47637.1) and Solanum cardiophyllum (PDB accession code: 1OXW). Conserved residues are light shaded. Gray shaded Ser and

Asp constitute the PLPs catalytic dyad. The conserved patatin block domains (Block I, Block II, Block III and Block IV) are boxed. The putative cleavage site of signal peptide between

Ser18 and Lys19 are labeled with an arrow. The residues that are substituted by site-directed mutagenesis are underlined.
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the activity at 0 !C, and the maximum activity at 25 !C, as shown in

Fig. 4B. However, about 35% of the EfPLP-G80E activity was main-

tained at 50 !C, whereas the wild-type showed no activity at this

temperature. Also the EfPLP-A201P mutant displayed activity at

0 !C similar to EfPLP, but the maximum activity was recorded at

30 !C (Fig. 4B). The double mutant EfPLP-A201P/V204I showed

about 50% of maximum activity at 0 !C (Fig. 4B). However, the

optimal temperature was 35 !C, and it maintained about 60% of

activity at 50 !C as for EcPLP, suggesting that the insertion of

E. crassus residues into EfPLP conferred the capacity to efficiently

exercise his enzymatic function at higher temperature than the

cold-adapted variant of the PLPs.

When compared to the wild-type, the EcPLP-E81G mutant

showed an increased activity of about 20% at lower temperatures

(15e25 !C) and decreased activity of about 10% at 40e50 !C

(Fig. 4C). In contrast, the EcPLP-P202A mutant displayed a

dramatically increased activity at low temperature, in particular at

20e25 !C, when compared to the wild-type, and reached the

highest activity at 30 !C (Fig. 4C). The double site mutant EcPLP-

P202A/I205V showed a 20% of activity at 0 !C, and its maximum

activity was recorded at 25 !C (Fig. 4C). The double site mutant

displayed a 30% loss of activity at 50 !C with respect to the wild-

type. These results indicate that the residues chosen for muta-

tions have a role in the temperature dependence of the enzyme

activity.

To analyze the thermostability of the wild-type PLPs and

their variants, we incubated the enzymes at 40, 55 and 70 !C for

30e180 min before measuring the residual esterase activities at

their optimal temperatures, using pNP butyrate as substrate

(Fig. 5A, B and C). As shown in Table 2, compared to EcPLP which

showed 3.38 and 3.11 h half-lives at 40 and 55 !C respectively, the

psychrophilic counterpart EfPLP displayed higher stability at the

same temperatures with 3.72 and 3.65 h as half-lives. However,

when the incubation temperature increased to 70 !C, EfPLP showed

a lower stability with 2.07 h half-life compared to EcPLP which

recorded 2.57 h half-life at the same temperature. All variants of

EfPLP with replacement of EcPLP residues exhibited increased sta-

bility at 70 !C, with 2.21, 2.19 and 2.31 h half-lives for EfPLP-G80E,

EfPLP-A201P and EfPLP-A201P/V204I respectively. In contrast,

Fig. 2. (A0) Low-resolution homology model of EfPLP. Side chains of the catalytic dyad aspartate and serine are shown in green; the conserved patatin block domains (Block I, Block

II, Block III and Block IV) are shown in red; the mutated residues are shown in blue; other substitutions of amino acids that may influence the intramolecular flexibility are shown in

light blue; (A00) Reverse side of Fig. A0; (B) Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) analysis of recombinant proteins EfPLP (lane 2), EcPLP (lane 3),

EfPLP-G80E (lane 4), EfPLP-A201P (lane 5), EfPLP-A201P/V204I (lane 6), EcPLP-E81G (lane 7), EcPLP-P202A (lane 8), EcPLP-P202A/I205V (lane 9) at the end of purification procedure.

Five-microliter aliquots were withdrawn from each samples and loaded on a 12% SDS-PAGE gel in a Mini Protean III cell gel electrophoresis unit (Bio-Rad). The bands in the gel were

revealed by Coomassie blue staining. Molecular mass markers (in kDa) are shown on the left (lane 1).

Fig. 3. Effect of pH on the esterase activity of wild-types.
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mutants EcPLP-E81G, EcPLP-P202A and EcPLP-P202A/I205V

showed decreased stability at 70 !C with 2.45, 2.48 and 2.28 h half-

lives respectively, when compared to their wild-type parent. To

conclude, the introduction of EcPLP residues into EfPLP resulted to

an increase of the thermostability of this protein, and vice versa.

3.4. PLA2 activity of wild-types and mutants

To investigate the PLA2 activity of EfPLP, EcPLP and mutants, we

used thesynthetic substratesDiC3PC,DiC4PC,DiC6PCandarachidonoyl

thio-PC in our assays (described under “Materials andMethods”). As

shown in Table 3, EfPLP, EcPLP-E81G and EcPLP-P202A/I205V

showed increased activities with increase of substrate acyl chain

length. In contrast, the EcPLP and EfPLP-A201P/V204I displayed

higher activities toward substrates with shorter acyl chain length,

and showed slightly decrease of activities with the increasing of the

acyl chain length of substrates. When the substrate arachidonoyl

thio-PCwas used in the assay, EfPLP displayed a distinct lowactivity

compared to EcPLP (Fig. 6). The double site mutant EfPLP-A201P/

V204I showed an increased activity compared to the EfPLP. In

contrast, allmutants of EcPLPexhibiteddecreased activitycompared

to the wild-type; however, the double site mutant EcPLP-P202A/

I205V showed similar activity with EfPLP.

3.5. Kinetic analysis of wild-types and mutants

Table 4 reports the kinetic constants of wild-types and mutants

measured against six substrates of pNP esters with different acyl

chain length. In general, all enzymes recorded the highest catalytic

efficiency (kcat/KM) toward pNP butyrate as substrate. Three

variants of EfPLP exhibited slightly increase in esterase activity with

all substrates and the most considerable increase of catalytic effi-

ciency was observed with the double site mutants EfPLP-A201P/

V204I (1.9-fold increase in catalytic efficiency toward pNP caprate,

compared to the wild type). Whereas variants of EcPLP showed a

minor decrease in catalytic efficiency with most of the substrates

and the most marked decrease was recorded with the double site

mutant EcPLP-P202A/I205V (0.8-fold decrease toward pNP caprate,

compared to the wild type). In spite of the fact that compared to the

wild-type enzymes, the changes of catalytic efficiency of mutants

were not substantially different. It is still remarkable that all these

changes showed the trend to converting the thermal-adapted en-

zymes to their opposite counterparts. In general the kcat of the cold

adapted enzyme EfPLP is lower than that of the mesophilic ho-

molog (we should remind that the values reported in Table 4 are

relative to the optimal temperature for any enzyme which is 25 !C

for EfPLP and 35 !C for EcPLP). On the other hand from Table 4 it can

be observed that EfPLP shows higher substrate specificity, in com-

parison with EcPLP, toward pNP butyrate (C4 in the Table 4) among

all the other tested substrates.

