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Imagen de portada cortesia de Ifremer-Victor/BICOSE 2014. Especimenes de Rimicaris
exoculata a lo largo de una chimenea profunda en un gradiente de fluidos hidrotermales frios
(8.72C), oxigenados, y ligeramente salinos (23.03 g kg1) en la dorsal Atlantica (Rainbow
Ridge). La gamba R. exoculata viene en poblaciones de gran densidad (aproximadamente
2,055 individuos por m?) a lo largo de las chimeneas. Las gambas tienen dos complejas
comunidades microbianas de simbiontes independientemente de las condiciones
geoquimicas. Una localizada en las agallas y esta implicada en la nutricién de la gamba a
través de quimio-sintesis. Una segunda esta localizada en su intestino. En la foto se muestran
especimenes adultos y juveniles alrededor de un cangrejo, Segonzacia mesatlantica.
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Cover photograph (Courtesy of Ifremer-Victor/BICOSE 2014; reprinted with permission:):
Rimicaris exoculata specimens along deep chimney walls in the gradient between
hydrothermal fluids and cold (8.7°C), oxygenated, and slightly saline (23.03 g kg-1) waters in
the Mid-Atlantic Rainbow Ridge. The symbiotic shrimp R. exoculata lives in large aggregates
(about 2,055 individuals per m?2) covering active chimneys. This shrimp harbors two complex
symbioses regardless of the geochemical conditions. One is located in its enlarged gill
chamber and is at least implied in the shrimp’s nutrition through chemosynthesis. A second
one is located in its gut. In this photo, adults and recently recruited juveniles are surrounding
a Segonzacia mesatlantica crab.
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se aprecia las tres enzimas presentan un plegamiento o/} hidrolasas, si bien la esterasa MGS-M1 no
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Summary

This PhD Thesis employs metagenomic tools to identify new versatile enzymes, including esterases,
lipases, glycosidases, aldo-ketoreductases and lactate dehydrogenases. With this Thesis we access to a
wide enzyme diversity by using approaches based on the screening of activities of interest in clone
libraries. The libraries were created from DNA originated from microbial communities of different origin,
that are clearly different from those previously reported in the specialized literature. The main objective is
to achieve through an intensive screen programm to awide collection of enzymes and to provide an in deep
understanding of the enzyme characteristics on the basis of environmenta constraints, as well as of the
mechanisms reponsible for enzyme adaptation and promiscuity. These general objectives have been
achieved through: (1) functiona screens in metagenomic libraries in samples with a high and new
microbial diversity with model substrates to access to a high number of positive clones for activities of
interest; (2) in silico screen, in the obtained sequences from positive clones, of those encoding enzymes of
interest; and (3) creating a database containing multiple information that includes sequences, biochemical
data and structural information. The selected enzymes have been biochemically characterized and those
most promising were subjected to high density fermentation and crystallization.

In particular, in the PhD Thesis, we have identified and characterized 25 new enzymes (22
esterased/lipases, 1 beta-glucosidase, 1 aldo-keto reductase, and 1 (L)-lactate dehydrogenase) from
metagenomic libraries created from DNA of microbia communities from 8 different habitats and the
genome of one marine bacterium: i) 4 deep sea basins (Medee, Kryos, Bannock and Matapan) of the
Eastern Mediterranean Sea (3 of which being hypersaline); ii) a karstic lake (Lake Arreo); iii) the
microbiome of the epiotic bacteria from the gill chamber of the deep-sea shrimp Rimicaris exoculata, that
lives close to deep-sea hydrothermal vents (2,320 m depth); iv) superficial seawater contaminated with
crude oil in the Barents Sea (close to Kolguev Island); v) superficial seawater from a hydrothermal vent in
Saint Paul Island (Alaska); and vi) the hydrocarbonoclastic marine bacterium Cycloclasticus sp. ME7. The
temperature, salinity and depth of the investigated habitats range from 4-16.5°C, 1.1-348 g/kg and 0-4,908
m, respectively. The low accessibility to some the investigated habitats together the unique geochemical
constraints of some of them, make them examples of habitats not previously subjected to enzyme screen
programmes. In addition to that, the differences in temperature, salinity and pressure within them and as
compared to other previously investigated environments make them suitable model habitats to perform
structural-functiona studies and to investigate protein adaptation to poly-extreme conditions and analysis
of enzyme properties such as enzyme promiscuity.

The average insert size of the libraries that were subjected to activity screen ranged from 120 to 816
Mbp. The incidence rate of positive clones containing activities of interest varied from 1:667 to 1:15,000.
The molecular mass and isoelectric point of the investigated enzymes varied from 24,190 to 84,278 Da,
and from 4.66 to 10.04, respectively. At the sequence level, the investigated enzymes presented a sequence
homology as compared to known homologous ranging from 25% and 99%. The optimal temperature for
activity range from 12 and 75°C, and the optimal concentration of salt for activity range from 0 to 4.0 M.
The mgjority of the enzymes were from bacteria origin of the phylum Proteobacteria (18), followed from
those of Tenericutes (5) and Firmicutes (1); in one case, no unambiguous identification was possible.

The comparative study presented in this PhD Thesis has not only allowed us to provide the widest
collection (25) and crystal structures (6) of enzymes from aguatic environments (including deep sea),
reported to date, but also to provide a wide understanding of the enzyme reactivities and adaptations in a
number of aquatic habitats. In particular, among the most important finding we should mention the
identification and characterization of hydrolases with dua esterase:meta-cleavage product (MCP)
hydrolase, as well as the presence of thermo-active and thermo-stable enzymes in deep-sea environments
where the seawater temperature is never higher than 16.5°C. In relation to this last point we should
highlight that we have provided first experimental evidences that link the resistance of enzymes to high
temperature and pressure in deep-sea hypersaline habitats. Moreover, the extensive analysis of substrate
profiles tested with at least 210 substrates provided a deep understanding of promiscuity of the different
enzymes investigated within them and as compared to other reported onesin the specialized literature. The
results points to rare enzyme substrates profiles of some of the enzymes herein reported, some of which
may have biotechnological potential. The data aso suggests that enzymes from the same habitat may have
similar reactivities as compared to those from other habitats.






Resumen

La presente tesis Doctoral emplea técnicas metagendmicas para la identificacion de enzimas novedosas
y versdtiles, que incluyen esterasas/lipasas, glicosidasas, ado-ceto reductasas y lactato dehidrogenasas. A
través de esta Tesis se ha accedido a una amplia diversidad enzimatica mediante el uso de estrategias de
rastreo de actividad enziméatica en librerias de clones. Dichas librerias se han creado a partir de DNA
extraido de comunidades microbianas de diferente procedencia, que se distinguen claramente de otros
trabaj os realizados con anterioridad en la literatura cientifica. El objetivo principal es proporcionar através
de rastreos enzimaticos una amplia coleccion de enzimas, y un entendimiento detallado de las
carécteristicas de las mismas en e marco de las condiciones geoquimicas que caracterizan los habitats de
procedencia, y los mecanismos subyacentes a la actividad de las enzimas. Estos objetivos ambiciosos se
han conseguido mediante el empleo de: (1) rastreos funcionaes de librerias metagendmicas empleando
muestras de altay muy diferente biodiversidad con sustratos modelo para acceder a un mayor nimero de
clones positivos, (2) rastreos en las secuencias obtenidas de los clones positivos de secuencias
correspondientes a las enzimas objeto de estudio; y (3) una amplia base de datos de secuencias, y datos
bioquimicos y estructurales de las enzimas estudiadas. Las enzimas selecciondas han sido caracterizadas
bioquimicamente y aguellas mas prometedoras se sometieron a fermentaciones con alta densidad celular y
técnicas de modelado y crigtalizacion.

En particular, en la presente Tesis Doctoral se han identificado y caracterizado 25 nuevas enzimas (22
esterasad/lipasas, 1 beta-glucosidasa, 1 aldo-ceto reductasa, y 1 (L)-lactato dehidrogenasa) de metagenomas
creados a partir de DNA de comunidades microbianas procedentes de 8 hébitats diferentes y un genoma de
una bacteria cultivable. En particular de: i) cuatro fosas marinas (Medee, Kryos, Bannock y Matapan) del
Este del Mar Mediterraneo (3 de ellas hipersalinas); ii) un lago cérstico (Lago Arreo); iii) el microbioma de
agallas de una gamba (Rimicaris exoculata) que viene a 2,320 m de profundidad en la zona cercana a un
fuente hidrotermal en la Dorsal Mesoatléntica; iv) agua marina superficial contaminada con crudo cercana
alaldlade Kolguev en e Mar de Barents; v) una fuente hidrotermal no profunda en la Isla de San Pablo
(Alaska); y vi) de la bacteria marina hidrocarbonocléstica, Cycloclasticus sp. ME7. La temperatura,
salinidad y profundidad de los habitats estudiados oscila entre 4-16.5°C, entre 1.1y 348 g/kg y entre O y
4,908 m, respectivamente. Las caracteristicas geoquimicas de estos hébitats los convierten en ggemplos de
ambientes poco explorados a nivel enzimatico y laamplia diversidad de factores ambientales, en particular,
salinidad, temperatura y presion, los conviertes en habitats adecuados para estudios estructura-funcién,
adaptaciones a medios extremos y analisis de promiscuidad catalitica.

El tamafio medio de las librerias sometidas a rastreos funcionales oscila entre 120 y 816 Mbp, y €
numero de clones positivos para las actividades de interés por genoteca oscila entre 1:667 a 1:15,000. La
masa molecular y el punto isoeléctrico de las enzimas estudiadas oscila entre 24,190 y 84,278 Da, y 4.66 y
10.04, respectivamente. A nivel de secuencia las enzimas identificadas y analizadas presentan homologia a
nivel deidentidad entre e 25% y € 99%. Latemperatura Optima de actividad oscilaentre los 12 y los 75°C
y las concentraciones de sal (NaCl) para actividad éptima varian entre 0 y 4.0 M. La mayoria de las
enzimas proceden de bacterias del filo Proteobacteria (18), seguido de Tenericutes (5) y Firmicutes (1); en
uno de los casos, no fue posible sugerir la posible bacteria de origen.

El estudio comparativo de las enzimas identificadas no solo ha proporcionado la mayor coleccion (25) y
mayor nimero de estructuras (6) de enzimas de ambientes acuaticos (incluidos ambientes marinos
profundos), sino también un amplio conocimiento de nuevas reactividades y adaptaciones de las mismas.
En particular conviene destacar la identificacion y caracterizacién de enzimas con actividad dual esterasa:
C-C hidrolasa, asi como la presencia de enzimas termo-activas y termo-resistentes en ambientes marinos
profundos donde la temperatura no es superior a 16.5°C. Los datos presentados en esta Tesis Doctoral
demuestran una relacion directa entre la resistencia ala presion y un aumento en la temperatura Optima y
de desnaturalizacion en enzimas de microorganismos aislados de ambientes marinos profundos hiper-
salinos. Asi mismo cabe mencionar que €l andlisis exhaustivo de las reactividades con un set de més de
210 sustratos ha proporcionado un amplio conocimiento de los niveles de promiscuidad de las enzimas de
diferentes habitats entre si y con enzimas comerciales y descritas en la literatura cientifica. Los resultados
presentados en esta Tesis Doctoral no solo apuntan a la existencia de especificidades inusuales de interés
biotecnoldgico, sino también indican que las enzimas de un mismo hébitat presentan, por o general,
reactividades parecidas.
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ACR
ADN
AZCL

AZCL-HE

CDh
csiC
EC

EST

GH
GLY
HOHD
HOPHD
ICP
KEGG
LA

LAE
LDH
MCP
MeUmbG2

MGS
MTT
a-NA
NADPH
ORF
PET
pNP

P valor
PET

Td
X-Caprilato
X-Gal

ABREVIATURAS/ACRONIMOS

Aldo-ceto reductasa
Acido desoxiribonucleico

Azo-carboximetil
Azo-carboximetil hidroxietil

Dicroismo circular
Consgjo Superior de Investigaciones Cientificas
Enzyme Commision
Esterasa
Glicosido hidrolasa
Glicosidasa
2-Hidroxi-6-oxohepta-2,4-dienoato
2-Hidroxi-6-oxo0-6-fenilhexa-2,4-dienoato
Instituto de Catalisisy Petroleoguimica
Kyoto encyclopedia of genes and genomes
Lago Arreo
Esterasadel Lago Arreo
Lactato dehldrogenasa
C-C meta-cleavage product
4-Metilumberil celobiosa

M etagenome sequence / Secuencia metagenomica
3-(4,5-Dimetil-tiazolil)-2,5-difenil bromuro de tetrazolio
Acetato de a-naftilo

Nicotinamida adenina dinuclettido fosfato

Open Reading Frame / Marco de Lectura

Tereftalato de polietileno

p-nitrofenil

Valor estadistico de probabilidad

Tereftalato de polietileno

Temperatura de desnaturalizacion

Caprilato de 5-bromo-4-chloro-3-indolilo

5-Bromo-4-cloro-3-indolil-B-D-galactopirandsido
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1. 1 Enzimas: interés creciente

“La naturaleza no hace nada en vano™....decia
Aristoteles.

La vida en los ecosistemas evoluciona
constantemente dando origen a una gran
biodiversidad. Se estima que la biodiversidad
microbiana asciende a unos 5-30 millones de
especies y que la mayor parte de ella se encuentra
en los maresy océanos (Moraet al., 2011). Si bien
se desconoce € tamario real de la misma, estudios
recientes han revelado que solo se encuentran
clasficadas hasta la fecha aproximadamente
11,000 especies de Bacterias y Argueas, y cada afio
se describen a menos 600 nuevas especies (Yarza
et al., 2014). Estos nimeros proporcionan no solo
una referencia del  potencial ampliamente
inexplorado de nuestro Planeta y de las
comunidades microbianas que lo habitan, sino
también del potencial de las mismas en lo que a
nuevos genes y actividades se refiere (Kyrpides et
al, 2014). Dichas actividades son ampliamente
desconocidas, si bien su potencial para futuros
desarrollos econdmicos se ha reconocido
ampliamente (Jemli et al., 2014; Timmis et al.,
2014; Velasco-Buchdli, et al., 2015).

Actualmente existe un desfase entre el nimero
de enzimas microbianas tedricas que dicha
biodiversidad alberga, y € nimero de enzimas
caracterizadas experimentalmente: la proporcion
relativa se acerca a cero (Anton et al., 2013). Hay,
por tanto, un creciente reconocimiento de que se
debe abordar este problema (Bastard et al., 2014).
En esta linea hay algunos g emplos de iniciativas
de investigacion internacionales, como el proyecto
COMBREX financiado por el National Institute of
Health (EEUU) desde 2001, que pretenden la
caracterizacion sistematica de enzimas de una
docena de microorganismos de referencia, que
incluyen bacterias modelo como Escherichia coli y
Helicobacter pylori. El resultado de dichas
iniciativas se ha traducido en un considerable
incremento de las proteinas caracterizadas
experimentalmente. Sin embargo, solo e 0.33% de
las proteinas de las bacterias E. coli y H. pylori
han sido caracterizadas experimentalmente, 1o que
sugiere que solo una infima parte de las enzimas
en e Planeta lo han sido también (Anton et al.,
2013).

INTRODUCCION GENERAL

El conocimiento de la biodiversdad
microbiana y enzimatica a través de iniciativas de
investigacion publicas y privadas es de gran interés
desde un punto de vista de investigacion bésica,
pero también puede constituir la fuente de futuros
recursos economicos. En este sentido, actuamente
hay una enorme necesidad de biocatalizadores
sostenibles (enzimas 0 microorganismos) con una
alta eficiencia como una alternativa “verde” a la
sintesis quimica (Adrio et al., 2003; Fernandez-
Arrojo et al., 2010; Blomberg et al., 2013; Turner
et al.,, 2013; Vergne-Vaxdaire et al., 2013). Se
estima que e 40% de los procesos de sintesis
quimica se sustituirdn por procesos de catdlisis
enzimatica en 2020 (Adrio et al., 2010), ya que
éstos eliminan la necesidad de disolventes
organicos dafinos para e medioambiente vy
reducen el gasto energético. Por otro lado, nuestra
civilizacion ha sobrepasado el méximo grado de
extraccion de crudo (“peak oil”), lo que implica la
necesidad de buscar dternativas a los derivados
fosiles (Timmis et al., 2014) mediante bio-
procesos. Actualmente, se generan casi 5 billones
de ddlares por la aplicacion directa de enzimas en
diferentes mercados y se estima que la demanda
mundia de enzimas se incrementara casi 6.4-6.7%
en 2017 (www.rnrmarketresearch.com/world-
enzymes-to-2017-market-report.html). Ademas, la
evolucion del precio que se paga por las enzimas,
lo que se denomina “share price evolution”, ha
aumentado casi dos veces en los Ultimos 3 afios
(Figura 1). Estos datos demuestran que las
enzimas y las soluciones biotecnolégicas y
renovables que de €ellas se obtengan tendran un
mayor impacto en los préximos afos.
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Figura 1 | Evolucién del precio (en coronas
danesas - DKK) que se paga por kilo de enzima.
Estimaciones de la empresa lider en produccion
de enzimas Novozymes A/S (Bagsveerd,
Denmark). Figura cedida por Martin Simon
Borchert (Novozymes A/S).
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1. 2 Biodiversidad enzimatica:
meta-gendmica como herramienta
de acceso

La primer pregunta que surge a la vista de lo
expuesto anteriormente es ¢Como y de dénde
pueden aislarse nuevas colecciones de enzimas?
Inicialmente, éstas se extraian, aslaban o
purificaban directamente de fuentes bioldgicas,
principalmente microorganismos. Posteriormente,
avances en biologia molecular, bioquimica y
microbiologia permitieron optar por otras opciones
més eficaces.

Resultados previos en la bibliografia, tanto a
nivel tedrico como experimental, han demostrado
gue es posible disefiar enzimas que no existen en la
naturaleza 0 que muestran propiedades muy
diferentes a las existentes. Asi es posible disefiar
enzimas con altos incrementos en la actividad y en
la especificidad frente a un amplio nimero de
moléculas (Reetz et al., 2010; Brustad y Arnold,
2011; Nobili et al., 2013; Liu et al., 2014; Sheng et
al., 2014; Alcade, 2015). Estas enzimas tienen
secuencias, 0 modificaciones en las mismas,
generadas por técnicas recombinantes, que causan
cambios estructurales que producen una nueva
enzima gue contiene un centro activo especifico
paralareacciony el sustrato parael cua e método
de rastreo se ha disefiado. En este proceso,
conocido como ingenieria de proteinas, se pueden
generar nuevas y /0 mejores enzimas (Brustad y
Arnold, 2011; Mate et al., 2010, 2013). En base a
los resultados, € proceso se repite de forma
iterativa bgjo condiciones deseadas, para producir
las variantes que cumplan los requisitos deseados.
Los avances técnicos relacionados por los
denominados sistemas high-throughput screening
(sistemas de dto rendimiento) proporcionan una
ventgja competitiva. Una revision bibliografica
relacionada con la aplicacién de estos métodos en
estudios de ingenieria de proteina pone de
manifiesto que la produccion de librerias de
mutantes es relativamente sencilla y posee un
riesgo limitado, con un indice de éxito, es decir, un
indice de encontrar un mutante mejorado respecto
a las enzimas nativas en una libreria de mutantes,
gue oscila entre 1:140 y 1:125,000 (Figura 2). Sin
embargo, los estudios publicados indican que es
posible generar nuevas enzimas, pero que la
introduccion de tales enzimas a nivel industrial es
muy limitado (Davids et al., 2013; Koudelakova
et al., 2013; Woodley et al., 2013).