4. Discussion

In this study, we report the biochemical characterization of

the PLP from the Antarctic ciliated protozoa E. focardii and that

from E. crassus, its mesophilic counterpart. To our knowledge,

this is the first biochemical characterization of an eukaryotic

cold-active PLP.

The PLP from E. focardii shows most of the characteristics of a

psychrophilic enzyme. It is 50% active at 4 !C, and it displays the

Fig. 4. Effect of temperature on the esterase activity of wild-types and mutants. (A) Temperature dependence of EfPLP and EcPLP; (B) temperature dependence of EfPLP-G80E, EfPLP-

A201P and EfPLP-A201P/V204I; (C) temperature dependence of EcPLP-E81G, EcPLP-P202A and EcPLP-P202A/I205V.
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highest esterase activity at 25 !C. No activity was measured at

50 !C. In contrast, the PLP from the mesophilic E. crassus is not

active at 4 !C, the highest activity is displayed at 35 !C and 50% of

activity is maintained at 50 !C. We hypothesize that these fea-

tures of cold-adaptation are consequence of adaptive sub-

stitutions of EfPLP that confer structural flexibility to the

polypeptide chain. This belief is first supported by the evidence

that three mutants of EfPLP (EfPLP-G80E, EfPLP-A201P, and EfPLP-

A201P/V204I) in which small amino acids are substituted by rigid

and bulky amino acids, display esterase activities similar to the

E. crassus phospholipase. In particular, EfPLP-A201P/V204I shows

its maximum activity at 35 !C, and 60% of its activity is main-

tained at 50 !C, whereas the wild-type showed no activity at

50 !C. These results suggest that the rigid side chain of Pro and

the larger bulky hydrophobic side chain of Ile introduced by

mutagenesis affected the structural flexibility of the E. focardii

phospholipase, requiring an increase of the optimal temperature

for the enzymatic activity. Furthermore, the single mutant EfPLP-

G80E displays the highest esterase activity at 25 !C as the wild

type, but it shows 40% of activity at 50 !C, whereas the wild-type

does not, suggesting that the single substitution of the E. focardii

Gly80 with Glu confers enzymatic properties similar to the mes-

ophilic EcPLP without affecting its ability to function in the cold.

It is noteworthy that the double site mutant EfPLP-A201P/V204I

displays esterase activity in a wide range of temperature, from

0 to 50 !C, a characteristic that makes it an attractive enzyme for

industrial applications. In contrast, the substitution of Pro and Ile

into Ala and Val in the EcPLP clearly confer characteristics of a

cold adapted enzyme, since the optimal temperature of EcPLP-

P202A/I205V was at 25 !C, but not 35 !C as for the wild-type. This

evidence confirms that small residues confer an increased

structural molecular flexibility to enzymes allowing to better

function at low temperatures.

Table 2

Stability properties (half-lives) of wild-type PLPs and mutants.

Enzyme t1/2 (40
!C, h) t1/2 (55

!C, h) t1/2 (70
!C, h) Topt (

!C)

EfPLP 3.72 $ 0.06 3.65 $ 0.03 2.07 $ 0.07 25

EcPLP 3.38 $ 0.13 3.11 $ 0.17 2.57 $ 0.15 35

EfPLP-G80E 3.75 $ 0.04 3.68 $ 0.02 2.21 $ 0.07 25

EfPLP-A201P 3.82 $ 0.07 3.59 $ 0.02 2.19 $ 0.06 30

EfPLP-A201P/V204I 3.46 $ 0.04 3.42 $ 0.03 2.31 $ 0.08 35

EcPLP-E81G 3.33 $ 0.11 3.19 $ 0.11 2.45 $ 0.09 35

EcPLP-P202A 3.31 $ 0.11 3.07 $ 0.11 2.48 $ 0.13 30

EcPLP-P202A/I205V 3.29 $ 0.11 3.01 $ 0.13 2.28 $ 0.08 25

Table 3

PLA2 activity of wild-types and mutants toward different PC substrates.

Enzyme Activity (mmol/min/ml)

DiC3PC DiC4PC DiC6PC

EfPLP 930 $ 32 1217 $ 32 1348 $ 22

EcPLP 1329 $ 53 1084 $ 31 1078 $ 57

EfPLP-G80E 1183 $ 23 985 $ 59 1024 $ 38

EfPLP-A201P 1156 $ 49 977 $ 36 1038 $ 47

EfPLP-A201P/V204I 1209 $ 43 1059 $ 35 1003 $ 38

EcPLP-E81G 1076 $ 39 1123 $ 52 1181 $ 40

EcPLP-P202A 1236 $ 54 1028 $ 47 1095 $ 29

EcPLP-P202A/I205V 1103 $ 37 1144 $ 33 1230 $ 59

Fig. 5. Thermostability of wild-types and mutants. All enzymes were incubated at 40 !C (A), 55 !C (B) and 70 !C (C), samples were removed and assayed with pNP butyrate (100 mM)

as substrate at regular time intervals at their optimal temperatures.
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The observation that mutants of EfPLP behave more similarly to

EcPLP than the wild-type is confirmed by the kinetic analysis of

these mutated enzymes, which showed a slightly increased cata-

lytic efficiency (kcat/KM) compared to the wild-type EfPLP (Table 4).

However, the changes on catalytic efficiency of all mutants are

relatively low to the previous reported researches [43e45], thus

suggesting that the mutation sites may not directly be involved in

the conformation of the catalytic core of the enzymes, which is

also confirmed by the modeling analysis of EfPLP (Fig. 2A0 and A00).

The optimal pH for both EfPLP and EcPLP esterase activity is about

pH 10.5, which indicates that these two proteins may be consid-

ered as alkaline phospholipases. However, EfPLP displays a wider

range of optimal pH with respect to EcPLP, as demonstrated in

Fig. 3, it maintained about 90% maximal activity at pH 11.5, a

property that makes EfPLP even more attractive for industrial

applications.

Another remarkable property of EfPLP is its higher thermosta-

bility after incubation at 40 !C and 55 !C when compared with

EcPLP. Furthermore, EfPLP possesses relatively high thermostability

showing 2.07 h half-life even after incubation at 70 !C. This is in

contrast to many cold-active lipases from Moraxella TA144 [46],

Acinetobacter baumannii [47], Candida albicans [48], Aspergillus

nidulans [49], and Pseudomonas spp. [50] which show decreased

activity only after 20 min incubation at 40e50 !C. In other words,

EfPLP shows higher stability at moderate temperatures compared

to its mesophilic counterpart, and also to most of the reported cold

active enzymes [3]. This result is noteworthy considering the fact

that cold-active enzymes usually possess a high level of structural

flexibility, generally accompanied by a trade-off heat-lability [4].

However, the behavior of EfPLP is not contradictory: it has been

previously proposed that structural flexibility and rigidity of psy-

chrophilic enzymes may co-exist in the same molecule, as only

Fig. 6. Phospholipase A2 activity of wild-types and mutants toward synthetic substrate arachidonoyl thio-PC.

Table 4

Kinetic constants of wild-types and mutants of Euplotes PLPs against six substrates of pNP esters with different acyl chain length.

Enzyme Constanta Substrate

C2 C3 C4 C5 C8 C10

EfPLP kcat (s
 1) 7.3 6.0 14.5 5.9 0.7 0.4

KM (mM) 373 405 566 366 194 183

kcat/KM (s 1 mM 1) 19.6 14.8 25.6 16.1 3.6 2.2

EcPLP kcat (s
 1) 11.5 7.0 19.2 7.7 0.8 0.7

KM (mM) 377 325 594 434 135 255

kcat/KM (s 1 mM 1) 30.5 21.5 32.3 17.7 5.9 2.7

EfPLP-G80E kcat (s
 1) 6.9 7.2 15.5 5.9 0.8 0.6

KM (mM) 311 420 555 357 129 164

kcat/KM (s 1 mM 1) 22.2 17.1 27.9 16.5 6.2 3.7

EfPLP-A201P kcat (s
 1) 12.8 8.0 22.1 6.9 1.5 0.7

KM (mM) 405 531 684 401 244 164

kcat/KM (s 1 mM 1) 31.6 15.1 32.3 17.2 6.1 4.3

EfPLP-A201P/V204I kcat (s
 1) 13.3 9.3 23.9 7.6 1.7 0.7

KM (mM) 410 541 695 408 260 169

kcat/KM (s 1 mM 1) 32.4 17.2 34.4 18.6 6.5 4.1

EcPLP-E81G kcat (s
 1) 10.4 6.2 17.9 7.2 0.7 0.5

KM (mM) 334 301 548 418 125 204

kcat/KM (s 1 mM 1) 31.1 20.6 32.7 17.2 5.6 2.4

EcPLP-P202A kcat (s
 1) 10.2 5.9 16.3 6.5 0.7 0.5

KM (mM) 348 275 530 401 118 197

kcat/KM (s 1 mM 1) 29.3 21.4 30.7 16.2 5.9 2.5

EcPLP-P202A/I205V kcat (s
 1) 9.1 5.8 15.2 6.3 0.6 0.4

KM (mM) 336 259 519 389 108 173

kcat/KM (s 1 mM 1) 27.1 22.4 29.3 16.2 5.5 2.3

a The standard error was not higher than 5%.
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protein domains involved in the conformational changes during

catalysis need to be flexible [51]. This hypothesis has been sup-

ported by several researches on characterization of cold-active

enzymes [52e55].

Both wild-types and mutants show broad substrate specificity

toward short and long acyl chain-length (C2eC10) of pNP esters, and

higher activities were showed on short acyl chain-length (C2eC5).

These results contrast sharply with those obtained for other pata-

tins [17] which showed maximum relative activity on decanoate

(C10, 100%) and moderate activity on palmitate (C16, 40%), and very

low activities toward butyrate (C4, 4%) and hexanoate (C6, 25%)

esters. In particular, for what concerns the KM and kcat values

(Table 4), the affinity constants decreased on both short (C2) and

long (C8, C10) acyl chain length of substrates for both wild-type

enzymes. In parallel the kcat values become much lower for the

same substrates, resulting in a decrease of the catalytic efficiency.

Consequently, kcat/KM values displayed a trend, leading to pNP

butyrate (C4) as the most preferable substrate for both enzymes.

The increased substrate specificity toward pNP butyrate (C4) is thus

manifestedmore by an increase in kcat than by a decrease in KM, that

is, by an increase in maximum rate rather than by an increase in

substrate binding. This behavior is an example of the so called

“induced fit” phenomenon, in which the enzyme works better

when is able to bind more tightly the transition-state than the

ground-state of the substrate. Furthermore, comparing the sub-

strate specificity between two wild-types, we can observe that the

EcPLP showed a higher activity toward all pNP esters used for test.

This result can be explained by the previous finding thatmesophilic

enzymes have a higher kinetic efficiency compared with psychro-

philic ones at their respective optimal conditions [4].

Besides esterase activities of EfPLP and EcPLP, the enzymes were

also found to be active toward diacylphospholipids (DiC3PC, DiC4PC

and DiC6PC) and arachidonoyl thio-PC. The results showed an

increased activity for EfPLP according to the increase of substrates

chain length, in contrast to EcPLP which displayed a decreased

activity when the substrates chain length increased (Table 3). By

comparing the activities on arachidonoyl thio-PC, the double site

mutant EfPLP-A201P/V204I and the mesophilic enzyme EcPLP

showed higher efficiency than the psychrophilic counterpart EfPLP

(Fig. 6), probably because the mutant was constructed by replacing

the specific residues of EfPLP with those of EcPLP. Additionally, the

decreased activity of three variants of EcPLP again confirmed that

the trend of the shifted catalytic behavior of mutants toward the

wild type enzyme from which they obtained the substituted

residues.