El potential existente y reconocido de la
microbiologia ambiental para identificar nuevas
enzimas se ha potenciado con la introduccion de

técnicas metagendmicas. Esta tecnologia, a
diferencia de la ingenieria de proteinas, tiene la
capacidad de permitir € acceso a proteinas
verdaderamente nuevas de microorganismos o
comunidades microbianas sin la necesidad del
cultivo individua de los mismos, que es
técnicamente muy dificil (Fernandez-Arrojo et al.,
2010; Puspitaet al., 2012).
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Figura 2 | Indice de incidencia de i) clones con
actividad mejorada frente a clones con actividad nativa
en experimentos de ingenieria de proteinas y ii) clones
con actividad deseada en libreria de clones
metagendmicos. Los indices se basan en experimentos
que emplean sistemas de rastreo de alto rendimiento y
en los resultados de una amplia busqueda de los
trabajos publicados con ambas técnicas
independientementemente de la actividad objeto de
estudio, en los dltimos 25 afios en la base de datos
NCBI.

Maés concretamente, es a partir de 1989 cuando
la metagendmica entra en juego. La metagendmica
es e estudio del conjunto de genomas de un
determinado entorno, directamente a partir de
muestras de ese ambiente, sin necesidad de aidar y
cultivar esas especies. El auge de la metagenémica
ha sido posible con la aparicion de las tecnologias
de alto rendimiento para secuenciar el DNA abgjo
precio (Akondi y Lakshmi, 2013). En este sentido,
e inicio ded Proyecto Genoma Humano en 1990
marcO una revolucion tecnoldgica. El desarrollo de
éstas técnicas han permitido secuenciar una gran
cantidad de genomas. Por gjemplo, a septiembre de
2014 en la base de datos GOLD (The Genomes On
Line Database™; http://www.genomesonline.org/),
aparecen 58,285 proyectos de secuenciacion en
marcha de los que se han completado 6,620
proyectos. En la Figura 3 se aprecia una
representacion de la evolucién de los proyectos de
secuenciacion masiva realizados en los ultimos 7
anos.

Posteriormente a la metagendmica se han
desarrollado otras técnicas que nos permitian
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completar € estudio de comunidades microbianas
a nivel de microorganismos, genes y enzimas que
éstas contienen. Estas técnicas se las denominan
técnicas “Omicas” (Guazzaroni y Ferrer, 2011;
Guazzaroni et al., 2012).
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Figura 3 | Representacion temporal de los proyectos
de secuenciacion masiva realizados o en vias de
realizacion desde 2007.

La aparicién de la metagendmica, como la
gendmica de los microorganismos incultivables, es
una herramienta que ha supuesto una revolucion en
el estudio de comunidades de microorganismos
directamente de su medio natural, ya que no hay la
necesidad de aidlar y crecer las especies
individuales (Chistoserdova, 2014). Mientras que
el genoma representa €l material genético (DNA)
de un organismo individual, e metagenoma es una
técnica independiente del cultivo, lo que hace que
se pueda aplicar tedricamente a estudio de
cualquier tipo de muestra y nos ofrece la
posibilidad de estudiar el DNA de una comunidad
entera de organismos. El problemaderivade ladta
complejidad de las muestras, es decir, mientras que
un genoma estudia un individuo aislado, €
metagenoma estudia una comunidad microbiana
con miles de organismos diferentes y muchos de
ellos desconocidos y ademés cada uno de ellos en
diferente proporcion aeatoria (Vieites et al.,
2008).

EnlaFigura 4 se puede observar un esquema
de cudes son los pasos a seguir para poder analizar
el DNA procedente de una muestra ambiental. Se
observan dos alternativas, en 1o que a su uso para
la identificacion de nuevas enzimas se refiere: i)
una donde se readliza un rastreo utilizando la
secuencia obtenida por secuenciacion masiva; y ii)
otra donde se redliza un rastreo funcional de
material genémico.

En la secuenciacion directa (primera
aternativa anteriormente mencionada), se obtiene
como resultado un conjunto de tripletes de
nucledtidos, Ilamados marcos de lectura abierta
(ORF - Only Read Frame), cada uno de los cuaes

codifica un aminoacido que se encuentra entre un
coddn de iniciacion que consta de tres nucledtidos
(ATG) y un coddn de terminacion, que suele tener
alguna de estas tres combinaciones de nucledtidos
TAA, TAG o TGA. De conjunto de secuencias
obtenidas en un cuaquier estudio se calcula que
arededor del 2-5% de los marcos de lectura
abierta (ORF) en un genoma completo codifican
enzimas de interés (Guazzaroni et al. 2014). Esto
supone una proporcion muy baja de enzimas con
actividades de interés frente a ndmero total de
genes que codifican enzimas en los genomas
microbianos (cerca del 40%) (Vieites et al., 2009).
Una de las mayores limitaciones de los métodos de
busqueda de secuencias que codifican enzimas, es
que las predicciones de funciones in silico se basan
en homologia. Actualmente se estan desarrollando
herramientas bioinforméticas y de modelado a
nivel de secuencia que permiten identificar
secuencias que codifican enzimas de interés en los
datos obtenidos por secuenciacion masiva (Anton
et al., 2013).

Dado que esta Tesis Doctoral no versa sobre
este tipo de desarrollos bioinformaticos, nos
centraremos a continuacion en la descripcion de
las caracteristicas y estado de arte de la
denominada metagendmica funciona y los
avancesy desarrollos en lamisma.

1.3 Problemas y posibles
soluciones asociados a la
metagenomica funcional

El rastreo de nuevas activades enziméticas
mediante la aplicacion de técnicas metagenomicas
ha supuesto avances significativos, principamente
en lo que se refiere ala busgueda de actividades en
ambientes extremos (Rothschild y Mancinelli,
2001; Feller, 2013; Alcaide et al., 2014). El
establecimiento de colecciones de enzimas de
genomas ambienta es ya no es un problema. Como
media es posible acceder sin grandes recursos
técnicos a una media de 44 clones activos por cada
libreria de clones con una media de aproximadante
53,000 clones. Estos datos se han obtenido después
de una extensa revision bibliogréfica de los
trabaj os publicados en los Ultimos 25 afios, en esta
area.

Sin embargo, existen una serie de problemas
gue limitan e uso de la metagendémica para la
identificacion de nuevas actividades enzimaticas y
por ello se estén redizando nuevos desarrollos que
acorten e tiempo requirido que va desde la
identificacion de una enzima a su aplicaciéon en
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desarrollos tecnolégicos (Jemli et al., 2014). Los
mayores problemas tecnolégicos, incluyen: (1) la
baja proporcion de genes presentes en el DNA
metagendmico que codifica enzimas con
actividades de interés (Guazzaroni et al., 2014);
(2) labaja proporcién de enzimas seleccionadas en
condiciones requeridas en los procesos industriales
(Martinez-Martinez et al., 2013); (3) la fata de
sustratos industrialmente relevantes para los
rastreos funcionales (Ferndndez-Arrojo et al.,
2010); (4) la bga eficacia de los métodos de
rastreo para actividades raras (Fraaije y Scrutton,
2013); (5) @ reducido rendimiento de las enzimas

aidadas mediante la aplicacion de éstas técnicas,
bgjo condiciones no naturales (Fernandez-Arrojo
et al., 2010]; (6) & dto grado de enzimas
identificadas que son inactivas después de la
expresion en Escherichia coli (Loeschcke et al.,
2013); (7) la fata de fuentes bioinforméaticas
fiables para € andlisis de datos de secuenciacion
masiva (Nyyssonen et al., 2013); y (8) la falta de
sistemas fiables de prediccion de actividades
enziméticas de secuencias que codifican proteinas
hipotéticas (Anton et al., 2013; Bastard et al.,
2014).
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Figura 4 | Esquema con las aproximaciones y etapas mas comunes para analizar el DNA procedente de una muestra
ambiental. Las aproximaciones incluyen aquellas para el estudio por homologia de secuencia y mediante rastreo
funcional. Esta ultima aproximacion ha sido empleada en la presente Tesis Doctoral.

Para solventar tales problemas se viene
trabgjando en los dltimos afios en una serie de
soluciones, entre las que se incluyen: (1) un plan
més selectivo de rastreo de actividades
enzimaticas a partir de extensas librerias de
clones y de seleccién de genes que codifican
enzimas de interés (Yoon et al., 2014); (2) un
pre-enriguecimiento bgjo condiciones similares a
las requeridas en los procesos o]
biotransformaciones a desarrollar (Kunze et al.,
2013); (3) la seleccion de muestras ambientaes
donde la proporcion de dichos genes sea més

elevada, e aidamiento de cDNA vy el andlisis de
la expresion de proteinas en enriquecimientos
selectivos bagjo condiciones y con sustratos de
interés a fin de seleccionar las enzimas con
mayores actividades especificas frente a sustratos
deinterésindustrial (Akeroud et al., 2013; Chang
et al., 2013); (4) priorizar la seleccidn de enzimas
con actividades maitiples, amplio rango de
especificidad de sustrato y alta estabilidad en una
amplio rango de condiciones (Alcaide et al.,
2013), a fin de que la misma enzima puede ser
empleada en multiples procesos y bajo multiples
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condiciones; (5) la sintesis a la carta de novo de
pequefias moléculas o0  sustratos  con
funcionalidad similar a las requeridas a escala
industrial  con los que redlizar los rastreos o
enriquecimiento selectivos (Lim et al., 2013;
Madi et al., 2014); (6) el desarrollo de vectores
ala-carta y huéspedes para € rastreo y la
expresion de genes que codifican actividades de
interés (Vaero, 2012; Loeschcke et al., 2013;
Terrén-Gonzdlez et al., 2013; Furubayashi et al.,
2014); (7) € disefio in silico o experimental
mediate ingenieria de proteinas de las nuevas
enzimas identificas por técnicas metagenomicas
con d fin de producir las variantes
biotecnol6gicas mas favorables (Alcaide et al.,
2013); (8) d desarrollo de un flujo de trabao
computacional para la identificacion de genes en
secuencias de DNA mediante la integracién de
métodos customizados bioinformaticos; y (9) €
desarrollo de las denominadas técnicas
“Unknown BLAST” que permitan el mapeado o
busqueda de ortdlogos a enzimas con actividad
desconocida (Anton et al., 2013).

1.4 El paradigma:
racionalizando el proceso de
identificacion hacia la aplicacion

Mientras que la produccién de librerias de
clones presenta un riesgo limitado, de acuerdo a
los datos bibliogréficos en los tltimos 25 afios, la
bgja incidencia de clones positivos si constituye
un problema. Pese a €ello, actualmente, mediante

busguedas por homologia o por rastreo de clones
€es posible encontrar, en un par de meses, cientos
de enzimas usando un solo sustrato. El cultivo o
pre-enriquecimento bajo condiciones sdlectivas
puede acelear significativamente la seleccion de
enzimas de interés (Jacquiod et al., 2013,
Verastegui et al., 2014). Por lo tanto, establecer
una coleccion de enzimas por técnicas
metagendmicas ya no constituye un problema.
Ademas, es posible wusar los genomas
secuenciados de organismos cultivables o
metagenomas secuenciados a un bajo precio para
inspeccionar genes de enzimas que pueden ser
clonados, caracterizados y expresados a escala
piloto (Kube et al., 2013; Schallmey et al., 2014).

Este proceso de encontrar enzimas con
marcado interés a nivel bésico y aplicado es, sin
embargo, un proceso largo y costoso que solo
pocas enzimas pasan. Esto se ha demostrado para
enzimas ampliamente usadas a nivel industrial,
como esterasas y lipasas (Martinez-Martinez et
al., 2013). Como se muestra en la Figura 5, una
escala de tiempo de més de 7 afios desde la
identificacién de un gen que codifica una enzima
hasta e establecimiento de un proceso es la
realidad (Fernandez-Arrojo et al., 2010). Esto se
debe a que las enzimas solo pueden aplicarse a
escalaindustrial si cumplen una serie de criterios
industriales:  actividad frente a condiciones
drasticas y muy diferentes a las naturaes, ata
selectividad y una ata velocidad de reaccion
(Singh, 2010).

Metagenomas Enzimas

Tiempo actual: -7 afios

Objetivo a alcanzar: 0-3 afos

Reduced development time and costs

-\...- A ,
\ Tnayme

Procesos, productos y conocimiento

MiEgename
B Final
"hul::l' phodufinn
rontruction precEs.

ma fine & costs

Figura 5 | Etapas requeridas para el desarrollo de procesos biotecnolégicos basados en el uso de enzimas
aisladas de comunidades microbianas. El panel superior indica la escala actual de tiempo requerido para realizar
tales etapas, y la inferior, la prediccidn actual y futura, para que el desarrollo de procesos enzimaticos partiendo
de una nueva enzima sea econdmicamente viable a escala industrial.
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Pero ¢Cudles son los pasos gue producen tal
retraso 0 escala de tiempo tan amplia? Desde mi
punto de vista, los problemas mayores son los
atos tiempo requeridos para la validacion
experimental de las actividades de las enzimas,
gue resulta en una tardia entrada en el mercado y
altos costes (Figura 5). Solo muy pocas enzimas
en las colecciones disponibles o enzimas
descritas en la literatura (menos de un 5%)
cumplen criterios requeridos a escala industrial
(Martinez-Martinez et al., 2013). La baga
promiscuidad (0 bajo nimero de sustratos
capaces de ser transformados eficazmente), la
bga sdectividad y la bga tolerancia a
condiciones amplias de temperatura, etc., son
problemas concretos y muy recurrentes. Otros
problemas lo constituyen la baa actividad a
bgogdtos pH y la bga tolerancia a dtas
concentraciones de sal y disolventes (Blomberg
et al., 2013; Turner et al.,, 2013; Vergne
Vaxelaire et al., 2013). Pese a €ello, la demanda
de nuevas enzimas que cumplan criterios
industriales es muy alta (Esteban-Torres et al.,
2014; Pandya et al., 2014).

Las etapas de expresion y desarrollo del
proceso constituyen |os pasos més costosos en
tiempo y en recursos econdmicos. De hecho,
estas etapas constituyen en muchos casos més del
90-95 % de los costes de un desarrollo
biotecnoldgico. Claramente, la presente Tesis
Doctoral parte de la hipbtesis de que “Para
desarrollos de primera clase” con nuevas
moléculas producidas por nuevas enzimas es
crucia identificar e incorporar nuevas enzimas
en el mercado”. Para ello, solo el estudio
detallado de nuevas y mejores enzimas puede
reducir los tiempos y costes. Estimamos que un
proceso de 3 afios es actualmente €l limite que se
considera adecuado para tales desarollos y para
gue una nueva enzima pueda ser competitiva
frente las existentes (Figura 5).

A continuacion se  resumen  datos
relacionados con e estado del arte en relacion
con los diferentes méodos empleados para la
biusqueda de enzimas por  técnicas
metagendmicas y estimaciones de los avances
gue han supuesto estas técnicas en lo que a
estudio de la biodiversdad en e Planeta se
refiere.

1.5 Eficacia del rastreo:
dependencia de la enzima a
buscar, el sustrato, el método, el
huésped y el vector a emplear

Una revision bibliografica de los estudios
relacionados con la aplicacion de métodos de
metagendémica funciona pone de manifiesto que
la produccién de librerias de clones para la
blsgueda de clones activos posee un riesgo
limitado, usando cualquiera de los sustratos
comerciales modelo y otros que se han disefiado
alacartaata efecto. Como gjemplo, més de 200
sustratos diferentes se han empleado para la
identificacion de a menos 4,000 clones con
actividad esterasa y lipasa en librerias de clones
metagendmicos. La incidencia de los clones
positivos, 0 sea, e nimero de clones positivos
frente a nimero de clones totales rastreados,
oscilaentre 1:11y 1:193,200 (Figura 6, inserto).
Este nimero es similar a la incidencia de
mutantes mejorados en experimentos de
ingenieria de proteinas (Figura 2).

Laincidencia (como medida de la frecuencia
por la que un clon positivo aparece en una
libreria de clones) depende del tipo de enzima o
actividad a seleccionar, ademas de la abundancia
de los genes que codifican dicha actividad en los
genomas microbianos presenten en la muestra
analizada, y € nivel de actividad de los mismos.
Asi, clones que contienen enzimas poco activas
pueden no ser dentificados en los tiempos
cominmente empleados en los ensayos
colorimétricos, que oscilan en e margen de
segundos a meses. Por jemplo, parala busgueda
de actividad esterasallipasa con tributirina (1
volumen/ volumen (v/Vv)), los tipicos tiempos de
ensayo varian de 12 horas a 8 dias (Jeong €t al.,
2011); para glicosidasas, los tiempos varian
desde una escala de minutos (usando derivados
de p-nitrofenal) a 30 dias (para 5-bromo-4-cloro-
3-indolil-B-D-gaactopirandsido (X-Gal),
derivados de caseina (p.e. AZCL-caseina),
amilosa, curdlan, celulosa, xilano vy
gaactomanano (Vester et al.,, 2014); para
proteasas, los tiempos varian desde las 12 horas
hasta las 4 semanas empleando leche desnatada
(Niehaus et al., 2011); para fitasas, hasta 5 dias
usando fitato (Tan et al., 2014); y paralas mono-
y di-oxigenasas desde 2 horas (usando
estireno/NADPH) a 3 dias (para la produccion de
pigmentos como indigo) (Singh et al., 2010).
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Figura 6 | Incidencia de clones positivos en librerias
de clones para las seis actividades mas estudiadas por
técnicas metagenémicas. Los resultados se basan en
valores medios para estudios metagendmicos,
independientemente de los sustratos empleados. El
inserto, representa la media de incidencia para todos
los trabajos publicados.

A nivel de enzimas, considerando las 6
actividades mas estudiadas a nivel metagendémico
en la bibliografia, se aprecia que hay actividades
mas recurrentes que otras, es decir que pueden
encontrarse en mayor proporcion que otras en las
librerias de clones. Se puede observar €
siguiente orden en la incidencia: acilasas (1 clon
positivo cada 333 clones [1:333]), fosfatasas
(1:2,843), oxido-reductasas (1:6,670), proteasas
(1:9,388), esterasas y lipasas (1:17,320) y
glicosidasas (1:31,190) (Figura 6).

Otro de los factores que afectan a la eficacia
de losrastreos es € sustrato aemplear. Asi, en un
reciente estudio, la incidencia variaba desde
1:188 a 1:3,937 y 1:15,625 cuando se empleada
1% (v/v) de tributirina, tricaprilina y trioleina,
respectivamente, cuando se examinaba la misma
libreria de clones para actividad esterasallipasa
(Glogauer et al., 2011) (Figura 7A, inserto).
Esto sugiere que las enzimas con actividad lipasa
son mucho menos abundantes (en este trabgjo,
83-veces) que aquellas con actividad esterasa.
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Figura 7 | Incidencia de clones positivos en librerias
de clones para tres tipos de actividades empleando
sustratos diferentes. A, actividad esterasa-lipasa; B,
actividad o6xido-reductasa; C, actividad glicosidasa.
Abreviaturas: PET, tereftalato de polietileno; o-NA,
acetato de a-naftilo; X-caprilato, caprilato de 5-bromo-
4-chloro-3-indolilo; MTT, 3-(4,5-dimetil-tiazolil)-2,5-
difenil bromuro de tetrazolio; AZCL, azo-carboximetil;
AZCL-HE, azo-carboximetil hidroxietil, MeUmbG2, 4-
metilumberil celobiosa; X-Gal, 5-bromo-4-cloro-3-
indolil-B-D-galactopiranésido.

Entre los sustratos y métodos més empleados
para e rastreo de actividad esterasa y lipasa,
aguellos basados en € empleo de indicadores de
pH resultan en una mayor incidencia de clones
positivos (1:29), seguido de métodos basados en
el uso de &cido poli-lactico (1:13,334), tributirina
(1:15,478), acetato de o-naftilo (1:19,925),
tereftalato de polietileno (1:21,400),
trioleina/aceite de oliva y rhodamina B
(1:22,061), Tween-20 (1:26,496), ferulato de
metilo y etilo (1:26,496), caprilato de 5-bromo-4-
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chloro-3-indolilo  (1:50,000) y tricaprilina
(1:68,279), en este orden (Figura 7A), por citar
los sustratos més comunes y un tipo de actividad
ampliamente estudiada.