Patatins are known as the major storage protein in potato tubers

[18]. Plant PLPswere originally defined as vacuolar enzymes [9], but

several of these molecules were found in the cytoplasm or partially

bound to chloroplasts and other endomembranes, suggesting a

potential role in signal transduction [16]. However, the hydrolase

and in particular the galactolipase activity of plant patatins have

been implicated in the mechanisms of defenses against parasites

[56]. Actually, PLPs in Arabidopsis have been characterized as

pathogen-inducible enzymes and were identified to be active in a

context of pathogen defense [57]. Relatively few indications are

available about the localization and the physiological role of PLPs in

protozoans. For example, it has been reported that a patatin-like

from Toxoplasma is localized in the cytosol and it may function as

storage protein, like patatin in potato tuber, to aid parasite survival

during physiological stress conditions [58]. However, this patatin-

like lacks phospholipase activity [58]. Research on phospholipases

isolated from the extracellular medium of the ciliate T. thermophila

demonstrated that these enzymes possess hemolytic activity sug-

gesting that they may serve to destroy competitors and predators

[59]. The phospholipase activity and the putative signal peptide

typical of secreted proteins of both EfPLP and EcPLP, suggest that

they may represent extracellular enzymes, which are translocated

to the extracellular environment in response to predators’ attack as

defense or to facilitate ciliate’s feeding. However, the evidence that

Euplotes PLPs possess both phospholipase and esterase activity

suggest that they may be involved in key metabolic events such as

membrane turnover and signal transduction, as well diverse func-

tions in the degradation of food and fat [60]. Further study will help

to unravel the physiological role of Euplotes PLPs.

PLPs have been used in industrial applications especially in food

production, such as emulsification for mayonnaise, sauces, and

salad dressings production [61,62]. These processes are based on

enzymes expressed in microorganisms and produced in large

quantities, making them cost competitive. Furthermore, with the

development of protein engineering, it is possible to produce tailor-

made phospholipases of characteristics and specificity for many

applications [61]. The PLP from E. focardii possesses both phos-

pholipase and esterase activity, and can work in the cold and wide

range of pH conditions making it a good candidate for the imple-

mentation of new and harsh industrial applications.

To conclude, the PLP from the Antarctic ciliate E. focardii shows

the characteristics of a psychrophilic enzyme. These characteristics

appear related to amino acid residues that confer structural flexi-

bility to the polypeptides; mutations at some of these residues are

able to influence the thermal-adaptation of the enzyme. Further-

more, EfPLP shows high thermostability, a characteristic that dis-

tinguishes this enzyme from other cold-adapted lipases, and make

it an interesting biocatalyst for industrial applications.
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Abstract The special features of cold-adapted lipolytic biocatalysts have made their use
possible in several industrial applications. In fact, cold-active enzymes are known to be able
to catalyze reactions at low temperatures, avoiding side reactions taking place at higher
temperatures and preserving the integrity of products. A lipolytic gene was isolated from the
Arctic marine bacterium Rhodococcus sp. AW25M09 and expressed in Escherichia coli as
inclusion bodies. The recombinant enzyme (hereafter called RhLip) showed interesting cold-
active esterase activity. The refolded purified enzyme displayed optimal activity at 30 °C and
was cold-active with retention of 50 % activity at 10 °C. It is worth noting that the optimal pH
was 11, and the low relative activity below pH 10 revealed that RhLip was an alkaliphilic
esterase. The enzyme was active toward short-chain p-nitrophenyl esters (C2–C6), displaying
optimal activity with the butyrate (C4) ester. In addition, the enzyme revealed a good organic
solvent and salt tolerance. These features make this an interesting enzyme for exploitation in
some industrial applications.

Keywords Esterase . Cold-active . Alkaliphilic . Biotechnological applications

Introduction

Esterases (EC 3.1.1.1) are hydrolytic enzymes that catalyze the hydrolysis of esters into
alcohol and acid. They generally differ from lipases (EC 3.1.1.3) regarding the substrate
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specificity. By now, it is well recognized that esterases catalyze the hydrolysis and the
synthesis of short-chain esters (less than 10 carbon atoms), while lipases act on substrates
with long chains of carbon atoms (more than 10) [1]. These enzymes belong to theα/β-hydrolase
superfamily and possess a highly conserved catalytic triad formed by Ser, His, and Asp [2].
Lipolytic enzymes are employed in a wide range of industrial applications including the food
industry and detergent production as well as biocatalysts for chemical synthesis [3]. In particular,
cold-active lipolytic enzymes are extremely appealing for industrial uses. It is generally
accepted that cold-active biocatalysts have a more flexible structure [4] compared to mesophilic
and thermophilic counterparts, and this high flexibility enables increased complementarity
between active site and substrates, resulting in high specific activity at low temperatures [5]. Thus,
the use of cold-adapted biocatalysts can minimize undesirable side reactions taking place at
higher temperatures and allow reactions involving heat-sensitive substrates [6]. These properties
are important for exploitation in the food industry, where the preservation of the nutritional
value and flavor of the food is fundamental. Furthermore, thanks to their relatively low
thermostability, these enzymes can often easily be inactivated.

Therefore, bioprospecting, looking for cold-active lypolitic enzymes from Arctic regions,
has become an active and expanding discipline. In fact, organisms living in an extremely cold
habitat have adopted several strategies to survive and thrive in these challenging environments,
and these include the expression of enzymes able to efficiently catalyze reactions at temper-
atures close to 0 °C [7].

In this paper, we present the purification and characterization of a cold-active esterase from
the marine psychrophilic actinobacterium Rhodococcus sp. AW25M09. This bacterium was
isolated from the intestines/stomach of an Atlantic hagfish (Myxine glutinosa) captured on the
cold seafloor during sampling performed in Hadsel Fjord, North Norway. Its genome was
recently published [8]. The lip3 gene was selected for its unique amino acid sequence and its
homology with other lipases/esterases. The gene was amplified by PCR then cloned and
recombinantly expressed in Escherichia coli, and the protein, aggregated as inclusion bodies,
was refolded and extensively characterized.

Materials and Methods

Isolation of a Lipolytic Gene

The genome of the cold-adapted Rhodococcus sp. AW25M09 has been sequenced and has
been deposited at DDBJ/EMBL/GenBank under accession number CAPS00000000. The
genome was analyzed using the Artemis [9] with the aim to identify new genes encoding
for esterases and lipases to be expressed in E. coli. Sequence analysis revealed an open reading
frame (ORF) of 1,056 bp, the lipR lipolytic gene that encodes for a protein of 352 amino acids.

lipR Gene Cloning

Rhodococcus sp. AW25M09 was grown in Marine 2216 broth (Difco, Sparks, USA) at 20 °C,
and the genomic DNAwas purified with Sigma’s GenElute Bacterial Genomic Kit according to
themanufacturer’s instruction andwas used as template for the lipR gene amplification by PCR.

Two primers containing NdeI and NotI restriction sites were designed: 5′-AATACATATG
TACCGCAGCAACGACTCCAACG-3′ and 5′-AATAGCGGCCGCGCAGTTGGACGGTG
CAGGCACT-3′.
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PCR was performed by using Mastercycler personal (Eppendorf, New York, USA). The
reaction conditions used were as follows: 1 cycle (94 °C for 3 min), 30 cycles (94 °C for 30 s,
60 °C for 30 s, and 72 °C for 1 min), and a final cycle of 72 °C for 7 min. The amplified PCR
product of 1,056 bp was cloned into pET-22b expression vector previously digested by NdeI
and NotI restriction enzymes (New England BioLabs, Ipswich, MA, USA) including an in-
frame C-terminal fusion purification 6×His-Tag. E. coli DH5-α competent cells were first
transformed through the ligation reaction, and the construct was verified by bidirectional DNA
sequencing. The isolated plasmid was then used to transform E. coli strain BL21(DE3)
competent cells.

RhLip Recombinant Production in E. coli Cells

E. coli BL21(DE3) carrying pET-22b-lipR vector was grown in a shake flask containing Luria
Bertani broth (LB) medium supplemented with 100 μg/mL ampicillin at 37 °C for 16 h.
Growing culture was diluted to a cell density of about 0.05 OD600 in a 1-L shake flask
containing 200 mL of LB medium supplemented with 100 μg/mL ampicillin. RhLip induction
was performed when the culture density reached 0.5–0.6 at OD600 by the addition of filter-
sterilized isopropyl-β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.1 mM.
Culture was carried out at constant agitation (220 rpm) at 20 °C for 16 h post-induction. Cells
were then harvested by centrifugation at 6,000 rpm for 20 min at 4 °C, divided into 0.5-g
aliquots, and frozen at −20 °C.

RhLip Purification and Refolding from Inclusion Bodies

The bacterial pellet (0.5 g) was frozen and thawed twice, and resuspended in 4 mL of Tris-
EDTA (TE) buffer (20 mM Tris-HCl pH 8.0, 5 mM EDTA pH 8.0), and 0.6 mg of
lysozyme and 0.75 g sucrose were added to the suspension; the suspension was incubated
at 37 °C. After 30 min, 4 mL ice-cold TE buffer was added to the suspension and the
suspension was incubated for 30 min at 37 °C; then, cells were subjected to sonication.
Sonicated cells were centrifuged at 6,700 rcf for 20 min at 4 °C; then, the pellet was
washed with 4 mL TE buffer and centrifuged and washed with 2 mL of 20 mM Tris-HCl
pH 8.0. The extract was finally centrifuged for 10 min at 4 °C at 10,000 rcf. The pellet was
resuspended in 10 mL of 6 M urea, 20 mM Tris-HCl pH 8.0, 15 mM β-mercaptoethanol,
and 5 mM EDTA pH 8.0 at 4 °C with gentle shaking for 2 h. The insoluble material was
removed by centrifugation at 15,000 rcf for 30 min at 4 °C. Renaturation of the supernatant
containing the RhLip was achieved by a 30-fold dilution of the denaturant in 20 mM Tris-
HCl pH 8.0, 500 mM arginine, 0.6 mM GSH, and 12 mM GSSG, and the solution was
concentrated to about 10 mL using an Amicon ultrafiltration cell (Millipore, Billerica,
USA) equipped with a 10-kDa membrane and abundantly dialyzed against 20 mM Tris-
HCl pH 8.0. The protein was finally aliquoted and stored at −20 °C in the presence of 20 %
glycerol.

Electrophoretic Analysis

Electrophoretic runs were performed with a Mini-Protean II cell (Bio-Rad, Hercules, CA)
unit at room temperature. Twelve percent SDS-PAGE was made as described by Laemmli
[10]. Marker XL-OPTI Protein 2.8 (ABM, Richmond, BC, Canada) was used as molecular
weight standard.
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RhLip Determination of pH and Temperature Optima

The esterase activity was monitored at 348 nm (the pH-independent isosbestic point of p-
nitrophenol and p-nitrophenoxide ion) with pNP-pentanoate (100 μM) as substrate. The
kinetic measurements were performed at 25 °C, and the buffers used were 0.1 M Na-
phosphate over the pH range of 7.0–7.5, 0.1 M Tris-HCl over the pH range of 7.5–9.5, and
0.1 M CAPS over the pH range of 9.5–12.0. The assays were carried out in duplicate or
triplicate, and the results were the means of two or three independent experiments. Due to the
high self-degradation rate of the pNP-esters at high pH values, all further characterizations
were performed at pH 10.0. The dependence of activity on temperature was studied over the
range of 10–60 °C, with pNP-pentanoate (100 μM) as substrate, in a reaction mixture 0.1 M
CAPS pH 10.0, containing 3 % acetonitrile (standard conditions).

RhLip Thermostability

The thermal stability of RhLip was studied over the range of 5–50 °C. Pure enzyme (0.2 mg/
mL in a 0.1 M CAPS buffer pH 10.0) was incubated in tubes at different temperatures.
Aliquots were withdrawn after 30, 60, 90, and 120 min and assayed at 30 °C in standard
condition described above, using pNP-pentanoate as substrate.