Para las o6xido-reductasas, entre los 7
sustratos més comunes empleados, € uso de
fenol resulta en mayores niveles de incidencia
(1:32), mientras que e empleo de p-
nitrosoanilina complementada con D-glucosa
para la busqueda de actividad o-glucosa
dehidrogenasa, se ha descrito como uno de los
sustratos y/o actividades menos recurrentes
(1:20,000) (Figura 7B). Finalmente, en & caso
del rastreo de  actividad glicosidasa,
aproximadamente 15 sustratos diferentes han
sido empleados con éxito, con derivados de
azurina y hidroxietil celulosa  (azurine
hydroxyethyl cellulose), sustratos para la
busqueda selectiva de endo-celulasas, siendo los
més eficaces (1:108); por € contrario, X-Gal, un
sustrato comun para la busqueda de actividad f3-
galactosidasa, es uno de los peores sustratos
(incidencia 1:142,900) (Figura 7C).

Los datos mencionados anteriormente
sugieren que en los programas de busqueda de
actividades enziméticas mediante la aplicacion de
técnicas de metagendémica funcional, tanto el
sustrato a emplear como la actividad a rastrear
pueden causar un sesgo importante en €l nimero
y diversidad de clones positivos y debe ser tenido
en cuenta en cualquier experimento de este tipo.
Independientemente de ello, una vez identificada
la actividad a estudiar y € o los sustratos a
emplear, la seleccion de método de busgueda
(screening) eficaz es de vital importancia. Asi,
los ensayos en placas de agar, donde la sefial es
visible al ojo humano, permite rastrear a menos
10,000 clones en cuestion de dias, s bien
presentan una sensibilidad limitada y se requiere
una dta concentracion del sustrato a emplear,
gue oscila entre 2.5 y 10,000 mg/l (Glogauer et
al., 2001; Martinez-Martinez et al., 2014). Este
problema se puede mitigar empleando ensayos
colorimétricos o0 de fluorescencia que exhiben
una sensibilidad mayor empleando menores
concentraciones de sustrato (desde ng/l a pocos
mg/l de sustrato) y que pueden emplearse en
sistemas de alto rendimiento tales como micro-
placa (Kourist et al., 2009; Martinez-Martinez et
al., 2013). Cel sorting y las tecnologias de
micro-fluidos permiten actualmente la seleccion
de clones en librerias de 10°-10° clones en un dia
de una manera cuantitativa (Kintses et al., 2012;
Chang et al., 2013; Lim et al., 2013; Ma et al.,
2013; Nagjah et al., 12013; Hosokawa et al.,

2014); en dgunos casos, estas técnicas han
permitido € rastreo de hasta 50,000 clones por
segundo, o casi 1 billén de clones por dia (Lim et
al.,, 2013). En los dUltimos afios se han
desarrollado también las conocidas como trampas
genéticas que permiten identificar actividad
enzimética a unos niveles de sensibilidad muy
atos ya que permiten identificar enzimas capaces
de transformar solo 10° moléculas por céula
(Qureshi, 2007; Phelan et al., 2012; van Rossum
et al., 2013; Choi et al., 2014).

Los datos descritos anteriormente ponen de
manifiesto las diferentes eficacias de los
diferentes métodos comunmente empleados.
Dicho esto, los datos reportados en la bibliografia
han demostrado que en muchos casos es meor
emplear sustratos modelo de amplio espectro,
capaces de ser transformados por la mayoria de
las enzimas descritas que se buscan, y luego
someter los clones seleccionados a rastreos
selectivos con la molécula o sustrato de interés.
Esto se ha probado con éxito para la busqueda de
clones con actividad hidralitica especifica frente
a ésteres de (S)-ketoprofeno (Yoon et al., 2007) o
piretroides (Li et al., 2008), que se seleccionaron
realizando primero un cribado con acetato de -
naftilo o X-caprilato, respectivamente.

El desarrollo de sistemas de rastreo se ha
producido en paralelo a desarrollo de sistemas
de expresion heterdloga, uno de los problemas
principales de la metagenémica. Para solventar
esto, se han descrito recientemente los
denominados sistemas TREX para la expresion,
transferencia y expresion de genes en mdltiples
huéspedes. El sistema se basa en que ambos
extremos del vector donde se clona e DNA
metagendmico, se marca en ambos extremas con
las denominadas casetes L-TREX y R-TREX,
gue permiten transferencias por conjugacion y la
integraciéon en e cromosoma de multiples
bacterias hospedadoras (Loeschcke et al., 2013).
También se han empleado componentes viraes
en |os vectores de clonacion de DNA ambiental
para prevenir la terminacion e incrementar la
expresion de fragmentos de DNA de gran tamafio
(Terrén-Gonzédlez et al., 2013). Dicho esto, los
vectores mas utilizados para la creacion de
librerias de clones a partir de DNA ambiental son
cosmidos (p.e. pLAFR3), fdosmidos (p.e
pCC1FOS) y Cromosomas Bacterianos
Artificides (BACs). También se trabga
actualmente en € disefio de nuevos vectores,
como por g emplo modificando genéticamente €l
vector comercial pCC1FOS dando lugar a otros
vectores como pCClFOS-Ceul, pMPO571 o
pMPO579 (Terrén-Gonzalez et al., 2013). El
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organismo hospedador méas utilizado para la
produccion de estas genotecas es Escherichia
coli aunque también pueden ser utilizados otros
organismos heterélogos como Streptomyces
(Gémez-Escribano et al., 2012) o Pseudomonas
(Martinez et al., 2004), entre otros.

Actuamente existen en paradelo a los
ensayos de seleccion y sistemas de clonacién y
expresion descritos antoriormente, herramientas
bicinforméticas que permiten también hacer una
preseleccion de enzimas que posteriormente se
pueden estudiar en detalle (Nyyssonen et al.,
2013). Asi, las secuencias obtenidas por métodos
de secuenciacion masiva se pueden filtrar de
acuerdo a su similitud con bancos de secuencias
generalistas (UniProt, NCBI NR), bases de datos
con dominios de secuencias conservadas (Pfam y
Common Domains database (CDD)), o mediante
bases de datos espeificos que contienen
secuencias e informacién bioguimica de
determinados grupos de enzimas, tales como la
base de datos Carbohydrate-Active Enzyme
(Cantard et al., 2009), que se usa para identificar
glicosidasas asi como esterasas y lipasas que
actlan frente a ésteres de carbohidratos, y una
bases de datos accesible desde 2011 para
identificar lacasas (Sirim et al., 2011). Méodos
bioinforméticos de ato rendimiento se han
empleado con éxito también para la blsqueda y
rastreo en secuencias accesibles en las bases de
datos o generadas mediante secuenciacion
masiva de secuencas que codifican epoxido
hidrolasas y haloalcano dehalogenasas (Barth et
al., 2004). Finamente, herramientas de
prediccion tades como antiSMASH, se han
generado recientemente para la blsqueda de
genes gue codifican enzimas para la sintesis de
metabolitos secundarios o bio-activos tales como
lactonas, bacteriocinas, sideroforos, ectonias, y
policétidos (Blin et al., 2013, 2014). Méas
recientemente, Schalmey y colaboradores
(Schalmey et al., 2014) han usado motivos
conservados paraidentificar 37 nuevas halohidrin
dehal ogenasas, muy promiscuas, tras verificacion
experimental, examinando las bases de datos
publicas. Mencionar que en una segunda etapa,
para cada secuencia seleccionada es posble
obtener datos generales taes como masa
molecular y pK, asi como la existencia de
dominios conservados 0 estructuras que son
especificos para la actividad deseada (Marsh et
al., 2011).

1.6 Una minima parte de
nuestro Planeta ha sido explorada

a nivel enzimatico: ambientes
marinos como ejemplo

Los datos e investigaciones recientes
expuestas anteriormente demuestran que la
metagendmica es una herramienta de gran
potencial y en expansion. Se habla mucho de que
con €ella es posble llegar a entender €
funcionamiento de comunidades microbianas y
extragr nuevos microorganismos, genes y
enzimas de cualquier hébitat de nuestro Planeta.
Pero la redidad actua es muy diferente. A
continuacion resumiré gque se conoce a hivel de
habitats explorados y enzimas obtenidas
mediante la  aplicacion  de  técnicas
metagenémicas.

En primer lugar, hay que recordar que las
diferentes formas de vida que congtituyen la
diversidad microbiana descrita en la seccion 1.1,
han sabido adaptarse a las diferentes condiciones
donde habitan. Pese a que los ecosistemas
acuaticos congtituyen las ¥ partes de la
superficie terrestre
(http://water.usgs.gov/edu/earthwhere water.
html), éstos constituyen uno de los entornos
naturales menos estudiados en 1o que serefiere d
aidamiento y caracterizacion de enzimas de las
comunidades microbianas que lo habitan (De
Long, 2005). Asi, aunque € andliss de
comunidades microbianas y el descubrimiento de
nuevas enzimas ha progresado
considerablemente (Martinez-Martinez et al.,
2013), éste solo se ha redlizado en un nimero
muy limitado de habitats. Una buasgueda
exhaustiva en las bases de datos SCOPUS,
PubMed, WOK y IMG/M (US Department of
Energy Joint Genome Institute;
http://www.jgi.doe.gov/) muestra que solo se ha
estudiado e contenido gendémico de las
comunidades microbianas de aproximadamente
1,800 lugares del Planeta (Figura 8).

Hay que resdtar ademés que pese a que €
60% de ellos corresponden a ambientes marinos,
el nimero de clones activos y/o enzimas analizas
en los mismos es muy desfavorable a dichas
muestras, en comparacion con otros ambientes,
como por gemplo, ambientes terrestres. Asi,
mediante € uso de  aproximaciones
metagendmicas, aproximadamente solo 160
enzimas o clones con actividades de interés de
microorganismos o comunidades microbianas
marinas han sido descritas en la bibliografia,
mientras que este nimero asciende a casi 4,000
en e caso de muestras de origen terrestre
(Figura9).
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Figura 8 | Sondeo de muestras acuaticas (marinas y lagos) y terrestres distribuidas por el Planeta que han sido
analizadas a nivel de secuenciacién de DNA y taxonomia microbiana (en azul) y enzimatico (en rojo) por técnicas meta-
gendmicas. Como se observa en la figura, solo un nimero muy limitado de lugares ha sido analizado en lo que respecta al
andlisis de actividades enzimaticas. El mapa ha sido creado con programas de language R (2008) y el paquete
OpenStreetMap (Eugster and Schlesinger, 2012) usando un mapa tipo “mapquest-aerial’. La figura incluye estudios
publicados (en los que constan las coordenadas GPS), usando las bases de datos SCOPUS, PubMed, WOK y IMG/M
(http://www.jgi.doe.gov/). Como se muestra en la figura, se ha analizado el contenido genético y/o diversidad de
comunidades microbianas de aproximadamente 1,800 lugares, y solo en 188 (o 11% del total) se han identificado y
estudiado enzimas. Por lo tanto solo una pequefia fraccién de los habitats presentes en el Planeta ha sido sometida a

intensos programas de busqueda de actividades de interés.

Estos numeros reflgan e bgjo nivel de
estudio de las enzimas de microorganismos de
ambientes acuéticos, incluidos hébitats marinos y
lagos de bagja sdinidad. Esto nos lleva a una
pregunta: ¢Es posible que las enzimas marinas
tengan menos interés 0 menores niveles de
actividad o potencial biotecnoldgico y por €elo
hayan sido sometidos a menos estudio? La
respuesta es no, por multiples razones. Primera,
porque como quedard reflejado en la presente
Tesis Doctoral las enzimas marinas poseen
actividades y caracteristicas Unicas que las hacen
de interés tanto a nivel basico como aplicado.
Segunda, porgue en la actualidad solo hay una
empresa que comercidliza enzimas marinas,
ArticZymes (http://arcticzymes.com), y hay que
conseguir aumentar el mercado de las mismas.
Tercera, porque los habitats marinos estan
caracterizados por condiciones geoquimicas muy
diferentes y heterogéneas, no solo entre los
diferentes hébitats que lo componen, sino
también en relacidn a otro tipo de ambientes. En
particular, dichas caracteristicas incluyen
diferentes niveles de profundidad, concentracion
de oxigeno, sdinidad (http://water.usgs.gov/
edu/earthwherewater.html), temperatura, presion,
aporte de nutrientes y actividad antropogeénica
(por gemplo, la presencia de vertidos de crudo)

(Harrison et al., 2013). Dichas condiciones
pueden influir en la distribucion y diversidad de
las poblaciones microbianas y también en las
actividades y mecanismos de adaptacion de las
enzimas gue éstas poseen.
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Figura 9 | Distribucién del nimero de enzimas y/o
clones activos identificados en estudios de
metagenémica funcional empleando librerias de clones
procedentes de comunidades microbianas de muestras
de diferente procedencia. La figura insertada muestra
el porcentaje relativo de lugares sometidos a rastreo
de enzimas por técnicas metagendmicos.
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A continuacién se detallan algunos ambientes
acuaicos caracterizados por  propiedades
geoquimicas muy diferentes que han sido
explorados a nivel de rastreo de enzimas en la
presente Tesis Doctoral y que pueden constituir
la base de conocimiento basico y aplicado. Se
trata de habitats que han sido poco explorados
hastalafechaen lo que a aislamiento de enzimas
de refiere y que han constituido la base de la
presente Tesis Doctoral .

1. 7 Fosas marinas profundas
del Mar Mediterraneo: fuente
inexplorada de poli-extremo-
enzimas

El primer gemplo, lo constituyen aguellos
habitats que han permitido e desarrollo de
comunidades microbianas autéctonas que han
sufrido pequefas fluctuaciones ambientaes: las
fosas marinas creadas en el Mar Mediterraneo.
La crisis sdina del Messiniense (subdivision
comprendida entre los 7.2 y los 5.3 millones de
anos) fue un periodo en la historia geol6gica del
Mediterrdneo caracterizado por una acumulacion
masiva de sal en su fondo y que probablemente
incluyd un periodo de desecacién casi completa
a quedar adado € Mar Mediterrdneo del
Océano Atlantico. Como consecuencia de la
ruptura del balance hidrico entre ambos se
produjo la progresiva desecacion  del
Mediterrdneo (Hsl et al., 1973), apareciendo en
su fondo enormes depdsitos residuales de agua
hipersdina. La estabilidad actua de estas
formaciones viene marcada por un compromiso
entre la topografia de la zona, su conveniente
proteccion frente a las corrientes marinas y una
permanente reposicion de sal aportada por la
disolucion de los depositos circundantes (Cita et
al., 2006). Las primeras fosas se descubrieron en
el afo 1993, habiéndose descrito hasta lafecha al
menos una docena de ellas. Algunos gjemplos de
estos ambientes son las fosas Hephaestus,
Bannock, Tyro, Kryos, Discovery, L’Atalante,
Urania y Medee (MEDRIFF Consortium,
1995; Wallman et al., 1997; Westbrook et al.,
2002; Cita et al., 2006; Daffonchio et al., 2006;
Alexander et al., 2009; Borin et al., 2009; La
Cono et al., 2011; Ferrer et al., 2012; Smedile et
al., 2013; Yakimov et al., 2013). Las cuatro
Gltimas se ubican en la llamada “regién de las
fosas hipersalinas andxicas”, area vecina a la
dorsal mediterrdnea en la cua todavia se espera
encontrar mas de estas formaciones. La
profundidad media de las mismas oscila
aproximadamente entre los 2,150 y los 5,000 m.

La Figura 10 muestra la localizacion de las
principales fosas marinas identificadas en el Mar
Mediterrdneo, con un detale de agquellas que se
han estudiado en |a presente Tesis Doctoral.

Figura 10 | Mapa global de la localizacién de las
principales fosas marinas profundas en el Mar
Mediterraneo identificadas y estudiadas en esta Tesis
Doctoral.

Una de las primeras preguntas que puede
surgir en relacion a estas fosas marinas, es ¢Cua
€s su tamano? Sirva como gemplo, la reciente
fosa marina Medee (Yakimov et al., 2013) que
presenta una superficie de 110 km” (la sexta parte
de la superficie de la ciudad de Madrid) y un
volumen de 9 km® (Figura 11).

Una segunda pregunta es ¢Cual es el nivel de
salinidad en dichas fosas? La concentracion de
sal de las fosas marinas hipersalinas varia entre
283 (para Urania) y 487 (para Discovery) g/L,
gue es significativamente superior a la salinidad
del agua de mar (38.5 g/L). Dicho esto cabe
mencionar, que algunas de estas fosas presentan
una salinidad similar a la del agua marina; es €
caso de la fosa Matapan (Smedile et al., 2013),
cuya sdinidad es de 386 ¢g/L. Como
consecuencia de la mayor densidad de esta agua
saturada estas fosas estan separadas del resto de
lamasa salina por una fina pero muy estable capa
gue dificulta no solo los intercambios quimicos,
sino también, microbianos. Los factores
principales que condicionan que la vida
microbiana es posible en estos ambientes
hipersalinos son la fata de oxigeno, la dta
presion (>200 bares) y la temperatura estable de
aproximadamente 14-16.5°C (Filker et al., 2013).
Hay que destacar, que la temperatura es una de
las caracteristicas mas relevantes  que
caracterizan las profundidades del Mar
Mediterréneo, ya que se trata del Unico lugar
marino profundo con una temperatura de 14-
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16.5°C, mientras que en otros lugares esta
cercana a los 4°C. Las caracteristicas geo-

quimicos de las principaes fosas se resumen en
laTabla 1.

Onggee diecermieata, prd
LLL L) LRl s
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Figura 11 | A. Mapa
global de la localizacién
de la fosa marina Medee.
Los paneles B y C
muestran la superficie y
los parametros
geoquimicos principales
que caracterizan cada

una de las interfases
presentes en la fosa.
Las interfaces se forman
principalmente debido
a las diferencias en la
concentracion de sal.

las mas abundantes (Borin et al., 2009). Pese a
ello, existen Procariotas que se encuentran muy
representados en agunas de ellas, en particular,
las arqueas del grupo MSBL y bacterias del
grupo KB1, muy abundantes en las fosas Medee
(Figura 12) (Yakimov et al., 2013). En € caso de
la fosa Matapan (Smedile et al., 2013), la més
profunda (4,908 m) de las descubiertas hasta la

1000 =
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Fosa| Prof.(m)| Sal.(g/kg)| T(°C)| pH| [O]]

M 3010 347.80| 15.1|6.87 0

K 3340 313.92| 165| 6.7 0

B 3342 263.20| 14.5|6.55 0

TH 3258 348| 145 - 0

U 3493 283| 16.0 - 0

TY 3500 411 155 -| 05

D 3581 480 15.0 -| 05

MT 4908 38.6| 143/812| 5.0

Tabla 1 | Parametros geoquimicos de las fosas
marinas mas representativas en el Mar Mediterraneo.
Abreviaturas: Medee (M), Kryos (K), Bannock (B),
Thetis (TH), Urania (U), Tyro (TY), Discovery (D)
Matapan (MT), Prof. (Profundidad), Sal. (Salinidad), T
(Temperatura), [0z] (Concentracién de oxigeno en
mL/L).

Dada las condiciones de poli-extremofilia
(salinidad, temperatura, presion y concentracion
de O,) que caracterizan las fosas marinas, solo
unas pocas especies de anaerobios son capaces de
soportar estas condiciones (Wallman et al., 1997,
Westbrook et al., 2002; Cita et al., 2006;
Daffonchio et al., 2006; Borin et al., 2009;
Timmis et al., 2010; La Cono et al., 2011; Oren,
2011; Andrei et al., 2012; Ferrer et al., 2012;
Smedile et al., 2013; Yakimov et al., 2013).
Segun sus caracteristicas, las fosas no solo se
diferencian a nivel geogquimico, sino también por
gran variedad de diferentes microorganismos que
las habitan, si bien las d- y e-Proteobacterias son

fecha, podemos encontrar como bacteria
mayoritaria Alteromonas macleodii, que participa
en reacciones de fijacion de CO, autétrofo y
reacciones anaplerdticas (Smedile et al., 2013).
Se han encontrado también Eucariotas en la fosa
Thetis (3,258 m de profundidad) (Stock et al.,
2012).

Pese a que se ha empezado a conocer
ampliamente |la diversidad microbiana de estas
fosas (Ferrer et al., 2012; Yakimov et al., 2013),
pocas son las enzimas que se han estudiado en las
mismas, de hecho solo se han caracterizado 5
esterasas de la fosa Urania (Ferrer et al., 2005).
Esto se debe principalmente a su dificil acceso y
a la falta de métodos que permitan extraer DNA
de suficiente calidad. Dicho esto, una pregunta
que puede surgir es. ¢Cuantas enzimas
microbianas de ambientes profundos, incluidas
las fosas marinas del Mar Mediterraneo, se
conocen? ¢(Qué se conoce de ellas a nivel
estructural y a nivel bioquimico? Por otro lado,
¢Dado que las fosas marinas presentan
caracteristicas de  poli-extremofilia  (ata
salinidad, alta presion y bgja-media temperatura),
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muestran sus enzimas propiedades y estructuras
adaptadas a tales condiciones de forma diferente
a las que presentan otras enzimas de otros
ambientes extremos?

Obtener este tipo de informacion es de gran
interés dada la importancia de definir € efecto
combinado de valores extremos de sainidad,
presién y temperatura en la diversdad y
adaptacion microbianay la actividad y estructura
de las proteinas. Sin embargo poco se conoce a
nivel enzimético; una busgueda exhaustiva en las
bases de datos revela que la mayoria de las
enzimas del fondo marino publicadas hagsta la
fecha han sido de ambientes frios (4°C) o
ambientes hidrotermales ligeramente salinos (ver
detalles en la Tabla S1 en Alcaide et al., 2014),
junto con el previamente mencionado trabajo de

Archasa

1. 8 Fumarolas hidrotermales:

fuente inexplorada de extremo-
enzimas de macro-organismos
que la habitan

Un g emplo de ambiente marino en el que las
comunidades microbianas y los macro-
organismos que la habitan han sido poco
explorados 1o congtituyen las fumarolas
hidrotermales. La primera fue descubierta en
1977 (Prieur et al., 1995) y se caracterizan por
una temperatura por encima de los 350°C en €
origen de la zona de emision de gases.

Una de las caracteristicas méas peculiares de

lafosa Urania (Ferrer et al., 2005). Por otro lado,
solo se han caracterizado estructuramente 6
proteinas de organismos cultivables del fondo
marino (De Vos et al., 2006; Shirai et al., 2008;
Xu et al., 2008; Shin et al., 2009; Sineva and
Davydov, 2010; Pietra, 2012); hay que
mencionar que ninguna de estas enzimas ha sido
aidada de habitats que reflgjen valores extremos
de sdinidad, preson |y  temperatura
conjuntamente. Por lo tanto, la identificacion y
caracterizacion bioquimica y estructural de
nuevas enzimas obtenidas de tales ambientes
puede aportar nuevas informaciones en lo que a
potenciad bésico y aplicado de las mismas se
refiere.

Figura 12 |
Arbol
filogenético de
los grupos
taxonomicos
principales
encontrados
en la fosa
3 s marina Medee
T e (Yakimov et
- al, 2013).

Bacteria

estos ambientes es la presencia de una alta
densidad de macro-organismos que son
portadores de bacterias simbiontes y epibiontes,
cuya diversidad ha comenzado a conocerse
recientemente. Las bacterias simbiontes vy
epibiontes constituyen la base de la cadena
aimentaria en los sistemas eco-qui mio-sintéticos
marinos y constituyen la base para la extraccion
de fuentes de energia. Las primeras bacterias
simbiontes, identificadas en 1981, fueron las
bacterias quicio-litétrofas del  gusano Riftia
pachyptila en € Pacifico;, éstas bacterias son
capaces usar compuestos de azufre como fuente
energética. Posteriormente, en 1985 se
descubrieron los primeros simbiontes que utilizan
metano como fuente de energia; éstos se
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descubrieron en los mejillones procedentes de
filtrados de hidrocarburos en el Golfo de México
(Petersen et al., 2011; Anderson et al., 2014).

La gamba Rimicaris exoculata (Williams y
Rona, 1986) domina la fauna en muchas
fumarolas hidrotermales de la dorsal Atlantica
(<2,320 m de profundidad). R. exoculata vive en
zonas cercanas a las chimeneas en el gradiente
entre los fluidos hidrotermales y el agua marina,
gue tiene una temperatura entre 3 y 25°C (media
de 8.7°C). La sdlinidad media, debido a las
caracteristicas especiaes de estos ambientes, es
inferior a la del agua de mar y en € caso
particular de la dorsal Atléntica (Figura 13) se
sitia arededor de 23 g/l de sd. Estudios
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recientes han demostrado que R. exoculata posee
una densa comunidad bacteriana en sus agallas
(Schmidt et al., 2008). Estas contribuyen a la
utilizacion de compuestos reducidos de azufre,
hidrogeno y metano (Schmidt et al., 2008;
Petersen et al., 2011), lo que proporciona energia
y nutrientes a huésped, incapaz de metabolizar
tales compuestos. Asi mismo, dichos micro-
organismos son capaces de metabolizar
compuestos inorganicos y organicos procedentes
de la columna de agua o del fluido hidrotermal
(nitratos, fosfatos, sulfatos, bicarbonato,
vitaminas, aminoé&cidos, policarbonatos, etc.
(Charlaou et al., 2002; Zbinden et al., 2008;
Hugler et al., 2011; Konn et al., 2011; Guri et al.,
2012; Wah! et al., 2012; Ponsard et al., 2013).

. FErDH

Figura 13 |
A. Mapa
global de la
localizacién
de la dorsal
Atlantica
[t donde
existen
fumarolas
I hidroterma
les donde
habita R

PR exoculata.

Aunque e fondo marino es un hébitat para
macro-organismos 'y las  comunidades
microbianas asociadas a los mismos, hasta la
fecha en que esta Tesis Doctoral fue escrita, no
se habian descrito enzimas de microorganismos
(simbiontes o0 epibiontes) asociadas a macro-
organismos de ambientes profundos, incluidos
aquellos que habitan fumarolas marinas. De
forma minoritaria solo se ha descrito un pequefio
nimero de enzimas bacterianas asociadas a
esponjas y moluscos marinos (Karpushova et al.,
2005; Okamura et al., 2010; Selvin et al., 2012;
Kim et al., 2011; Sim et al., 2012), ninguno de
los cuales procede de ambientes profundos
(profundidad inferior a 200 m). Entre las enzimas
caracterizadas se encuentran 3 esterasas de
esponjas marinas (Karpushova et al., 2005;
Okamura et al., 2010; Selvin et al., 2012), y una
celulasa y una dginato liasa (Kim et al., 2011,
Sim et al.,, 2012) de moluscos marinos. La
mayoria de estas enzimas presentan una
homologia a nivel de secuencia de aminoécidos
del 54-100% a secuencias de enzimas homdlogas
descritas en las bases de datos, son halo-

tolerantes y son mas activas a pH cercano a la
neutralidad y a 40°C. Mientras que una esterasa
asociada a la esponja Hyrtios erecta retiene mas
del 60% de su actividad en e rango 30-50°C
(Okamura et al., 2010), una lipasa de la esponja
Haliclona simulans es capaz de mantener tales
niveles de actividad a 10-80°C (Selvin et al.,
2012). Labajainformacién bioquimica de éstas y
otras enzimas asociadas a macro-organismos de
ambientes profundos, limita nuestro
conocimiento sobre las caracteristicas 'y
adaptaciones ambientales y e  potencia
bi otecnol 6gico de las mismas

1.9 Contaminacion
antropogénica en ambientes
marinos: ;fuente de promiscuidad
enzimatica?

La influencia antropogénica ha marcado
claramente los ambientes acuéticos, en particul ar,
los marinos. Asi las aguas pueden verse

sometidas a constantes vertidos que hacen que
los microorganismos que habitan dichos
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ambientes cambien sus fuentes de carbono y se
enfrenten a especies quimicas a las que antes no
se habian enfrentado (Dafoncchio et al., 2013).
Hasta qué punto las enzimas de dichos
organismos evolucionan para poder asimilar
dichos nutrientes 0 moléculas y cudles son las
bases moleculares y estructurales que lo
favorecen, esta aln por esclarecer a nivel
enzimético.

Los hidrocarburos en los sistemas marinos
pueden proceder de filtraciones naturales de

petréleo y de depositos de gas natural, ademas de
de accidentes de transporte de petrdleo y

& - e ':n'?“

Hasta hace poco tiempo no se conocian
verdaderos microorgani Smos marinos capaces de
degradar hidrocarburos. A diferencia de sus
homal ogos terrestres que son muy versatiles, 1os
microorganismos marinos degradadores han
demostrado ser muy especidizados. Hasta la
fecha, la mayoria de estos microorganismos
pertenecen a sélo 19 géneros de bacterias, entre
las que cabe mencionar Alcanivorax,
Marinobacter, Thallassolituus, Cycloclasticus, y
Oleispira (Yakimov et al., 2007), entre los méas
conocidos. Estudios recientes han revelado que,
pese a su importancia en la biodegradacion
natural de crudo, poco se sabe sobre € arsenal
enzimatico de éstos u otros microorganismos que
pueblan ambientes contaminados de forma
cronica. Esto contrasta con e hecho de que
investigaciones recientes han demostrado que las
enzimas (p.e. esterasas) de estas bacterias
presentan actividades especificas y una
especificidad de sustrato superiores a las de
enzimas modelo comerciales (Kube et al., 2013;
Tchigvintsev et al., 2014). Asi mismo, pese aque
la mayoria de estos organismos estédn adaptados a
una baja temperatura (0-25°C), presentan un

deliberadas descargas 0 accidentes como los
ocurridos en € Golfo de Mexico (Frodie et al.,
2011; Gonzalez-Lozano et al., 2010), y en la
costa gallega (Laffon et al., 2014). LaFigura 14
muestra la localizacion de las zonas marinas
donde se han producido vertidos. Como se puede
apreciar en la figura, existen miles de lugares
donde se han reportado vertidos accidentales de
crudo. Algunas de las zonas donde més vertidos
se han producido se localizan en d Mar
Mediterrdneo, Mar del Norte y zonas contiguas.

Figura 14 | Mapa
global de la

. localizacién de zonas
marinas donde se han
constatado vertidos
de crudo.

arsenal de enzimas muy versatil ya que pueden
actuar eficazmente en un rango que oscila entre
los 4y los 65°C (Kube et al., 2013; Tchigvintsev
et al., 2014).

Hasta qué punto la introduccién en e medio
ambiente de especies quimicas diferentes a las
presentes de forma natura (por egemplo,
moléculas presentes en € crudo), pueden alterar
0 modular las actividades enziméticas presentes
en comunidades microbianas autéctonas, es un
aspecto del que poco se conoce. Es éste un
aspecto gue se ha tratado de investigar con éxito
en lapresente Tesis Doctoral.

1. 10 Lagos salinos poco
profundos: habitats accesibles
pero poco explorados

A diferencia de las fosas marinas del Mar
Mediterrdneo que han permanecido inateradas

durante millones de afios, hay ambientes que han
sufrido modificaciones en una escala geoldgica
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menor, en 1o que a variaciones en la salinidad se
refiere. Un gemplo lo constituyen los lagos
cargticos, que son lagos que se aojan en una
depresion cérstica (dolina, uvaa, poljé), que se
ha producido por la disolucién de las calizas. En
lamayoria de estos lagos tanto la alimentacion de
los rios afluentes como el rio emisario, se hace
gracias a rios subterraneos. Un gemplo es €
Lago Arreo (Figura 15), con una temperatura
gue fluctla entre 4.7 y 19.8 °C seguiin los meses
del afio y con una profundidad maxima de 24.8
m. Este Lago, localizado al noroeste de Esparia,
contiene propiedades de halofilia moderada (<1
g/L) (Gonzélez-Mozo et al., 2000; Corella et al.,
2011) y congtituye el lago carstico més profundo
en Europa. Otro gemplo lo constituye la Laguna
de Carrizo en Madrid (Ferrer et al., 2011).

¢Qué se sabe de las enzimas de este tipo de
ambientes? La respuesta es que si bien se conoce
la diversidad microbiana y eucariota en los
mismos (Gonzélez-Mozo et al., 2000; Corella et
al., 2011; Ferrer et al., 2011), no se han descrito
apenas enzimas de estos ambientes (Martinez-
Martinez et al., 2013). Hasta qué punto la
presencia de bagjas concentraciones de sd y la
bgj a-moderada temperatura del agua son factores
gue han permitido la evolucion de determinadas
caracteristicas enziméticas, esta por investigar.
Este es también un aspecto que se ha tratado de
investigar con éxito en la presente Tess
Doctoral.

1.11 Esterasas y lipasas: un
caso de estudio practico

Lo expuesto en las secciones anteriores
resume la limitada informacion a nivel de
enzimas en un amplio nimero de hébitats de
nuestro Planeta, y en particular, en ambientes
acudticos. Dado que un objetivo principal en los
grupos de investigacion es encontrar enzimas con
caracteristicas singulares que sean de interés en
estudios bésicos de estructurafuncion y en
biotecnologia es necesario profundizar en el
andlisis de la bioguimica y las estructuras de
nuevas enzimas en habitats unicos, incluidos
aquellos sometidos a condiciones extremas, ya
sea por sus condiciones fisico/quimicas
ambientales o0 por su situacion geogréfica
Claramente, estos ambientes pueden albergar una
biodiversidad enzimética que en algin caso
puede ser muy diferente a la conocida hasta la
fecha

Figura 15 | Modelos tridimensionales de la cuenca del
lago de Arreo. Las lineas marrén y amarilla de trazo
discontinuo representa el limite de la cuenca. La linea
azul continua muestra el trazado del arroyo del Lago y
la discontinua la de un pequefio cauce temporal. Las
areas verdes se corresponden con las formaciones
palustres presentes en la cuenca y en azul con la
lamina de agua del lago. Los nimeros que aparecen en
el mapa y en las fotos se corresponde con: Prao
Segundo (1), Prao Tercero (2), manantial salino (3),
lago de Arreo (4) y fuente del Hambre (5).

Una vez que se ha concretado € primer
objetivo, concretamente identificar nuevas
enzimas de habitats poco explorados, € siguiente
objetivo es concretar e tipo de enzimas a
estudiar. Un grupo de enzimas de amplio interés
lo congtituyen las enzimas esterasa-lipasa, un
grupo de enzimas gue se encuentran ampliamente
digtribuidas en la naturaleza, tanto en animales 'y
plantas como en mi croorgani smos.
Independientemente de su naturaleza, todas ellas
tienen una actividad comin: catalizan la
hidrolisis de los enlaces ésteres formados entre
un &cido y un acohol (Ro et al., 2004). Las
lipasas son especificas para acilgliceroles con
acidos grasos de cadena larga (>10 aomos de
carbono), siendo la trioleina su sustrato de
referencia, mientras que las esterasas actlan
especificamente sobre acilgliceroles de cadena
corta (<10 aomos de carbono), y otros ésteres
simples, siendo la tributirina su sustrato estandar.
Las lipasas muestran preferencia por sustratos
atamente hidréfobos, insolubles y agregados,
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presentando sitios de unién a sustrato largos para
poder acomodar a acido graso (Reyes-Duarte et
al., 2005). Las esterasas, por € contrario, actlan
sobre sustratos més solubles y con un grado de
hidrofobicidad més variable. Ademas las lipasas
muestran un nimero mayor de aminoacidos no
polares localizados en las zonas expuestas d
solvente y en la region del centro activo en
comparacion con las esterasas, asi como un rango
de sustrato mas amplio y estéreo-especificidad y
regio-selectividad mayor (Fojan et al., 2000).
Pese a estas diferencias, ambas no requieren
cofactores, suelen ser estables y son activas en
disolventes organicos, 1o que las convierte en
biocatalizadores de amplio espectro y de interés
industrial.

Arpigny y Jaeger (1999) realizaron una
clasificacion, dividiendo las esterasas-lipasas
descritas en 8 familias de lipasas bacterianas en
funcion de la smilitud de secuencias de
aminoé&cidos y algunas propiedades bioquimicas.
Esta clasificacion ha venido actualizandose
debido a la identificacién de nuevas enzimas y
secuencias (Hausmann y Jaeger 2010; Kourist et
al., 2010).

Estructuralmente las esterasas-lipasas suelen
presentar un plegamiento tipico de las o/f
hidrolasas, y contienen mayoritariamente una
triada catalitica constituida por Ser-Asp-His
(Arping y Jaeger 1999; Hausmann y Jaeger 2010;
Kourist et al., 2010. Algunas lipasas presentan
cambios (Arping y Jaeger 1999), tales como: i) la
sustitucién de Glu en lugar de Asp; ii) la
sustitucion del motivo Gly-x-Ser-x-Gly cerca de
la Serina del centro activo, por la secuencia
consenso GDSL (Gly-Asp-Ser-Leu); vy iii) y que
la triada Ser-Asp-His en agunos casos es
sustituida por una diada catalitica Ser-His. Pese
a estos cambios, € mecanismo para la formacion
o hidrdlisis de los enlaces éster es esencialmente
el mismo para lipasas y esterasas y consiste en
cuatro pasos (Navarro-Gonzdlez y Pariego,
2012) que se resumen en la Figura 16: (1) en
primer lugar se une d sustrato a la enzima,
después se produce e ataque nucleofilico por
parte del grupo hidroxilo de la serina catalitica
sobre el enlace éster del sustrato. Este ataque
nucleofilico inicial forma un tetraedro intermedio
gue es estabilizado por la presencia de dos
glicinas cercanas al centro activo, formando €l
centro oxianiénico; (2) este tetraedro es
rapidamente descompuesto, con la ayuda de la
histidina protonada, 1o que provoca la liberacion
del alcohol del enlace ester y la formacion del
complgjo acil-enzima; (3) a continuacion, el
complgo acil-enzima es atacado por una

molécula de agua, con la ayuda de la histidina,
formandose un segundo tetraedro intermedio; y
(4) finamente después de la formacion del
tetraedro intermedio, se produce la liberacion del
acido graso y como consecuencia de €lo la
regeneracion del centro activo (generando una
nueva enzimalibre).

Las esterasas y lipasas son el tercer gran
grupo de enzimas comerciales, después de las
proteasas y de las carbohidrasas, y son
consideradas entre uno de los principales grupos
de enzimas que producen mas beneficios. Entre
las aplicaciones tecnoldgicas més importantes
destacan las siguientes (Plou et al., 2003;
Navarro-Gonzélez et al., 2012):

1. Industria farmacéutica y quimica (Mufioz-
Solano et al.,, 2012): gemplos de su
utilizacion en procesos quimicos son la
hidrolisis enzimética de ésteres para la
obtencion de intermedios en la sintesis de
paroxentina, que es un potente antidepresivo
(Guisan et al.,, 2002), la sintess de
antibioticos B-lactamicos (Sanchez-Ferrer et
al., 2007), y la sintesis de ésteres de azlcares
con actividad antitumoral (Ferrer et al.,
1999).