RhLip Esterase Activity

The time course of the esterase-catalyzed hydrolysis of pNP-esters was followed by
monitoring of p-nitrophenoxide production at 405 nm, in 1-cm path-length cells with a
Cary 100 spectrophotometer (Varian, Mulgrave, Australia). Initial rates were calculated
by linear least-squares analysis of time courses comprising less than 10 % of the substrate
turnover. Assays were performed at 30 °C in a mixture of 0.1 M CAPS pH 10, 3 %
acetonitrile, containing pNP-esters (100 μM). Stock solutions of pNP-butanoate (C4),
pNP-pentanoate (C5), and pNP-hexanoate (C6) (Sigma-Aldrich, MO, USA) were pre-
pared by dissolving substrates in pure acetonitrile. Assays were performed in duplicate,
and the results were the mean of two independent experiments. One unit of enzymatic
activity was defined as the amount of the protein releasing 1 μM of p-nitrophenoxide/min
from pNP-esters. The absorption coefficient used for p-nitrophenoxide was 19,000 at
30 °C and pH 10.

Kinetic Measurements and Analysis

Initial velocities versus substrate concentration data were fitted to the Michaelis-Menten
equation using the software GraphPad Prism version 5.00 (GraphPad software, La Jolla,
USA). The concentration of pNP-butanoate and pNP-pentanoate ranged from 0.05 to 2 mM,
while pNP-hexanoate were varied from 0.1 to 1 mM. Assays were done in duplicate and the
results were the mean of two independent experiments. The kinetic experiments were per-
formed using acetonitrile as solvent.

Effect on Enzymatic Activity by Organic Solvents, Detergents, Metals, and NaCl

Enzyme activity was evaluated in the standard assay (0.1 M CAPS pH 10, 3 % acetonitrile,
30 °C) using pNP-pentanoate as substrate. The activity was measured using an increasing
concentration of the solvents such as acetonitrile, dimethyl sulfoxide (DMSO), diethyl ether,
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and dimethyl formamide (DMFA) from 0 to 20 % (v/v) in the assay mixture. Results were
reported as relative activity with respect to the value measured without solvents.

The effect of detergents on enzymatic activity of RhLip was evaluated by incubating
0.1 mg/mL of pure protein in the presence of 5 mM Triton X-100, Tween-20, and Tween-
80 at 5 °C for 1 h. The residual enzymatic activity was measured in the standard condition as
described above. Preferences for metal cations were analyzed by adding them separately to
0.1 mg/mL of pure protein at a final concentration of 5 mM and equilibrate at 5 °C for 1 h. The
residual enzymatic activity was then measured in the standard condition as described above.
The effect of NaCl on enzymatic activity was evaluated by increasing the salt concentration in
a range of 0–1 M at 30 °C in standard assay conditions.

Modeling of RhLip

The three-dimensional model of RhLip was performed by a comparative modeling strategy
using the structure of Candida antarctica lipase A as template (CAL A, PDB code 3GUU).
The sequence alignment was calculated by the CLUSTALW program [11]. The
MODELLER 9v11 program [12] was used to build 100 full atom models of RhLip
structure setting 4.0 Å as root mean square deviation (RMSD) among initial models and
by full model optimization. Structure validation was carried out using the pictorial
database PDBsum [13]. The structure of the generated model was uploaded to the
PDBsum server, and structural analyses, including PROCHECK plots [14], were generat-
ed. Moreover, the Z score of the RhLip model and C. antarctica lipase A (CAL A)
structure was calculated by the web server WhatIf [15]. The Z score expresses how well
the backbone conformations of all residues correspond to the known allowed areas in the
Ramachandran plot. Furthermore, the solvent-accessible surface areas (SASAs) of RhLip
model and CAL A structure were calculated using the POPS algorithm [16].

Molecular Dynamics

Molecular dynamics (MD) simulations were performed with GROMACS software package
(v4.5.5) [17]. The model was inserted in a dodecahedron box filled with SPC216 water
molecules using GROMOS43a1 all-atom force field. Simulations were carried out at different
pH values. Imposing different protonation states according to the number of titratable groups
reproduced neutral and basic pH conditions. The simulations were carried out by adding 26
sodium ions to have a value of zero for the net electrostatic charge of the system. The systems
were subjected to several cycles of energy minimizations and position restraints to equilibrate
the protein and the water molecules around the protein. Particle mesh Ewald (PME) algorithm
was used for the electrostatic interactions with the cutoff of 1 nm. The time step was 2 fs, and
the temperature was kept constant at 300 K using a modified Berendsen thermostat with a time
constant of 0.1 ps. The simulation time for each dynamic was 10 ns. GROMACS routines
were used to analyze the trajectories in terms of RMSD, RMSF, and gyration radius.

Results and Discussion

Purification and Refolding from Inclusion Bodies

In this work, we present a biochemical characterization of a new alkaliphilic esterase from
Rhodococcus sp. The lip3 gene was cloned into a pET-22b expression vector, and the
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construct was transferred into E. coli BL21(DE3) calcium competent cells. Several
expression conditions were investigated, but IPTG induction of E. coli cells resulted in
the accumulation of recombinant RhLip as inclusion bodies (IB). The induction at 20 °C
was effective in producing the highest amount of RhLip compared to the other contami-
nant proteins. The IBs were purified and the protein refolded as described in the “Materials
and Methods” section. According to the structural analysis, two disulfide bridges were
detected, and the refolding protocol was optimized by adding GSSG (oxidized glutathi-
one) and GSH (reduced glutathione) to the refolding solution. Using this protocol, about
8 mg of pure enzyme was obtained from 0.5 g of E. coli cell pellet.

Purity of the protein preparation was evaluated by SDS-PAGE analysis. As shown in Fig. 1,
a single band was observed with an apparent mass of about 38 kDa.

RhLip Functional Characterization

The dependence of RhLip activity in the function of pH was estimated using pNP-
pentanoate as substrate (Fig. 2a). The absorption of p-nitrophenol changes at different
pH values because of variations in equilibrium between p-nitrophenol and p-
nitrophenoxide. In this work, we monitored the release of p-nitrophenol at 348 nm, that
is, the isosbestic point of p-nitrophenol and p-nitrophenoxide. The maximum activity of

Fig. 1 SDS-PAGE (12 % acrylamide) of RhLip after the denaturation-refolding procedures. Lane 1, purified
RhLip; lane 2, molecular weight marker
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RhLip was recorded at pH 11 in 0.1 M CAPS, and the relatively low activity between pH 7
and pH 9 suggests that the enzyme was a highly alkaliphilic esterase. Other alkaliphilic
esterases have been identified from genomic and metagenomic sources so far [18] includ-
ing two other cold-active esterases with optimal pH >10 [19–21]. The relationship
between RhLip activity and temperature was evaluated in the range of 10–60 °C using
pNP-pentanoate as substrate (Fig. 2b). The apparent maximal activity was recorded at
30 °C, and the activity detected at 10 °C remained approximately the 50 % of the
maximum activity.