2. Industria dimentariaz €emplos de su
utilizacion en la industria panadera son la
ferulail esterasa de Streptomyces
thermocarboxydus empleada como
coadyuvante tecnolégico en los procesos de
panificacion de masas de harina (Copa et al.,
2006); eemplos en la industria de los
aditivos aimentarios lo congtituyen la
reaccion para la liberacion de los ésteres de
carotenoides se emplean esterasas y lipasas
procedentes de Pseudomonas fluorescens y
Pseudomonas alcaligenes (Ralf et al., 2007,
Harrison et al., 2000); aplicaciones en la
industria lactea son aquellas derivadas de su
capacidad de hidrdlisis ya que las lipasas
juegan un papel importante en la preparacion
de saborizantes con sabor a queso (Silvert et
al., 2007; Esteban-Torres et al., 2014) y en la
industria de grasas y aceites, ya que, por
gemplo las grasas con menor vaor
comercial pueden ser convertidas en grasas
con un mayor valor comercial (Sharmaet al.,
2001). Recientemente las lipasas se han
empleado con éxito en la produccion de
antioxidantes fendlicos (Torres et al.,2010,
2012; Medinaet al., 2010).

3. Industrial de detergentes y agentes
limpiadores. las esterasas y lipasas pueden
ser empleadas como aditivos ya gque son
activas a altas temperaturas y pH alcalino;

CAPi TULO 1 | INTRODUCCION GENERAL| 31



ademas son esenciales en la produccién de
jabon, lavavgjillas, disolventes de limpieza
en seco y limpieza de lentes de contacto.

La presente Tesis Doctoral se ha centrado en
el estudio de esterasas y lipasas. Como se ha
comentado anteriormente, éstas han sido
seleccionadas por varias razones. Primero,
porgue con enzimas ampliamente estudiadas en
la bibliografia y existe un amplio numero de
datos bioquimicos y estructurales que nos
permitirdn  estudios comparativos. Segundo,
porgue son pocas las enzimas de este tipo que
han sido estudiadas en hébitats acudticos, y la
identificacion y caracterizacion bioquimica y
estructural, puede ayudar a entender el potencial
basico y aplicado de las mismas en € contexto de
la informacion para enzimas de otros ambientes.
En este sentido, hasta la fecha en la que la
presente Tesis Doctoral fue escrita no se habia
descrito hasta la fecha la estructura de ninguna
enzima con actividad esterasas y/o lipasa en
ambientes marinos profundos. Tercero, porque en

ser usadas como marcadores para € estudio de
mecanismos de adaptacion de las proteinas a
condiciones de poli-extremofilia. Cuarto, porque
constituyen uno de los biocatalizadores de mayor
proyeccion biotecnologica (Jaeger y Eggert,
2002; Turner y Truppo, 2013).

Pese a que esterasas y lipasas constituyen la
base principal objeto de estudio en la presente
Tesis Doctoral, a modo comparativo se han
estudiado otras enzimas, en particular,
glicosidasas, ado-ceto reductasas y lactato
dehidrogenasas, que iguamente han sido poco
estudiadas en los ambientes investigados en la
presente Tesis Doctora. Aungue conocemos los
avances que se estan desarrollando en e disefio
de megjores erramientas de clonacion y expresion
de DNA metagendémico y sistemas de rastreo
(screening) que permitan aumentar la eficacia de
los sitemas de busgueda de enzimas en librerias
de clones o0 secuencias obtenidas por
secuenciacion masiva, la presente Tesis Doctoral
emplea herramientas y ensayos cominmente
usados, ya que entendemos que con ellos es

el marco de estudios anteriores y 1os presentados posible abarcar una amplia diversidad
en esta Tesis Doctoral son enzimas que pueden enzimética.
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Figura 16 | Mecanismo de actuacion de las enzimas esterasas-lipasas (adaptado de Stock et al., 2004).
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FINALIDAD Y OBJETIVOS

El Objetivo general de la presente Tesis Doctoral es acceder a una amplia diversidad
enzimatica, mediante el desarrollo y aplicacion de métodos metagendmicos. Se pretende con ello
proporcionar una amplia coleccion de enzimas, y un entendimiento detallado de los
mecanismos subyacentes a las caracteristicas biogquimicas y fisico-quimicas de las mismas en €
marco de factores estructurales y ambientales. Estos objetivos ambiciosos se conseguiran
mediante |os siguientes sub-objetivos especificos:

* Objetivo 1. Obtener una amplia coleccion de enzimas de comunidades microbianas
autéctonas de ecosistemas de diferente procedencia, en particular aquellos poco estudiados hasta
la fecha, para garantizar € acceso a una amplia biodiversidad. Se emplearan técnicas
metagenomicas para € rastreo funcional, en librerias de clones creadas a partir de DNA
microbiano procedente de muestras de origen marino y carstico, de enzimas con ato potencial
biotecnol 6gico, que incluyen esterasasy lipasas, como objetivo principal, asi como otras enzimas
de interés como glicosidasas, aldo-ceto reductasasy lactato dehidr ogenasas.

* Objetivo 2. Generar una amplia base de datos de secuencias y datos bioquimicos de las
enzimas aisladas. Para ello tras los rastreos funcionales se procedera a la secuenciacion de los
fragmentos de DNA que contienen las enzimas de interés y, tras identificar las secuencias que
codifican dichas enzimas, se procedera a la clonacién de los genes correspondientes, y a la
expresion, purificacion y caracterizacion de las enzimas objeto de estudio.

* Objetivo 3. Proporcionar un entendimiento detallado de las especificidades de sustrato
y caracteristicas fisico-quimicas de las enzimas objeto de estudio, y generar una amplia coleccion
de datos estructurales de las enzimas con mayor relevancia a nivel de actividad y secuencia. Se
pretende con €elo sugerir los factores estructurales responsables de las correspondientes
caracteristicas enzimaticas y € posible efecto de las condiciones geoquimicas de los habitats de
procedencia sobre la promiscuidad y mecanismos de adaptacion. Para €ello, las enzimas mas
prometedoras se someteran a fermentaciones con alta densidad celular y técnicas de cristalizacion
de proteinas, junto con técnicas de mutagéenesis.
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CAPITULO 2
ESTERASAS DEL LAGO ARREO

RESUVEN DEL CONTENI DO

En este primer capitulo presentamos la identificacion y e andlisis bioquimico de siete enzimas con
actividad esterasa/lipasa obtenidas mediante rastreos funcionales en una libreria metagenémica de
comunidades microbianas presentes en una muestra de sedimentos del Lago de Arreo. Se trata de un lago de
origen carstico localizado en € norte de Espafia (42°46'N, 2°59'W) y a 655 m de altitud, que presenta una
temperatura media que fluctta entre los 4.7 y 19.8 °C, segun los meses del afio, y una profundidad méxima
de 24.8 m. El Lago de Arreo es uno de los pocos lagos cérsticos en Europa de mayor profundidad que se han
desarrollado en formaciones de yeso.

Para ello se han utilizado técnicas metagendmicas, incluidas rastreos de actividad en librerias de
fosmidos (pCCFOS), secuenciacion masiva del DNA de los clones positivos y técnicas bioinforméticas para
la identificacion de marcos de lectura abiertas que codifican las enzimas de interés. Posteriormente se han
empleado técnicas de biologia molecular para la expresion en la bacteria Escherichia coli de los genes que
codifican las enzimas de interés, asi como la posterior produccién a pequefia escala y purificacion con la
ayuda de colas de 6-histidinas. EI empleo de técnicas bioguimicas, incluidos ensayos espectrof otométricos
parala determinacion de parametros Optimos, especificidad de sustrato y célculo de actividades especificas y
constantes cinéticas, permitié posteriormente la caracterizacion de las mismas. Finalmente se han realizado
estudios comparativos a nivel de secuencia de aminoécidos y de frecuencia de tetra-nucledtidos para
determinar no solo la similitud y novedad de las secuencias obtenidas sino también el posible origen
microbiano de las mismas.

Tras rastrear con un sustrato modelo (acetato de naftilo) un total de 11,520 clones (342 Mpb) se
obtuvieron 10 clones positivos. Esto supone unaincidencia de 1 clon positivo por cada 1,152 clones. Tras la
secuenciacion del DNA contenido en los mismos se identificaron 378 genes que codificaban proteinas, de los
gue 7 eran genes que codificaban presuntas esterasas de |la super-familia de las a/B-hidrolasas. La masa
molecular y el punto isoeléctrico de las enzimas estudiadas oscila entre 24,329 y 34,003 Da, y 4.78 y 10.04,
respectivamente. A nivel de secuencia las enzimas identificadas y analizadas presentan homologias a nivel
de identidad entre el 25% y el 54%. El pH Optimo varia entre 8.0 y 8.5, la temperatura dptima de actividad
oscilaentrelos 12 y los 40°C y las concentraciones de sal (NaCl) para actividad éptima varian entre Oy 1.2
M. Las 7 enzimas proceden de bacterias del filo Proteobacteria, en particular de los géneros
Cupriavidus/Ralstonia (2), Methylobacterium (1), Rhizobium (1), Azotobacter/Azospirillum (1),
Sphingomonas (1) y Burkholderia (1). Estos datos demuestran la presencia en € Lago de Arreo de
proteobacterias que contienen enzimas moderadamente hal éfilas y que estan adaptados a bajas temperaturas.
El andlisis de la especificidad de sustrato, testeada sobre un conjunto de 101 ésteres estructuralmente
diversos, demostrd posteriormente perfiles de reactividad muy diferentes entre si y en comparacion con otras
6 preparaciones enzimaticas comerciales con actividad esterasa y lipasa. En particular, una de las enzimas
(LAES6) presenta reactividades y caracteristicas superiores a las de la mejor enzima en su clase usada en
procesos industriales (CaB) y es ampliamente promiscua, siendo capaz de transformar eficazmente
triglicéridos, ésteres de &cidos grasos halogenados y no halogenados, ésteres aromaticos, ésteres de
carbohidratos, lactonas y epodxidos quirales. Este estudio proporciona evidencias experimentales de que los e
metagenomas bacterianos de ambientes cérsticos pueden ser de un gran interés potencia para la
identificacion de enzimas de interés biotecnolégico, ya que son tolerantes a la sal, son activas a bajas
temperaturas y muestran una alta promiscuidad y enantiosel ectividad.

El CD adjunto a esta Memoria contiene Material Suplementario relacionado con este Capitul o.
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The esterases and lipases from the /3 hydrolase superfamily exhibit an enormous sequence diversity, fold plasticity, and activi-
ties. Here, we present the comprehensive sequence and biochemical analyses of seven distinct esterases and lipases from the
metagenome of Lake Arreo, an evaporite karstic lake in Spain (42°46'N, 2°59'W; altitude, 655 m). Together with oligonucleotide
usage patterns and BLASTP analysis, our study of esterases/lipases mined from Lake Arreo suggests that its sediment contains
moderately halophilic and cold-adapted proteobacteria containing DNA fragments of distantly related plasmids or chromo-
somal genomic islands of plasmid and phage origins. This metagenome encodes esterases/lipases with broad substrate profiles
(tested over a set of 101 structurally diverse esters) and habitat-specific characteristics, as they exhibit maximal activity at alka-
line pH (8.0 to 8.5) and temperature of 16 to 40°C, and they are stimulated (1.5 to 2.2 times) by chloride ions (0.1 to 1.2 M), re-
flecting an adaptation to environmental conditions. Our work provides further insights into the potential significance of the
Lake Arreo esterases/lipases for biotechnology processes (i.e., production of enantiomers and sugar esters), because these en-
zymes are salt tolerant and are active at low temperatures and against a broad range of substrates. As an example, the ability of a
single protein to hydrolyze triacylglycerols, (non)halogenated alkyl and aryl esters, cinnamoyl and carbohydrate esters, lactones,

and chiral epoxides to a similar extent was demonstrated.

Esterases and lipases from the a/f hydrolase family have re-
ceived considerable attention, because they are widely distrib-
uted within the microbial communities operating in most of en-
vironments where they have important physiological functions
(1) and because they are one of the most important groups of
biocatalysts for biotechnological applications (2—4). Upon search-
ing the list of genes using Pfam (the protein family database [5])
from the approximately 140 metagenomic projects in various
stages of sequencing on the GOLD website (Genomes OnLine
Database; http://www.genomesonline.org/) and the available se-
quences of esterases and lipases, more than 72,000 predicted es-
terases/lipases of the a/f3 hydrolase superfamily were retrieved,
which revealed the richness of uncultured biodiversity (6), to pro-
vide wide collections of such biocatalysts. This is one of the largest
protein families with available sequences. In relation to the culti-
vation-independent methods used to identify them, it should be
highlighted that sequence-based metagenomics only provide the
presumptive compositional and functional blueprint represented
in the community genome (7, 8), but at the same time, this
method causes serious problems regarding both sequencing errors
(9) and the erroneous assignment of substrate specificity (10). In
contrast, the activity-directed techniques have been shown to pro-
vide a direct view of known or new protein families and function-
alities (for examples, see references 11-22, and 23). Whatever the
platform used (i.e., either gene cloning from sequence resources
or naive activity screens), in many cases, enzyme properties have
been shown to be modulated by ecosystem characteristics (24, 25).

From the whole set of sequences available, only a limited num-
ber of metagenomically derived esterases and lipases have been
experimentally characterized (see Table S1 in the supplemental
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material), and only 27% of them (or approximately 60) have been
shown to possess characteristics likely needed for industrial oper-
ations. In this respect, useful features, such as broad substrate
specificity complemented with high activity levels under a wide
range of thermal and pH conditions and salt concentrations, sta-
bility in organic solvents, and enantio- and stereoselectivity, are
widely used for defining the potential application of esterases and
lipases in biotechnology settings (4); however, not all character-
ized enzymes match these criteria (for example, see reference 26).
Table S1 in the supplemental material provides an exhaustive list
(with biochemical characteristics) of more than 200 different es-
terases/lipases from the o/f hydrolase superfamily which have
been identified by metagenomic methods from various environ-
ments, including soils, compost piles, landfill leachate, bioreac-
tors, activated sludges, marine water, and sediment samples (in-
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cluding tidal flat sediments, deep sea samples, and water columns)
and freshwater samples (including drinking water, pond water,
rivers, and hot springs).

In the present work, we identified and successfully cloned, ex-
pressed, purified, and characterized seven esterases/lipases from
the /B hydrolase superfamily via an activity-centered metag-
enome analysis from a microbial community of an evaporite
karstic lake (Lake Arreo) in northwest Spain (42°46'N, 2°59'W;
altitude, 655 m). Our findings point to the importance of evapo-
rite karstic lakes as rich resources for novel low-temperature- and
salt-adapted a/P hydrolases that may be useful for biotechnolog-
ical applications because of their remarkable and broad substrate
profiles. The substrate spectrum of newly isolated enzymes was
compared to that of commercially available preparations, and
structural models were also used to suggest molecular features
that allow for the acceptance of different sets of substrates. Addi-
tionally, our work provided further insights into the placing of
esterases/lipases at Lake Arreo by using genome linguistics, se-
quence similarity, and activity phenotyping.

MATERIALS AND METHODS

Materials, strains, and esterase/lipase preparations. Chemicals, bio-
chemicals, and solvents were purchased from Sigma Chemical Co. (St.
Louis, MO), Aldrich (Oakville, Canada), or Fluka (Oakville, Canada) and
were of pro-analysis quality. The oligonucleotides used for DNA amplifi-
cation and sequencing were synthesized by Sigma Genosys Ltd. (Pampis-
ford, Cambs, United Kingdom) and are provided in Table S2 in the sup-
plemental material. The nickel-nitrilotriacetic acid (Ni-NTA) His - Bind
chromatographic media were from Sigma Chemical Co. (St. Louis, MO).
The Escherichia coli EPI300-T1® strain (Epicentre Biotechnologies; Mad-
ison, WI), used for the fosmid library construction and screening, and E.
coli GigaSingles for the gene cloning and BL21(DE3) for the expression
using the pET-46 Ek/LIC vector (Novagen, Darmstadt, Germany), were
cultured and maintained according to the recommendations of the sup-
pliers and standard protocols (27). Commercial esterase/lipase prepara-
tions Novozym 735 (lipase CalA from Candida antarctica), Novozym
CALB L (lipase CalB from C. antarctica), Lipolase 100L (lipase from Ther-
momyces lanuginosa), and Lipozyme RM—-Novozym 388L (lipase from
Rhizomocur miehei) were provided by Novozymes A/S (Bagsvaerd, Den-
mark). Lipase from Alcaligenes sp. was kindly donated by Meito Sangyo
Co. (Japan). Lipase from Rhizopus oryzae was obtained and prepared as
described elsewhere (28).

Selection of hydrolases derived from the evaporite karstic lake (Lake
Arreo) fosmid library. A large-insert pPCCFOS1 fosmid library was cre-
ated from the DNA of a microbial community inhabiting sediment sam-
ples from an evaporite karstic lake (Lake Arreo). Sediment sampling (10
cm deep) was carried out in February 2007 with a sterilized 50-ml poly-
propilene Falcon tube in the eastern shallow part of the lake (see Fig. S1 in
the supplemental material). The sample was maintained cold and dark
during transportation to the laboratory, where it was frozen at —20°C
until processing. Total DNA (5.2 pug DNA/g sediment) was extracted us-
ing the GNOME DNA isolation kit (Qbiogene, Heidelberg, Germany).
Purified and size-fractioned DNA was ligated into the pCCFOS fosmid
vector and further cloned in E. coli EPI300-T1® according to the instruc-
tions of Epicentre Biotechnologies (WI) and a procedure described earlier
(11). Fosmid clones (40,000; average insert size, 29.7 kbp) harboring ap-
proximately 1 Gbp of community genomes were arrayed and grown in
384-well microtiter plates containing Luria-Bertani (LB) medium with
chloramphenicol (12.5 pwg/ml) and 15% (vol/vol) glycerol and stored at
—80°C.

Approximately 11,520 clones, plated onto small (12.5- by 12.5-cm)
petri plates (each containing 96 clones) with LB agar containing chloram-
phenicol (12.5 pg/ml) and the induction solution (Epicentre Biotechnol-
ogies, WI), as recommended by the supplier to induce a high fosmid copy
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number, were screened with a-naphthyl acetate under previously de-
scribed conditions (29). The positive clones were selected and their DNA
inserts sequenced with a Roche 454 GS FLX Ti sequencer (454 Life Sci-
ences, Branford, CT) at Life Sequencing SL (Valencia, Spain). Upon com-
pletion of sequencing, the reads were assembled to generate nonredun-
dant metasequences using Newbler GS De Novo Assembler v.2.3 (Roche).
GeneMark software (30) was employed to predict potential protein-cod-
ing regions (open reading frames [ORFs] with =20 amino acids) from the
sequences of each assembled contig, and deduced proteins were screened
via BLASTP and PSI-BLAST (31). Sequences are available at NCBI under
accession number SRA059294.

Cloning, expression, and purification of selected proteins. The clon-
ing, expression, and purification of selected His,-tagged proteins in the
Ek/LIC 46 vector and E. coli BL21 were performed as described elsewhere
(32), except that protein expression was performed using 1.0 mM isopro-
pyl-B-p-galactopyranoside for 16 h at 16°C. After purification using a
Ni-NTA His - Bind resin (Sigma Chemical Co., St. Louis, MO), protein
solutions were extensively dialyzed with 20 mM HEPES buffer (pH 7.0) by
ultrafiltration through low-adsorption, hydrophilic, 10,000-nominal-
molecular-weight-limit-cutoff membranes (regenerated cellulose; Ami-
con, Madrid, Spain) and stored at —86°C until use. Purity was assessed as
>95% using SDS-PAGE, performed on 12% (vol/vol) acrylamide gels as
described by Laemmli (33), in a Bio-Rad Mini protein system. Protein
concentrations were determined according to Bradford (34).

Biochemical assays. If not otherwise stated, hydrolase reactions using
p-nitrophenyl (pNP) esters were performed in a microplate reader (Syn-
ergy HT multimode microplate reader; BioTek) as described previously
(32), with minor modifications. Briefly, reaction mixtures contained 2 pg
pure enzyme and 0.8 mM pNP ester (from a 20 mM stock solution in
acetone) in 20 mM HEPES buffer, pH 7.0, at 30°C, in a total volume of 190
wl. Hydrolase-specific activity using other structurally diverse esters was
also determined using p-nitrophenol as a pH indicator as described else-
where (35), with small modifications. Briefly, specific activity was calcu-
lated by adding 2 g pure enzyme (a smaller amount of enzyme [0.4 pg]
was used for LAE6) and 2 mM substrate from a 100 mM ester stock
solution (in acetonitrile) in 2 mM N,N-bis(2-hydroxyethyl)-2-aminoeth-
anesulfonic acid (BES) buffer (pH 7.2) containing 0.45 mM p-nitrophe-
nol and 2.5% acetonitrile (vol/vol), at 30°C, in a total volume of 150 pl. In
all assays, the reactions were monitored every 2 min by spectrophoto-
metrically measuring the absorbance of p-nitrophenol at 410 nm (for pNP
esters) or 404 nm (for substrates other than pNP esters) during 15 min
(except for LAES6, for which a 10-min incubation time was used). Under
our experimental conditions, the absorption coefficient for p-nitrophenol
was measured as 15,200 M~ ! - cm ™', One unit of enzyme activity was
defined as the amount of enzyme hydrolyzing 1 pumol of substrate in 1 min
under the assay conditions. In all cases, three independent experiments
were performed, and graphs were plotted using mean values; the standard
deviations were less than 5%. Kinetic parameters were calculated by using
a conventional Lineweaver and Burk model, at 30°C, as outlined above, in
96-well microtiter plates where each well contained 0.388 to 0.882 pM
enzyme solution and 0 to 100 mM substrate.

The optimal pH, temperature, and salt concentration were deter-
mined using pNP butyrate (0.8 mM final concentration) as the substrate;
pH values between 4.0 and 9.0, temperatures between 4 and 70°C, and
sodium chloride concentrations ranging from 0.1 to 1.2 M were tested. All
of the following buffers were tested at 20 mM: sodium citrate (pH 4.0 to
4.5), sodium acetate (pH 5.0 to 6.0), 2-(N-morpholino)ethanesulfonic
acid (pH 5.5 to 6.0), HEPES (pH 7.0 to 8.0), piperazine-N,N’-bis(ethane-
sulfonic acid) (pH 6.0 to 7.0), K/Na phosphate (pH 7.5), Tris-HCI (pH
8.5), and glycine (pH 9.0 t0 9.5). The pH was always adjusted at 25°C. The
pH and temperature profiles were obtained at 30°C and pH 7.0, respec-
tively. The optimal anion concentration was obtained at 30°C and pH 7.0.
Under our experimental conditions, the absorption coefficients for p-
nitrophenol were measured for each indicated temperature and pH and
ranged from 132 (for pH 4.0) to 28,381 (for pH 9.5) M ' - cm ™ *. These
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values were considered for calculating activity for each pH and tempera-
ture, as described above.

Oligonucleotide usage pattern analysis. DNA sequences of contigs
were searched for oligonucleotide compositional similarity against all se-
quenced bacterial chromosomes, plasmids, and phages by using the
GOHTAM web tool (36). Frequencies of tetranucleotides for composi-
tional genome comparison were calculated as described earlier (37).

Three-dimensional (3D) model analysis. Suitable protein structures
to be used as templates for modeling were searched using the PSTPRED
server (http://bioinf.cs.ucl.ac.uk/psipred/). The Swiss Model server (http:
/Iswissmodel.expasy.org/) was used to generate the enzyme models.
DeepView-Swiss-PdbViewer (http://spdbv.vital-it.ch/) was used to ana-
lyze the structures and generate the figures.

Sequence read accession number. The sequence reads determined in
the course of this work are available at NCBI under accession number
SRA059294.

RESULTS AND DISCUSSION

Study site description. Lake Arreo (42°46'N, 2°59'W; altitude,
655 m) is one of the deepest karstic lakes on the Iberian Peninsula
(maximum depth, 24.8 m) (38, 39) (see Fig. S1 in the supplemen-
tal material). Chemically, the lake is subsaline, with an electrical
conductivity range of 703 to 1,727 uS/cm during the last 20 years.
Most of the sediment showed anoxic conditions, except for a thin
surface layer, which has a Ca-(Mg)-(Na)-SO,-HCO;-(Cl) ionic
composition (40, 41). The main water physicochemical data from
the sampling point were the following: conductivity, 1.079 uS/cm;
temperature, 6.9°C; dissolved oxygen content, 11.5 mg/liter
(101%); pH 8.0. The mean values of major ionic concentrations
(mg/liter) are the following: sulfates (354.9), bicarbonates (269.1),
chloride (99.6), calcium (188.4), magnesium (37.5), sodium
(51.52), and potassium (14.08).

Anoxic sediment samples (10 cm deep) were taken, and total
DNA was purified. Size-fractionated DNA was ligated into the
pCCFOS fosmid vector and further cloned in E. coli EPI300-T1?
to create a fosmid clone library harboring approximately 1 Gbp of
community genomes.

Metagenome library screening and sequence analysis. Ap-
proximately 11,520 fosmid clones from the metagenomic library
of Lake Arreo sediment (nearly 342 Mbp of metagenome DNA)
were screened using plate-based screens for hydrolytic activity
against a-naphthyl acetate, a model esterase substrate (29). Ten
positive clones (incidence of positive clones, 1/1,152) were iden-
tified. Fosmid DNA isolated from each clone was mixed in equal
amounts and sequenced as a pool using a Roche GS FLX DNA
sequencer (1/16 plate), which produced 77,841 reads with an av-
erage length per read of 454.69 bp. Accordingly, a total of 38.5
Mbp of raw DNA sequences were obtained, which were assembled
into 735,686 bp (19 contigs with lengths ranging from 1,854 to
43,416 bp), with an average GC content of 58.75%. A total of 378
open reading frames were identified, which were analyzed and
compared to the sequences available in the databases. Seven out of
10 identified genes encoding the predicted esterases from the a/3
hydrolase superfamily (named LAE1 to LAE7) were expressed and
produced in soluble form in E. coli BL21(DE3). The correspond-
ing gene products were purified (see Fig. S2 in the supplemental
material), and their activities were characterized using 15 model
substrates and an array of 86 additional structurally diverse esters
(see Fig. S3 in the supplemental material).

Sequence analysis of o/3 hydrolases from Lake Arreo. Anal-
ysis of sequences of the Lake Arreo proteins showed that they all
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belong to the a/f hydrolase superfamily, with amino acid se-
quence identity ranging from 31 to 57%. As determined by
Matcher (EMBOSS package), among Lake Arreo o/ hydrolases,
LAE4 and LAE7 were the most similar enzymes (71.4% sequence
identity), whereas LAE5 and LAE6 were the most different at the
sequence level (18.2% identity) (see Table S3 in the supplemental
material). The LAEI protein was structurally most similar to ther-
mophilic esterase from Thermotoga maritima (31%; Protein Data
Bank [PDB] code 3DOH_A [42]) and o/ hydrolase from Agro-
bacterium tumefaciens (24%; PDB code 2r8b); LAE2 was most
similar to GDSL-like brain platelet-activating factor acetylhydro-
lases (SGNH_hydrolase subfamily) (31%, PDB code 1FXW [43],
and 28%, PDB code 1ES9 [44]); LAE3 was most similar to ther-
mostable esterase/lipase from uncultured bacterium (36%; PDB
code 3V9A_A) and hormone-sensitive esterase (35%; PDB code
3fak [45]); LAE4 was most similar to esterase from Pyrobaculum
calidifontis (25%; PDB code 2YH2_A [46]) and bacterial o/ hy-
drolase (19%; PDB code 3k2i); LAE5 was most similar to the
GDSL family lipolytic protein (SGNH_hydrolase subfamily) from
Alicyclobacillus acidocaldarius subsp. acidocaldarius Dsm 446
(54%; PDB code 3RJT_B); LAE6 was most similar to thermophilic
and thermostable carboxylesterase from the metagenomic library
(41%; PDB code 2¢7b [47]); and LAE7 was most similar to GDSL-
like brain platelet-activating factor acetylhydrolase (SGNH_hy-
drolase subfamily) (32%; PDB code 1ES9 [44]).

The deduced molecular masses and estimated pI values of Lake
Arreo o/ hydrolases range from 24,328.83 to 34,002.96 Da and
from 4.78 to 10.04, respectively. Suitable templates have been
found for each enzyme, and 3D models of the corresponding pro-
tein structures are represented in Fig. S4 in the supplemental ma-
terial. The analysis of the seven enzymes, which can be classified in
the microbial lipase/esterase families described by Arpigny and
Jaeger (48), allows the distinction of three structural groups. The
first group (LAE2, LAES5, and LAE7) are GDSL esterases/lipases
(49). A characteristic feature of GDSL enzymes is that the serine-
containing motif is close to the protein N terminus. However,
whereas the presumptive nucleophile of LAE5 corresponds to
Ser15, that of LAE2 and LAE7 correspond to Ser143 and Ser130,
respectively. The structural analysis of the LAE2 and LAE7 en-
zymes shows that they are bimodular enzymes in which the o/
hydrolase fold of the esterase catalytic unit is preceded at an N-ter-
minal position by a 100- to 120-amino-acid module whose struc-
ture could not be modeled due to the absence of suitable tem-
plates. A remarkable feature of this module is the presence of a
collagen-like sequence with a glycine/proline-rich stretch (GPGG
PGGPRGGGFGAPPTPPGP in LAE2). These sequences, which
are found in diverse bacterial proteins, are considered to be signa-
tures of phage origin (50); this agrees with the analysis of DNA
fragments using a genome linguistics approach (see below).
Whatever the case, the fact that the catalytic Ser located closer to
the N terminus in LAE5 than in LAE2 and LAE7 could make the
catalytic site more accessible to substrates; this was further con-
firmed (see below) by showing that LAE5 accepted a higher num-
ber of substrates and by showing that although all three enzymes
hydrolyzed pNP acetate and pNP propionate, LAE5 did prefer
PpNP propionate, while LAE2 and LAE7 preferred shorter pNP
acetate (Table 1). Additionally, the fact that LAES5 retained circa
70% of the activity at 4°C, while LAE2 and LAE7 retained only 42
and 28%, respectively (Fig. 1 and see below), suggests a link be-
tween the differences in active center location and optimization of
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TABLE 1 Specific activities of the wild-type a/f hydrolases from Lake Arreo against a set of model a-naphthyl, pNP, and triacylglycerol ester

substrates
Activity” (U/mg)

Substrate LAE1 LAE2 LAE3 LAE4 LAE5 LAE6 LAE7
a-Naphthyl acetate ND 111.04 ND 1.63 83.36 124.8 99.22
a-Naphthyl propionate 3.58 16.01 ND 8.34 24.35 55.1 11.73
a-Naphthyl butyrate 3.36 0.92 0.74 3.93 1.23 28.3 1.21
PNP acetate 0.133 5.57 23.80 0.05 1.23 34.3 0.64
PpNP propionate 0.365 0.29 0.84 0.15 2.05 135.5 0.13
PNP butyrate 1.072 0.27 0.29 0.11 0.01 105.2 0.02
PNP octanoate 0.129 ND 0.04 ND ND 2.6 ND
PpNP decanoate 0.028 ND 0.02 ND ND 1.0 ND
PpNP laurate ND ND ND ND ND 0.2 ND
Triacetin 0.015 1.07 0.01 1.01 1.14 18.7 1.19
Tripropionin 0.080 ND 0.01 2.33 0.02 14.9 0.39
Tributyrin 0.005 ND 0.09 0.83 0.00 11.3 0.14
Tricaprin 0.001 ND ND 0.06 0.00 5.5 ND
Tricaprylin ND ND ND ND ND 3.4 ND
Trilaurin ND ND ND ND ND ND ND

“ For a-naphthyl and triacylglycerol esters, reaction mixtures contained 2 g pure enzyme (a lower amount of enzyme [0.4 ug] was used for LAE6), 2 mM substrate, 0.45 mM
p-nitrophenol, and 2.5% (vol/vol) acetonitrile in 2 mM BES buffer (pH 7.2), at 30°C, in a total volume of 150 wl. For pNP esters, reaction mixtures contained the same amount of
enzymes and 0.8 mM pNP ester in 20 mM HEPES buffer (pH 7.0), at 30°C, in a total volume of 190 pl. In all cases, the reactions were monitored every 2 min during 15 min, and
the absorbance of p-nitrophenol at 410 nm (for pNP esters) or 404 nm (for substrates other than pNP esters) was measured. In all cases, 1 U of enzyme activity was defined as the
amount of enzyme hydrolyzing 1 wmol of substrate in 1 min under the assay conditions. Three independent experiments were performed for each parameter, and mean values are

given; the standard deviations were less than 5%. ND, no activity detected under the experimental conditions assayed.

activity at low temperatures. Further structural analysis is in prog-
ress to confirm this hypothesis. The second group corresponds to
common esterases/lipases with typical o/B hydrolase folds and
GxSxG motif (LAE1, LAE4, and LAE6). LAE1 belongs to family I
and LAE4 and LAE6 to family VI; with a molecular mass in the
range 23 to 26 kDa, the enzymes in family VI are among the small-
est esterases known, in agreement with the theoretical molecular
mass of LAE4, which is the smallest (24 kDa) among the Lake
Arreo esterases. The third group, represented by LAE3, belongs to
the hormone-sensitive lipase/esterase (HSL) type (51) and also
has a GxSxG motif. It is thought that HSL hydrolases retained high
activity at low temperature, although sequence analysis indicates
that temperature adaptation is not responsible for such sequence
conservation (48); the fact that LAE3 did show maximal activity at
16°C (Fig. 1) agrees with this hypothesis.

According to sequence and 3D model analyses (see Fig. S4 in
the supplemental material), the catalytic triads were tentatively
identified: Ser166, Glu217, and His249 (in LAE1), Ser140, Glu292,
and His295 (in LAE2), Ser143, Glu237, and His267 (in LAE3),
Ser144, Asp248, and His281 (in LAE4), Ser15, Asp192, and His195
(in LAES5), Serl161, Asp256, and His286 (in LAE6), and Ser130,
Glu282, and His285 (in LAE7).

Optimization of activity and anion stimulation of esterases/
lipases from Lake Arreo. As shown in Fig. 1, purified proteins
showed high hydrolytic activity against the model esterase sub-
strate pNP butyrate at 16 to 40°C and pH 8.0 to 8.5, with the
hydrolases LAE3, LAES, and LAE6 being the most active at tem-
peratures as low as 4°C, as they retained from 64 to 78% of the
activity compared to the activity level at the optimal temperatures.
Hydrolytic activities were stimulated (1.5 to 2.2 times) by the ad-
dition of NaCl to the reaction mixture (0.1 to 1.2 M NaCl) for all
enzymes but one (LAE3), which was inhibited from 1.6 (at 0.1 M)
to 3.8 (at 1.2 M) times. This is consistent with the fact that the Lake
Arreo basin was formed by dissolved evaporates; thus, it repre-
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sents a subsaline environment (52). The fact that all but one of the
esterases was activated by NaCl indicates that enzyme properties
resembled habitat-specific characteristics, and that activation by
chloride is common for enzymes from Lake Arreo. Similar obser-
vations have been reported for the cold-active and anion-activated
carboxyl esterase OLEI0O1171 from the oil-degrading marine bac-
terium Oleispira antarctica (53).

Using model substrates that included 3 a-naphthyl, 6 pNP, and
6 triacylglycerol esters and according to specific activity (U/mg)
determinations (Table 1), we observed that LAE6 did show the
highest capacity to accept longer esters (up to tricaprin, pNP lau-
rate, and a-naphthyl butyrate), which is in line with the highest
lipase character of this enzyme compared to other Lake Arreo o/
hydrolases. pNP esters were preferred substrates for LAE3,
whereas LAE1, LAE2, LAE4, LAE5, and LAE7 preferentially hy-
drolyzed a-naphthyl esters. LAE6 showed similar activity for both
substrates. In all cases, the activity toward triacylglycerols was sig-
nificantly lower (from 3.5-fold for LAE4 to 100-fold for LAE2
compared to a-naphthyl esters). Overall, LAE6 (approximately
125 U/mg for a-naphthyl acetate) was the most active enzyme,
whereas LAE3 showed the lowest activity (0.74 U/mg with
a-naphthyl butyrate) (Table 1).

Substrate fingerprinting of esterases/lipases from Lake
Arreo. The substrate range of the purified esterases was character-
ized using a battery of 86 different esters (see Fig. S3 in the sup-
plemental material) that included 25 halogenated alkyl and aryl
esters, 34 alkyl esters, 12 aryl esters, 10 hydroxycinammic esters, 2
epoxides, 1 lactone, and 2 carbohydrate esters, using a colorimet-
ric method in which p-nitrophenol was used as a pH indicator
(35). The fingerprints of LAE1 to LAE7 are shown in Fig. 2 and 3,
which showed that 52 out of the 86 (or 61%) esters used in the
present study were accepted as substrates (for substrates not hy-
drolyzed by any of the enzymes, see Fig. S3 in the supplemental
material).
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FIG 1 Effect of NaCl concentration (upper), pH (middle), and temperature
(lower) on the hydrolytic activity of Lake Arreo enzymes. The heat map colors
represent the relative percentages of specific activity (U/mg) compared to the
maximum (100%) within each enzyme, using pNP butyrate as the substrate.
The effect of NaCl concentration was measured in 20 mM HEPES buffer (pH
7.0) at 30°C and varied from 0 to 1.2 M; the pH dependence was tested in the
range of pH 4.0 to 9.5 at 30°C in 20 mM buffers; the temperature dependence
in the range of 4 to 70°C at pH 7.0 was also determined. Reaction conditions
were as described in Table 1 and Materials and Methods.

Using the ester library substrates (Fig. 2 and 3), we observed
that LAE6 exhibits the broader substrate spectrum, being able to
hydrolyze 43 substrates, followed by LAE3 (28 substrates), LAE4
(27 substrates), LAE1 (26 substrates), and, to lesser extents, LAE5
(14 esters), LAE7 (10 esters), and LAE2 (7 esters). The majority of
compounds were accepted by at least two or more enzymes; how-
ever, 14 substrates were LAE6 specific (Fig. 3), including ethyl
(S)-(—)-4-chloro-3-hydroxybutyrate, (+)-methyl-(R)-2-chloro-
propionate, methyl o-bromophenylacetate, methyl o-bromo-
isobutyrate, ethyl octanoate, vinyl decanoate, ethyl benzoate, vinyl
benzoate, methyl cinnamate, methyl trans-cinnamate, isobutyl cin-
namate, phenethyl cinnamate, (R)-(—)-glycidyl butyrate, (S)-(+)-
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FIG 2 Substrate profiles of the wild-type LAE2, LAES5, and LAE7 o/ hydro-
lases from Lake Arreo against a set of structurally diverse ester substrates.
LAE2, LAES5, and LAE7 were the o/ hydrolases characterized by a restricted
substrate spectrum. Reactions (30°C and pH 7.2) were performed as described
for the a-naphthyl and triacylglycerol esters (Table 1) and were monitored
during 15 min, and the absorbance of p-nitrophenol at 404 nm was recorded
and plotted. For best and/or representative substrates, specific activities (U/
mg) were calculated as described in Table 1 and Materials and Methods and are
shown on the top of bars. In all cases, three independent experiments were
performed for each parameter, and graphs were plotted using mean values; the
standard deviations were less than 5%.
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glycidyl butyrate, and y-butyrolactone, and the flavor terpene com-
pound geranyl acetate was accepted as the substrate only by LAE5
(Fig. 2). Specific activity (U/mg) determinations were performed for
the best representative substrates (Fig. 2 and 3). At 30°C and pH 7.2,
methyl-2-chloro-3-hydroxypropionate (for LAEIL, 0.28 U/mg), phe-
nyl acetate (for LAE2, 0.39 U/mg), tri-O-acetyl-D-glucal (for LAE3,
0.33 U/mg; for LAE7, 1.41 U/mg), methyl 4-bromobenzoate (for
LAE4,1.01 U/mg), a-D-glucose penta-acetate (for LAE5, 0.60 U/mg),
and (S)-(+)-glycidyl butyrate (for LAE6, 17.45 U/mg) were the pre-
ferred substrates.