The RhLip thermal stability was evaluated in the range of 5–50 °C. Enzyme samples
were incubated at any given temperature for different lengths of time, and the residual
activity was recorded at 30 °C. This study demonstrated that RhLip presented a typical
behavior as other psychrophilic enzymes, showing a low kinetic stability at temperature
higher than 30 °C [22, 23].

In fact, as shown in Fig. 2c, we observed a very low decrease in activity after 2 h of
incubation at 5, 10, and 20 °C, while when the temperature increased up to 30 and 40 °C, we
noted a significant decrease in activity. After 2 h of incubation at 50 °C, only 20 % of
enzymatic activity was still recorded.

Kinetics Studies

We investigated the activity of RhLip toward different synthetic substrates by using several
pNP-esters with different acyl chain lengths. Activity was assessed in the presence of 0.1 M
CAPS pH 10 instead of the optimum pH buffer (0.1 M CAPS pH 11) due to the instability of

Fig. 2 a Effect of pH on the esterase activity. b Effect of temperature on the esterase activity. c Thermostability
of RhLip, at various temperatures, such as 5 °C (black circles), 10 °C (black squares), 20 °C (black up-pointing
triangles), 30 °C (black down-pointing triangles), 40 °C (black diamonds), and 50 °C (white circles). The
enzyme was incubated in 0.1 M CAPS pH 10.0 at the indicated temperatures and times. The residual activity was
measured at 30 °C using pNP-pentanoate as substrate
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the various substrates at alkaline pH value. All the characterization was also performed at
30 °C and in the presence of 3 % acetonitrile. Concerning the affinity values, we observed that
Km values decrease when acyl chain length increases, and this suggests that RhLip possesses a
high affinity with longer aliphatic chain substrates. Instead, the Kcat and Kcat/Km values show
the opposite behavior: in our standard conditions, the enzyme displays the highest Kcat and
Kcat/Km on pNP-butanoate with values of 1.63 s−1 and 2.16 s−1 mM−1, respectively (Table 1).
The biochemical characterization of the recombinant enzyme revealed pNP-butanoate (C4) as
the preferred substrate, and the hydrolytic activity significantly decreased as the chain length
increased above C8, with very little activity toward pNP-tetradecanoate (C14) (data not
shown), suggesting that the enzyme was an esterase and not a lipase.

Effect on Enzymatic Activity by Organic Solvents, Detergents, Metals, and NaCl

The effect of the presence of water-miscible solvents on RhLip enzymatic activity on pNP-
pentanoate at 30 °C in 0.1 M CAPS pH 10.0 was investigated. For all the solvents tested,
except DMFA, we observed a similar behavior as shown in Fig. 3a. The increasing concen-
tration of organic solvent in the assay mixture enlarged RhLip catalytic activity up to a critical
concentration, and further addition of solvents led to a gradual protein inactivation. These
results are coherent to what were observed for other esterases belonging to hormone-sensitive
lipase protein family, as demonstrated by Mandrich and coworkers [24].

We reported the best enzymatic activation (more than 200 % of the relative activity) in the
presence of 5 % diethyl ether. This behavior has been explained in literature as the ability of
the organic solvents to stabilize ionic intermediates in the case of aprotic solvents [25]. RhLip
was incubated in the presence of various denaturants or metal ions for 1 h, and the residual
activity was measured using pNP-pentanoate as substrate at 30 °C. The resulting values are
summarized in Table 2, which demonstrated that few tested compounds had an inhibitory
effect on RhLip activity, although at various extents. The strongest inhibitory effect was
observed in the presence of Ca2+ ions suggesting the absence of a Ca2+-binding motif
sequence. A similar effect of enzymatic inactivation was detected in the presence of Tween-
80. On the contrary, a strong activation was observed by incubating the RhLip in the presence
of Tween-20 and EDTA. Tween 20 was more easily hydrolysed than Tween-80, indicating that
the chain length may play an important role on substrate specificity [26].

The effect of the presence of NaCl on RhLip enzymatic activity was evaluated on pNP-
pentanoate in 0.1 M CAPS pH 10.0 at 30 °C. We observed an improved activity with the
highest concentration of 1 M NaCl (Fig. 3b). A similar behavior may be explained as the
ability of salt to enhance the hydrophobic interaction between enzyme and substrate [27].

Table 1 Kinetic parameters

Km (mM) Kcat (1/s) Kcat/Km (1/s*mM)

pNP-butanoate 0.753±0.098 1.63±0.19 2.16±0.25

pNP-valerate 0.691±0.090 0.69±0.09 0.99±0.11

pNP-caproate 0.276±0.036 0.14±0.01 0.45±0.04

All parameters were calculated at 30 °C, in 0.1 M CAPS pH 10.0, containing acetonitrile at a final concentration
of 3 %
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RhLip Model

The three-dimensional modeling of RhLip was performed by a homology modeling
approach using the C. antarctica lipase A (PDB ID: 3GUU) structure as template. The
CAL A structure was chosen due to sequence identity of 30 % between the RhLip
sequence and the template. The multiple alignments between RhLip and the best scoring
templates are shown in Fig. 4. Starting from the alignment of RhLip sequence with the
reference structure, a set of 100 all-atom models was generated. The best model (Fig. 5a)
was selected in terms of energetic and stereochemical quality. In details, it had 89.2 % of