The ability to hydrolyze nonhalogenated and halogenated (in-
cluding those containing bromo-, chloro-, fluor-, and iodo-) alkyl
and aryl esters was demonstrated for all enzymes (Fig. 2 and 3). Of
special significance is that long alkyl and aryl esters with vinyl and
isoprenyl substituents, such as vinyl decanoate, vinyl benzoate,
and isoprenyl acetate, were mainly hydrolyzed by LAE6 (up to
4.23 U/mg) (Fig. 3); thus, this enzyme may be applied in transes-
terification reactions using vinyl esters, unlike the other enzymes
from Lake Arreo. In addition, LAE1 was the only enzyme that did
not accept aromatic halogenated esters, such as methyl 4-bromo-
benzoate (Fig. 3), although it was able to hydrolyze the nonhalo-
genated substrate (methyl benzoate). As shown in Fig. 2 and 3,
four enzymes exhibited the capacity to accept the carbohydrate
ester a-D-glucose penta-acetate (LAE2, LAE3, LAES, and LAE7),
and all but one (LAE4) showed activity for tri-O-acetyl-glucal.
Finally, four enzymes were able to hydrolyze one or several cin-
namate esters (LAE1, LAE3, LAE4, and LAES5), four accept p-cou-
marate esters (LAE1, LAE3, LAE4, and LAE6), and LAE3 and
LAE5 were the only ones accepting methyl sinnapinate esters; no
activity toward methyl ferulate was observed for any of the en-
zymes. Of special significance is that LAE4 (Fig. 3) was the only
enzyme that showed activity on cinnamate esters of tertiary alco-
hols, such as tert-butyl cinnamate, although it was unable to ac-
cept primary and secondary alcohol substituents, such as methyl
or isobutyl substituents. Further, LAE6 exhibited activity toward
cinnamate esters with methyl, ethyl, isobutyl, vinyl, and the large
aromatic phenethyl substituents, for which low or now activity
was detected for the majority of other esterases/lipases (Fig. 3).

In relation to the enantioselective character of Lake Arreo hy-
drolases, we further observed that LAE1, LAE3, and LAE4 did
show the capacity to hydrolyze both enantiomers of methyl man-
delate, whereas LAE6 was the only one accepting both enantiom-
ers of glycidyl butyrate (Fig. 2 and 3); other chiral esters, such as
menthyl, neomenthyl, or lactate esters, were not substrates for any
of the enzymes. According to the Quick E assay (34) and k,/K,,
determinations for separate enantiomers (see Table S4 in the sup-
plemental material), apparent enantiomeric ratios (E,,, values)
were calculated. At 30°C and pH 7.2, E,,, varied from 816 (for
LAE3) to 15 (for LAE6), 8.3 (for LAE1), and 2.0 (for LAE4). LAE1
and LAE3 did show enantiopreference for methyl-(R)-(—)-man-
delate, whereas LAE4 preferred methyl-(S)-(+)-mandelate and
LAES6 preferred (R)-(—)-glycidyl butyrate. In addition, LAE6 fur-
ther exhibited activity toward y-butyrolactone, although the ac-
tivity for this substrate was 108-fold lower than that of (S)-(+)-
glycidyl butyrate, which was the best substrate (Fig. 3).
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FIG 4 Clustering of substrate spectrum profile of Lake Arreo enzymes and
commercial preparations, applying the Pearson’s correlation to calculate the
distances. Hierarchical clustering was derived from binomial distribution
based on the presence or absence of activity against particular substrates (ac-
tivity data not shown), measured as described in Table 1, using 2-pug protein
extracts.

Our results indicate that esterases/lipases from Lake Arreo are
characterized by high activities and different substrate profiles and
enantioselectivities; therefore, they are potentially useful for vari-
ous biotechnological applications. The differences in hydrolytic
capacities (using the half-saturation [Michaelis] coefficient [K,,,],
the catalytic rate constant [k, ], the catalytic efficiency [k, /K,,]
values, and/or specific activities; see Table S4 in the supplemental
material) with distinct acid and alcohol substituents of different
lengths and nature further indicate differences in active sites. Hav-
ing said that, it should be highlighted that, compared to previously
reported esterases/lipases (see Table S1 in the supplemental ma-
terial), some of the substrate profiles described here are biologi-
cally relevant, such as the ability of a single esterase/lipase such as
LAES6 to hydrolyze triacylglycerols, halogenated and nonhaloge-
nated alkyl and aryl esters, cinnamoyl and carbohydrate esters,
lactones, and chiral epoxides to a similar extent, which has not
been previously described. Enzymes LAE1 and LAE2, which be-
long to the same contig (i.e., are produced by the same bacterium;
see below), have similar optimal parameters (pH 8.0 to 8.5, 30°C,
and up to 1.2 M NaCl; Fig. 1) but have quite distinct substrate
profiles (Fig. 3 and 4). Thus, only 6 out of 27 substrates were
hydrolyzed by both enzymes, with LAE1 possessing the broader
substrate spectrum; these distinct functionalities suggest comple-
mentary metabolic and ecological capacities in vivo, together with
different biotechnological capacities.

Comparison to commercial esterases and lipases. Lipases and
esterases are one of the most important classes of hydrolytic en-
zymes in industrial settings (2, 54). There is a wide range of avail-
able preparations that can be tested for particular applications and
for comparative studies (3, 4, 55); in this context, it is interesting
to evaluate and compare the substrate spectrum of newly isolated

FIG 3 Substrate specificity of the wide-substrate-spectrum LAE1, LAE3, LAE4, and LAE6 o/f hydrolases from Lake Arreo against a set of structurally diverse
ester substrates. LAE1, LAE3, LAE4, and LAE6 were the hydrolases characterized by the widest substrate spectrum. Reaction conditions (30°C and pH 7.2) and
activity parameter determinations were as described in Table 1 and the legend to Fig. 2. M2CI3HP, methyl-2-chloro-3-hydroxypropionate.
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enzymes to that of commercially available and most common es-
terases and lipases. Here, we used five esterase/lipase commercial
preparations, namely, Novozym 735 (lipase CalA from Candida
antarctica), Novozym CALB L (lipase CalB from C. antarctica),
Lipolase 100L (lipase from Thermomyces lanuginosa), Lipozyme
RM-Novozym 388L (lipase from Rhizomocur miehei), and lipase
from Alcaligenes sp. Lipase from Rhizopus oryzae, obtained and
prepared as described elsewhere (28), was also added to the study.

The clustering analysis, generated from a binomial distribution
based on the presence or absence of activity (at 30°C and pH 7.2)
against the set of 101 different esters used here (Fig. 4), suggested
that six of the Arreo Lake o/ hydrolases were functionally closer
to each other than to the other preparations which clustered to-
gether. Lipases from Rhizopus oryzae and Rhizomocur miehei also
showed similar profiles and clustered together with lipases from T.
lanuginosa and CalA from C. antarctica. Interestingly, the lipase
LAES6 clusters more closely with the lipase CALB L from C. ant-
arctica, with both forming a separate group, which further indi-
cates that both enzymes possess similar substrate spectra; this is of
special significance, as Novozym CALB L is one of the most com-
mon commercially available lipases (Novozymes A/S, Bagsvaerd,
Denmark). However, some minor differences were observed: (i)
LAE6 hydrolyzed tri-O-acetyl-D-glucal (9.9 U/mg) and methyl
4-bromobenzoate (9.6 U/mg), for which no activity with CalB was
detected, and (ii) CalB hydrolyzed methyl 2-bromopropionate
(0.74 U/myg), for which negligible activity was found for LAE6.
This suggests structural factors as determinants for substrate spec-
ificity when comparing both lipases.

To analyze the sequence similarity of known commercial and
newly discovered esterases/lipases belonging to different families,
a dendrogram was created in MEGA5 (56) by the maximum-like-
lihood algorithms (Fig. 5). The dendrogram was further used to
evaluate whether the placing of the different enzymes in the phy-
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logenetic tree was related to their placing in the activity profile-
based tree (Fig. 4). The sequences of reference and commercial
esterases were obtained from the NCBI and PDB databases. The
protein sequences were aligned by MUSCLE (57) and edited man-
ually in JalView 2.5.1 (58), correlating with the alignment quality
histogram. Due to an extreme diversity of selected sequences of
enzymes, some of which were bacterial (PDB and Lake Arreo se-
quences) and others fungal (5 out of 6 sequences of commercial
enzymes), the final alignment was reduced to 161 amino acid res-
idues by removal of ambiguously aligned regions constituting
70% of the initial alignment. Analysis of the alignment by MEGAS5
suggested WAG+G as the best evolutionary model. Robustness of
the dendrogram was analyzed by the Bootstrap analysis based on
100 replicates of the initial data set. As shown in Fig. 4 and 5, we
made the following observations: (i) commercial lipases CalA, Li-
polase 100L, Lipozyme RM, Alcaligenes sp., and R. oryzae formed
a separate cluster at the sequence level, as was also found for the
activity clustering; (ii) similarly, lipases/esterases CalB, LAE4, and
LAES6 clustered together at both the sequence and activity levels,
which is of special significance considering the extreme diversity
of selected sequences; (iii) LAE1, LAE2, LAE5, and LAE7 formed a
separate group from LAE4 and LAE6 at both levels; and (iv) no
clear correlation between sequence and activity was observed for
LAE3. Accordingly, under the experimental setting applied here,
the results suggest that, to some extent, an association between the
phylogenetic/sequence positioning and the activity relationships
exists.

Analysis of metagenomic DNA fragments using genome
linguistics approach. Compositional similarity between the meta-
genomic fragments and the sequences of sequenced bacterial ge-
nomes and plasmids was analyzed by the comparison of
frequencies of tetranucleotides in DNA sequences. A comprehen-
sive analysis of the GOHTAM and BLAST analysis results is shown
in the supplemental material. Five studied metagenomic DNA
fragments containing genes encoding o/3 hydrolases (excluding
the LAE6-containing contig 19, which was too short for the com-
positional analysis) shared a significant level of tetranucleotide
usage pattern similarity that indicated their origination from re-
lated organisms, which may be of Burkholderia/Ralstonia (Beta-
proteobacteria) and/or Rhizobium/Methylobacterium (Alphapro-
teobacteria) lineages. A search against the GOHTAM database
showed compositional similarities to multiple bacterial genomes,
plasmids, and phages. The protein blast of contig-encoded pro-
teins against plasmid proteins also showed many hits but no gene
syntenies. The DNA fragment (contig 2) containing LAE1 and
LAE2 enzymes is most similar to several plasmids from Cupriavi-
dus and Ralstonia, and it shares one major facilitator superfamily
(MFS_1) gene and an integrase fragment with a genomic island
from Ralstonia pickettii. Accordingly, we can conclude that this
fragment most likely is a mobilome associated with either a plas-
mid or an integrated genomic island of a betaproteobacterium
related to Cupriavidus and Ralstonia. Several genes of this frag-
ment share similarity with the corresponding genes of Arthrobac-
ter aurescens TC1 plasmid TC2 (NC_008713) and Shewanella bal-
tica OS155 plasmid pSbal01 (NC_009035). The DNA fragment
(contig 3) containing LAE3 enzyme shows some compositional
similarity to alphaproteobacterial Methylobacterium plasmids,
and it shares several genes with Nitrobacter hamburgensis X14
plasmid 1 (NC_007959). It also contains a gene for transposase
IS4. The DNA fragment (contig 4) containing LAE7 enzyme re-
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sembles betaproteobacterial Burkholderia phages and contains
phage major capsid proteins. The DNA fragment (contig 6) con-
taining LAE4 enzyme has weak but consistent compositional sim-
ilarity to alphaproteobacterial Rhizobium plasmids and multiple
blast hits against Rhizobium leguminosarum bv. trifolii WSM1325
plasmid pR132504 (NC_012852), Rhizobium leguminosarum bv.
trifolii WSM1325 plasmid pR132505 (NC_012854), Rhizobium
etli CFN 42 plasmid p42c (NC_007764), and Azospirillum sp.
strain B510 plasmid pAB510f (NC_013860). The DNA fragment
(contig 7) containing LAE5 enzyme shows weak compositional
similarity to the gammaproteobacterial Azotobacter genome and
alphaproteobacterial Azospirillum plasmids and weak but persis-
tent blast hits against several bacterial plasmids. The DNA frag-
ment (contig 19) containing LAE6 enzyme is too short for the
compositional analysis, but its genes are similar to those in the
alphaproteobacterial Sphingomonas sp. strain KAl plasmid
pCAR3 (NC_008308). According to this analysis, DNA fragments
containing Lake Arreo esterases may be plasmids or plasmid-
borne genomic islands from proteobacteria, although contig 4,
containing LAE7, most likely is a prophage.

Taken together, in the present study an esterase-driven assay,
based on a well-established screen with a-naphthyl acetate, was
used to identify hydrolytic activity in 10 E. coli clones. These clones
harbor DNA plasmid fragments from a microbial community
from an evaporite karstic lake (Lake Arreo). Lake Arreo is one of
the few relatively deep (maximum depth [z,,,,] = 24 m) karstic
lakes in Spain, and it developed in gypsum formations. Our study
of a/P hydrolases mined from Lake Arreo suggests that they dis-
play habitat-specific characteristics, and that cold-adapted or psy-
chrophilic proteobacteria occupy this ecological niche, with aver-
age temperatures ranging from 4.7 to 19.8°C, as they produced
low-temperature active and anion-activated enzymes with un-
usual substrate specificities. The production of highly promiscu-
ous hydrolases with broad substrate profiles may have important
metabolic and ecological implications, such as that the function of
these enzymes lies in substrate scavenging in low-temperature and
substrate-poor karstic environments. A more comprehensive
structural survey of enzymes from Lake Arreo, currently in prog-
ress, will determine whether or not this hypothesis is correct. Hav-
ing said that, recent developments for the production of esterase
and lipase improved commercial preparations have been
achieved, and many factors account for the cost-effective utiliza-
tion of esterases and lipases (2). This study provides experimental
evidence that enzymes from evaporite bacterial metagenomes are
of great interest for biotechnological processes, because they are
salt-tolerant and are active at low temperatures and against a
broad constellation of structurally diverse esters. This should be
further evaluated and analyzed with commercial preparations un-
der application conditions in a plethora of reactions according to
the substrate specificity reported here. For example, preliminary
tests confirmed that LAE6 preparations had performed well for
esterification and transesterification reactions of sucrose with
methyl and vinyl esters in several organic solvents; also, LAE3
preparations have been found preliminarily to be suitable for the
production of enantiomers, such as (R)-mandelic acid, for syn-
thetic purposes. Finally, this study may open research avenues
into comparative catalysis models and structural-functional stud-
ies and confirms the necessity of isolating and characterizing new
enzymes from environmental metagenomes.
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CAPITULO 3
ESTERASAS DEL MAR DE BARENTS

RESUVEN DEL CONTENI DO

Este segundo capitulo se centra en la identificacién y caracterizacion de nuevas hidrolasas de la super-
familia de las a/B-hidrolasas, altamente promiscuas. En particular, las enzimas se han aidado de dos fuentes:
i) una libreria de clones metagendmicos de comunidades microbianas presentes en una muestra de agua
marina del Mar de Barents (Isla de Kolguev), contaminada con hidrocarburos; y ii) una bacteria degradadora
de compuestos arométicos policiclicos (Cycloclasticus sp. ME7). Para ello se han utilizado técnicas
metagendmicas y gendmicas para la identificacion de marcos de lectura abiertas que codifican las enzimas
de interés. Posteriormente se han empleado técnicas de biologia molecular paralaexpresién en la bacteria E.
coli de los genes que codifican las enzimas de interés, asi como la posterior produccién a pequefia escalay
purificacion con la ayuda de colas de 6-histidinas. El empleo de técnicas bioguimicas, incluidos ensayos
espectrofotométricos para la determinacidn de pardmetros optimos, especificidad de sustrato y calculo de
actividades especificas y constantes cinéticas, permitié posteriormente la caracterizacion de las mismas. Se
han realizado estudios comparativos a nivel de secuencia. Finalmente, y a diferencia del capitulo anterior, se
han realizado experimentos de mutagénesis dirigida y cristalizacion para la blsqueda de residuos que
proporcionen capaci dades a tamente promiscuas.

De forma resumida, en este estudio se describen dos hidrolasas de |a super-familia de las a/B-hidrolasas
obtenidas tras rastrear con un sustrato modelo (acetato de naftilo) una libreria de 14,000 fagos lambda (48
Gpb) de una muestra de agua marina del Mar de Barents. Pese a que las enzimas mostraban homologia con
esterasas Yy lipasas descritas en las bases de datos (50-70%), a nivel estructural también presentaban
homol ogia (22-28%) con hidrolasas que actlian sobre enlaces C-C, en particular, aquellas que actlan sobre
derivados de la degradacion de bifenilo (2-hidroxi-6-oxo-6-fenilhexa-2,4-dienoato; HOPHD) y catecol (2-
hidroxi-6-oxohepta-2,4-dienoato; HOHD). La caracterizacién bioquimica de ambas enzimas revelé la
capacidad de las mismas para hidrolizar, en diferente escala, un amplio espectro de sustratos que incluyen 35
ésteres diferentes (derivados de p-nitrofenilo, triglicéridos, ésteres de &cidos grasos haogenados y no
hal ogenados, ésteres arométicos, ésteres de carbohidratos y &cido cinamico, y lactonas), asi como HOPHD y
HOHD, hecho éste inédito en la literatura. Posteriormente esta amplia promiscuidad se demostré que ocurria
en otras hidrolasas similares, en particular en 3 hidrolasas de la bacteria Cycloclasticus sp. ME7. El andlisis
estructural y la redizacion de mutagénesis dirigida en residuos cercanos a centro activo permitio la
identificacién de tres residuos (S32, V130 y W144) capaces de modular 1a especificidad de sustrato inusual
de una de estas proteinas, CCSP0084.

L os resultados presentados en este capitulo arrojan nueva luz sobre la diversidad entre los miembros de
la familia de hidrolasas a/f3, y proporciona informacion para mejorar la anotacion de proteinas en las bases
de datos, y estudios de catdlisis comparativa y estudios de modelos evolutivos. Los resultados pueden abrir
nuevas vias de investigacion relacionadas con la busqueda de motivos que proporcionen capacidades
altamente promiscuas. Las enzimas similares a las descritas en este Capitulo y que aparecen recogidas en la
bibliografia presentan poco interés industrial y biotecnoldgico debido a su restringida especificidad de
sustrato, ya gque solo son capaces de hidrolizar HOHD and HOHPD. Sin embargo, las enzimas identificadas
en este trabajo poseen un ato grado de promiscuidad siendo capaces de resolver multiples transformaciones
de interés industrial, como resoluciones quirales y transformacién de lactonas. Finalmente, €l estudio sugiere
que las condiciones ambientales, y en particular la actividad antropogénica, pueden favorecer procesos
evolutivos que hacen que, a través de mutaciones puntuales, las enzimas puedan modificar su especificidad
de sustrato para acceder a nuevas moléculas introducidas de forma antropogénica en el medio ambiente.

El CD adjunto a esta Memoria contiene Material Suplementario relacionado con este Capitul o.