Fig. 3 a Effect of organic solvents on the esterase activity. Enzyme activity was evaluated in the presence of
increasing concentration of acetonitrile (black squares), diethyl ether (black up-pointing triangles), DMSO (black
down-pointing triangles), and DMFA (black diamonds). The relative activity was measured at 30 °C in 0.1 M
CAPS pH 10.0 using pNP-pentanoate as substrate. b Effect of NaCl on the esterase activity. Enzyme activity was
evaluated in the presence of increasing concentrations of NaCl. The relative activity was measured at 30 °C in
0.1 M CAPS pH 10.0 with pNP-pentanoate as substrate
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residues in most favored regions of the Ramachandran plot according to PROCHECK
program and a WhatIf Z score of 0.050. These values, compared with those of the template
structure, i.e., Z score=−1.181 and 88.6 % of residues in most favored regions of the
Ramachandran plot, indicated that the quality of the model was really high. The RhLip
model showed an alpha-beta structure characterized by 13 α-helices (H3, H5–H16), three
310 helices (H1, H2, and H4), and nine beta-strands (B1–B9), corresponding to 39.6 and
14.5 % of the sequence, respectively. RhLip secondary structures are represented in Fig. 6.
RhLip was stabilized by two disulfide bonds as well as the template structure (Cys47–
Cys224, Cys299–Cys351). The SASAs of RhLip model and CAL A structure calculated
by POPS algorithm showed a hydrophobic area of 61.23 % and a hydrophilic area of
38.77 % for RhLip, while a hydrophobic area of 49.83 % and a hydrophilic area of
50.17 % for CAL A. Hydrophobicity of the surface exposed to the solvent is an important
feature of lipases and esterases because these classes of enzymes work at the interface
between a polar and an apolar phase. Structural analysis was carried out by analyzing the
most conserved residues of RhLip multiple alignment (Fig. 7). Ser137, Asp283, and
His323 form the catalytic triad of RhLip (Fig. 5b). These three amino acids are located
in three different loops connecting three strands to three α-helices. In particular, Ser137 is
within a conserved motif (GTSXGG), and the presence of the glycines gives some
flexibility at this area. The side chain atoms NE2 and ND1 of H323 make two h-bonds
(2.69 and 3.19 Å) with the side chain atom OG of S137 and the side chain atom OD2 of
D283. These bonds hold together the members of the catalytic triad. Moreover, carbonyl
oxygen of His323 makes a hydrogen bond (2.58 Å) with the hydroxyl group of Tyr136,
another conserved residue located in a strand of beta-sheet B. This bond further helps this
β-strand to keep close to the catalytic triad.

Molecular Dynamics

Since the three-dimensional model accurately described the structural organization of this
protein, we tried to have a more dynamic view of its structure. We have subjected the best
RhLip model to molecular dynamics simulations in order to evaluate its stability. These
studies were made at neutral as well as at alkaline pH because the sequence of this protein

Table 2 Effect of various
compounds on RhLip activity

The residual activity was measured
in 0.1 M CAPS pH 10.0 with pNP-
pentanoate at 30 °C

Compounds (5 mM) Relative activity (%)

No addition 100

CaCl2 40.77±2

CuCl2 101.94±9

MgCl2 124.27±17

LiCl2 130.10±1

EDTA 195.14±6

Tween-20 151.46±15

Tween-80 0

Triton X-100 98.06±10

�Fig. 4 Multiple sequence alignment among RhLip sequence and other four templates, which demonstrated to
display the best score. The intensity of blue color is proportional to the identity percentage. The conservation
level of residues and the consensus is also shown
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shows many positively and negatively charged residues sensitive to pH changes. The
RhLip model reached a stable equilibrated state after 6 ns simulation at both pH levels; in
fact, the related RMSD values (Fig. 7a), computed by superposing the various structures
obtained during the simulations and the initial structure at time zero, were almost constant
in the remaining simulation time. However, we noted that the fluctuations observed at
alkaline pH levels in the first 3–4 ns were slightly more severe in comparison with the
simulation computed at neutral pH (Fig. 7b). This behavior highlighted a different way for
the protein to reach an equilibrium state compared to the results at neutral pH. Then, in
order to compare the overall size of the two systems at different pH levels, we computed
the gyration radius concerning all atoms of 346 residues (Fig. 8). The gyration radius trend
showed a quite similar evolution in the simulations, and practically, no variation in
molecule compactness was observed.

Finally, the superposition of the RMS fluctuations at neutral and alkaline pH revealed that
the residues with a high degree of flexibility fell in the loop region. This was due to the high
presence of charged residues in these regions that, at neutral and alkaline pH, behaved
differently. This suggests the important functional role played by these flexible loops in
RhLip at structural as well as at functional levels.

Fig. 5 a Graphical representation of RhLip and CAL A (PDB ID: 3GUU) structures. Alpha helices are shown in
orange, 3–10 helices are shown in red, and beta-strands are shown in blue. b Graphical representation of RhLip
catalytic triad. Hydrogen bond length is displayed in angstroms
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Conclusion

The present study shed light on a new lypolitic cold-adapted enzyme, which was demonstrated
to possess interesting features and various potential applications, as additive for detergent
production and biocatalyst for regio- and stereoselective reactions in chemical synthesis [6].
The recombinant enzyme was successfully purified from the inclusion body and characterized.
RhLip was revealed to be an extremely alkaliphilic and cold-adapted esterase. As other
psychrophilic enzymes, RhLip showed a low thermostability at temperature higher than
30 °C, and this heat lability can be exploited in several applications, especially in the food
industry. In this case, an industrial process catalyzed by an esterase can be easily stopped by a
little increase in temperature, preserving food integrity and flavor.

The enhanced catalytic activity in tested organic solvents could make it useful for some
industrial purposes such as production of chemicals, biopolymers, and fuels [28]. RhLip also
showed an improved activity in the presence of 1 M NaCl. This evidence could be useful for
industrial application of food processing in the presence of a high concentration of salt. The
analysis of the RhLip model revealed some structural features of the catalytic site of this
enzyme, showing the three-dimensional arrangement and the interactions between residues of

Fig. 6 RhLip secondary structure representation. Helices are labeled from H1 to H15. Beta-strands are labeled
according to the beta-sheet they belong (a or b). Turns are labeled with β or γ. The disulfide bridge is represented
in yellow
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Fig. 7 a Trend of root–mean–square deviation (RMSD) for RhLip structure at pH 7 (black) and at pH 11 (red)
during the molecular dynamic simulations. b Trend of gyration radius at pH 7 (black) and at pH 11 (red)

Fig. 8 Root mean square fluctuations at neutral (black) and alkaline (red) pH at the end of the molecular
dynamic simulations
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the catalytic triad. Moreover, results of MD simulations highlighted that the protein seems to
be quite stable at neutral as well as at alkaline pH. Further developments of this study could be
directed to identify potential targets for site-directed mutagenesis to improve protein stability
and catalytic activity.
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