RESULTADCS Y DI SCUSI ON ESPECI FI COS | RESUMEN DEL CONTENIDO | 47






Biochem. J. (2013) 454, 157-166 (Printed in Great Britain)  doi:10.1042/BJ20130552

157

27line ad™

Single residues dictate the co-evolution of dual esterases: MCP hydrolases

from the «/B hydrolase family
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Several members of the C-C MCP (meta-cleavage product)
hydrolase family demonstrate an unusual ability to hydrolyse
esters as well as the MCPs (including those from mono-
and bi-cyclic aromatics). Although the molecular mechanisms
responsible for such substrate promiscuity are starting to emerge,
the full understanding of these complex enzymes is far from
complete. In the present paper, we describe six distinct o/
hydrolases identified through genomic approaches, four of which
demonstrate the unprecedented characteristic of activity towards
a broad spectrum of substrates, including p-nitrophenyl, halo-
genated, fatty acyl, aryl, glycerol, cinnamoyl and carbohydrate

esters, lactones, 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate and
2-hydroxy-6-oxohepta-2,4-dienoate. Using structural analysis
and site-directed mutagenesis we have identified the three residues
(Ser®?, Val'* and Trp'*) that determine the unusual substrate
specificity of one of these proteins, CCSP0084. The results
may open up new research avenues into comparative catalytic
models, structural and mechanistic studies, and biotechnological
applications of MCP hydrolases.

Key words: C-C bond, carboxylesterase, hydrolase, meta-
cleavage, metagenomics, promiscuity.

INTRODUCTION

MCP (meta-cleavage product) hydrolases from the «/8 hydrolase
family hydrolyse C-C bonds of vinylogous 1,5-diketones
[1]. They have been shown to possess a strict substrate
specificity restricted to the catabolism of diverse ring fission
products of aromatics. Therefore, they represent a bottleneck
for aerobic catabolism of aromatics by bacteria [2]. Most
MCP hydrolases can be classified into three groups on the
basis of substrate specificity [1]. Group I and II hydrolases
preferentially cleave fission products of bicyclic [i.e. HOPHD
(2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate)] and monocyclic
[i,e. HOHD (2-hydroxy-6-oxohepta-2,4-dienoate)] aromatics
respectively, whereas group III prefer heteroaromatics. However,
enzymes from Sphingomonas sp. strain RW1 [3], and the
three best characterized enzymes BphD, 5, and MfphA, ,,, from
Dyella ginsengisoli LA-4 [4,5], and BphD, from Burkholderia
xenovorans [6,7], possessed intermediate features. MfphA
preferred (390-fold) HOHD as compared with HOPHD, whereas
BphD, 4, and BphD preferentially hydrolysed HOPHD (427 and
4600-fold respectively).

Research on the reaction mechanism of MCP hydrolases has
unambiguously revealed that the catalytic process occurs via a

covalent mechanism of catalysis at the carbonyl carbon of an
a/B-unsaturated system by generating a serinate for nucleophilic
attack [6,7]. However, it is still a challenge to tune the substrate
specificity of MCP hydrolases, especially interchanging MCP
hydrolases from groups I and II, as it has been presumed that
the substrate specificity may be affected by multiple residues [5].
In this context, MCP hydrolases have been described as having
three distinct regions in their active site, a hydrophilic P-region
(proximal to the presumed entrance to the substrate-binding
channel), a hydrophobic D-region (distal to the entrance) [8—11]
and an NP subsite [5]. The P-region contains highly conserved
residues mediating interactions with the hydrophilic/dienoate
end of the substrates, whereas the D-region is more variable
and interacts with hydrophobic C6 substrates in a group I- or
group II/III-specific manner. Analysis of the crystal structure
of BphD further indicates that the NP subsite is involved in
binding the phenyl ring of the substrates [5]. Some recent
investigations have suggested a number of residues, among these
three distinct regions, that may play a key role in determining
substrate specificity, either by reshaping the active pocket or by
modulating the orientation of the substrate. Indeed, five active-site
residues are conserved in all of the MCP hydrolases characterized
(including the CCSP0084, CCSP0528 and CCSP2178 proteins

Abbreviations used: HOHD, 2-hydroxy-6-oxohepta-2,4-dienoate; HOPHD, 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate; MCP, meta-cleavage product;
aNA, a-naphthyl acetate; NCBI, National Center for Biotechnology Information; PAH, polycyclic aromatic hydrocarbon; pNP, p-nitrophenyl.

' These authors contributed equally to this work.

2 Present address: Universidade de S&o Paulo, Faculdade de Filosofia Ciéncias e Letras de Ribeirao Preto, Departamento de Quimica, Avenida

Bandeirantes 3900 Monte Alegre, 14049-901 Ribeirao Preto, SP, Brasil.

3 Correspondence may be addressed to these authors (email alexei.savchenko@utoronto.ca, p.golyshin@bangor.ac.uk or mferrer@icp.csic.es)

The nucleotide sequence data reported for fosmid clones and sequences of Cycloclasticus sp. ME7 hydrolases will appear in the DDBJ, EMBL,
GenBank® and GSDB Nucleotide Sequence Databases under accession numbers JX133669, JX133670, JX133672-JX133675.

The structural co-ordinates reported for Cycloclasticus sp. ME7 CCSP0084 «/B hydrolase will appear in the PDB under accession code 4I3F.
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characterized in the present study), but not in other «/B-
hydrolases (including the K_05-6, K_06-5 and CCSP0211
proteins characterized in the present study): Arg'®, Asn'®, Phe'6?,
Cys®® and Trp*® (CCSP0084 numbering; see Supplementary
Table S1 at http://www.biochemj.org/bj/454/bj4540157add.htm);
however, replacement of any of the five residues reduces the
rate of C-C bond hydrolysis in BphD [6,7], indicating that these
residues are primarily involved in substrate recognition and their
role in substrate preference could not be unambiguously defined.
Mutations at residues in the P-region (i.e. Leu' and Trp'* in
CCSP0084) have been suggested to undergo large conformational
changes in the catalytic cycle, although available crystal structures
are insufficient to clarify their role in substrate preference [12].
Residue Ser*? (CCSP0084 numbering), which forms the putative
oxyanion hole, has been shown to modulate the characteristics of
the MCP hydrolase CumD, but it is not involved in determination
of substrate specificity [13]. Phe'® and Arg'® (CCSP0084
numbering) in MhpC, located in the lid domain, are involved
in substrate binding, but do not affect the recognition of MCP-
substrate-containing phenyl groups [14]. Finally, computational
design and characterization of novel MfphA-BphD hybrids,
created by domain swapping, have demonstrated that residue
Trp'* (CCSP0084 numbering) in the NP subsite may affect the
orientation of the substrate through steric hindrance with the
aromatic ring of HOPHD [5].

In addition to the ability to hydrolyse fission products of bicyclic
and monocyclic aromatics, four MCP hydrolases have been
also shown to mediate C-O bond hydrolysis in vitro, including
BphD, 4 and MfphA;,, from Dyella ginsengisoli LA-4 [4,5],
MhpC from Escherichia coli [15,16] and BphD [6,7]. MfphA, .4
is able to hydrolyse HOHD, HOPHD and the ester pNP (p-
nitrophenyl) butyrate; BphD; , , additionally hydrolyses the ester
analogue pNP benzoate; MhpC is able to hydrolyse ethyl adipate,
thioethyladipate and ethyl 2-hydroxypentadienoate; and BphD
catalyses the hydrolysis of HOPHD and pNP benzoate. The fact
that both C-O and C-C substrates are chemically distinct may
reflect differences in the mechanisms of hydrolysis, in agreement
with the versatility of the catalytic triad in MCP hydrolases [6,7].
Differences in the esterase/thioesterase/MCP hydrolase catalytic
function of MhpC have been reported by site-directed mutagenesis
[16]. Thus mutations at residues Phe'®* (CCSP0084 numbering),
located in the lid domain, and Trp* (CCSP0084 numbering) to
a minor extent, caused decreased C-C cleavage activity while
increasing the catalytic preference for thioesterase activity. This
agrees with previous observations that both residues differentially
affected the recognition of aromatic rings in MCP substrates
[5].

In summary, although the catalytic mechanism in MCP
hydrolases have been clarified and mutagenic studies have been
useful to unravel the various residues that underpin substrate
recognition, the finer details that dictate the co-evolution of MCP
hydrolases from groups I and II/III as well as the co-evolution
of dual esterase and MCP hydrolase activities in single proteins
remain unclear. This last point is of special significance given
that both enzymes share in many cases a high motility region,
the lid domain, that has been shown to play a significant role in
determining activity, selectivity and stability both in esterases and
MCP hydrolases [5]. The purpose of the present study is two-fold:
(1) to elucidate and compare the properties of novel a/f hydrolases
with broad substrate specificity, that include the unusual ability to
hydrolyse fission products of bicyclic and monocyclic aromatics
as well as esters; and (ii) to suggest the molecular features
responsible for the activity against an exceptional array of
substrates. We believe that our study supports, for first time, that
single mutations at a limited number of residues is a mechanism

© The Authors Journal compilation © 2013 Biochemical Society

by which dual esterolytic/MCP hydrolytic phenotypes may evolve
in single /B hydrolases.

MATERIALS AND METHODS
General methods and GenBank® accession numbers

Full descriptions of the methods used for the ‘naive’ activity
screen, gene cloning, site-directed mutagenesis and protein ex-
pression and purification are available in the Supplementary Ma-
terials and methods section (at http://www.biochemj.org/bj/454/
bj4540157add.htm). DNA sequences of fosmid clones and
sequences of Cycloclasticus sp. ME7 hydrolases were deposited
in GenBank® under accession numbers JX133669, JX133670,
JX133672-1X133675.

Biochemical assays

Esterase activity using pNP esters were assayed at 410 nm as
described previously [17], but the buffer used was 40 mM Hepes,
pH 7.0. Esterase activity using structurally diverse esters other
than pNP esters was determined at 540 nm using Phenol Red as a
pH indicator and 5 mM Hepps, pH 8.0, as described by Janes et al.
[18], with slight modifications [17]. MCP hydrolase activity using
freshly prepared HOPHD and HOHD [19-21] was measured
at 388 or 434 nm [19,20] respectively in reaction mixtures
containing 50 mM potassium/sodium phosphate, pH 7.5.

For determination of kinetic parameters, these were calculated
by non-linear curve fitting from the Lineweaver—Burk plot using
GraphPad Prism software (version 4.00). Each well contained
0.388-0.882 uM enzyme solution and 0.012-100 mM ester
substrate [from a stock solution in acetone (for pNP esters) or
acetonitrile (for esters others than pNP esters)] or 0.01-0.2 mM
HOPHD or HOHD (from a 0.2 mM stock solution). For specific
activity determinations of CCSP0084 wild-type and mutants
using butyl acetate, pNP propionate, HOPHD and HOHD, the
following conditions were used, using 2 ug of pure enzymes.
For butyl acetate, reaction mixtures contained 2 mM substrate
(from a 200 mM stock solution in acetonitrile), 0.45 mM Phenol
Red and 2.5 % acetonitrile (v/v) in 5 mM Hepps, pH 8.0. For
pNP propionate, reactions contained 0.8 mM pNP ester (from
a 80 mM stock solution in acetone) in 20 mM Hepes, pH 7.0.
For determination of activity towards HOHD and HOPHD,
reactions contained 50 mM potassium/sodium phosphate, pH 7.5,
and 0.2 mM HOPHD or HOHD.

If not stated otherwise, reactions were followed at 40°C every
2 min for a total time of 15 min (except for highly hydrolysed
substrates, with which 1 min incubations and 0.2 min intervals
were used), in 96-well microtitre plates (total volume of 200 u1)
on a Synergy HT Multi-Mode Microplate Reader (BioTek).
One unit of enzyme activity was defined as the amount of
enzyme hydrolysing 1 umol of substrate in 1 min under the assay
conditions. In all activity assays, three independent experiments
were performed for each parameter, substrate and enzyme,
and graphs were plotted using the means +S.D. It should be
highlighted that all values were corrected for non-enzymatic
hydrolysis (background rate).

The optimal pH and temperature were determined according
to specific activity determinations using pNP propionate as
described above. pH values between 4.0 and 9.0 and temperatures
between 4 and 70°C were tested. All of the following buffers
were tested at 40 mM: sodium citrate (pH 4.0-4.5), sodium
acetate (pH 5.0-6.0), Mes (pH 5.5-6.0), Hepes (pH 7.0-8.0),
Pipes (pH 6.0-7.0), potassium/sodium phosphate (pH 7.5), Tris/
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HCI1 (pH 8.5) and glycine (pH 9.0-9.5). The pH was always
adjusted at 25°C in all cases. The pH and temperature profiles
were obtained at 40°C and pH 7.0 respectively.

CCSP0084 purification, crystallization and structure determination

The CCSP0084 enzyme was expressed and purified according
to the procedures described by Lai et al. [22]. The Hiss-
tagged enzyme was crystallized by the sitting drop method using
Intelliplate 96-well plates and a mosquito® liquid handling robot
(TTP LabTech), which mixed 0.5 pl of protein at 17 mg/ml and
0.5 ul of reservoir solution. The reservoir solution was 0.1 M
Hepes, pH 7.5, 0.2 M magnesium chloride and 25 % (w/v) PEG
[poly(ethylene glycol)] 3350. The crystal was cryo-protected with
reservoir solution supplemented with paratone-N oil prior to flash
freezing in an Oxford Cryosystems cryostream. Diffraction data
were collected at 100 K and the Cu-Ka wavelength was collected
at the Structural Genomics Consortium (Toronto) using a Rigaku
FR-E Superbright rotating anode with a Rigaku R-AXIS HTC
detector. Diffraction data were reduced with XDS [23] and Scala
[24] to a high resolution limit of 1.69 A (1 A =0.1 nm).

The structure was determined by Molecular Replacement
using a search model of the CCSP0084 sequence, based on
the structure of the MCP hydrolase CumD (PDB code 1UKS)
[25], generated by the Phyre2 fold recognition server (http://
www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id = index) and us-
ing Phenix.phaser [26]. The structure was manually inspected and
modified with Coot [27] and refined with Phenix.refine [28]. B-
factors were refined as anisotropic for protein atoms and isotropic
for non-protein atoms. TLS (Translation-Libration—Screw-
rotation) parameterization groups corresponding to residues
0-131, 132-189 and 190-282 were added, as determined
by the TLSMD server [29]. Water atoms were added using
Phenix.refine, Coot and manual inspection; ions were added using
manual inspection. The suitability of Ramachandran angles were
validated with Phenix and the PDB Validation Server {residues
in most favoured regions: 91.4 %, additionally allowed; 8.2 %,
generously allowed; 0.4 %, disallowed (corresponds to catalytic
Ser'™ in the strained turn/nucleophilic elbow structure, conserved
in o/ hydrolases [30]}. The final atomic model includes residues
1-282 of the enzyme, plus an extra N-terminal glycine residue
(residue 0) from the expression vector. Cys™ appears to have
been covalently modified and the nature of the modification could
not be identified and therefore was not modelled. This residue
is far from the active site and is not thought to be functionally
important.

Electrostatic surface representation of the crystal structure of
CCSP0084 was calculated using the PDB2PQR server [31], using
the AMBER forcefield and otherwise default settings. Multiple
sequence alignments were conducted using the ClustalW2
tool (http://www.ebi.ac.uk/Tools/msa/clustalw2/), integrated into
BioEdit 7.0.9.1 software [32] and Geno3D [33]. The final structure
and structural factors were deposited into the PDB under the
accession code 413F.

RESULTS AND DISCUSSION

Molecular and biochemical features of two dual ester/MCP
hydrolases from community genomes

Subsets of 14000 phage clones from the metagenomic library
of Kolguev Island (created from crude-oil enrichment cultures
established with sea water at sampling point 68.45 N 49.2 E)
[34], which harbours nearly 48 Gbp of community genomes were

scored for their ability to hydrolyse «NA («-naphthyl acetate) and
indoxyl acetate [35]. Two positive clones, designated k_05
and k_06, were identified as being active against both substrates.
The inserts of k_05 (9087 bp) and k_06 (6636bp) were
sequenced, analysed and compared with the sequences available
in the NCBI (National Center for Biotechnology Information)
non-redundant public database [36,37]. Among the encoded 11
(ink_05) and six (in k_06) predicted protein-encoding genes, two
predicted esterases with the /8 hydrolase fold were identified,
which were named based on the source fragment ID number and
the number of the corresponding open reading frame: K_05-6 and
K_06-5.

BLAST searches of the NCBI non-redundant database with the
protein sequence of K_05-6 (319 amino acids; molecular mass
35487 Da; pI 5.04) and K_06-5 (316 amino acids; molecular mass
34301 Da; pl 8.44) showed high identity (up to 50/25 %) and
similarity (up to 70/36 %) with various gammaproteobacterial
and betaproteobacterial carboxylesterases and lipases (Figure 1)
respectively. Both enzymes can be classified in the microbial HSL
(hormone-sensitive lipase/esterase) family V type, described by
Arpigny and Jaeger [38], and contained a -GxSxG- motif and
presumptive Ser-Asp-His catalytic triads (Supplementary Table
S1). A BLAST search against the PDB database further implied
that K_05-6 and K_06-5 are also structurally most similar to
the group I MCP hydrolases MhpC (PDB code 1U2E) [11],
CarC (PDB code 1J1I) [10], CumD (PDB code 1UK6) [9,12]
and BphD (PDB code 2RHT) [39-41] with pairwise sequence
identities between 22-28 %, although both K_05-6 and K_06-
5 formed separate clusters at the sequence level (Figure 1).
Instead, they were closer to carbon-heteroatom hydrolases from
the heterogeneous group IV [1].

After expression in E. coli and purification, kinetic parameters
were determined for K_05-6 and K_06-5 against a battery of
35 structurally diverse esters (for esterolytic activity) and the
two ring cleavage products HOHD and HOPHD (for MCP
hydrolytic activity). Both enzymes were able to efficiently
hydrolyse pNP esters ranging from acetate to decanoate (but not
longer esters), with pNP octanoate being the preferred substrate
(Figure 2 and Supplementary Figure S1 at http://www.biochemj.
org/bj/454/bj4540157add.htm); however, whereas the current
analysis also confirmed activity of K_05-6 on methyl-bromo-
isobutyrate, methyl-bromo-acetate, methyl caproate, ethyl
butyrate and tributyrin, no other esters tested were hydrolysed
by K_06-5. Conversion of both MCP substrates was also evident
(Figure 2 and Supplementary Figure S1). According to catalytic
efficiencies for the best ester and MCP substrates, under our
experimental conditions, K_05-6 showed similar activity of MCP
hydrolytic to esterolytic activity (ratio ~ 1), whereas K_06-5 was
characterized by a higher ratio of MCP hydrolytic to esterolytic
activity (~8.5). In addition, although the K_05-6 enzyme
prefers the HOHD substrate, K_06-5 prefers HOPHD (Figure 2).
Temperature and pH optima, under our experimental conditions,
are provided in Supplementary Table S2 (at http://www.biochemj.
org/bj/454/bj4540157add.htm).

Cycloclasticus sp. ME7 as a case: exploring substrate specificity of
other /B hydrolases

Members of the genus Cycloclasticus (Gammaproteobacteria,
Piscirickettsiaceae) have been identified as key micro-organisms
for the aerobic breakdown of PAHs (polycyclic aromatic
hydrocarbons) [42]. The genus name refers to its ‘ring-breaking’
activity, i.e. its ability to degrade the PAH ring to form simpler
products [43]. A ‘Mediterranean’ species, named Cycloclasticus
sp. strain ME7, has been isolated from contaminated sediments
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Figure 1 The unrooted circular neighbour-joining tree indicating phylogenetic positions of polypeptide sequences of enzymes characterized in the present

study (in bold) and reference hydrolases

GenBank® and PDB accession numbers are indicated in brackets. For dendogram construction details, see the Supplementary Materials and methods section (at http://www.biochemj.org/bj/454/
bj4540157add.htm). Clusters GIV and GlIl include GIV-DhIA XAGJ10 (M26950), GIV-Eph COC12 (AJ224332), GIV-EphX2 HS (L05779), GIV-Nap BS168 (AB001488), GIV-PcaD ACADP1 (L05770),
GIV-CatD ACADP1 (AF009224) and GllI-NahN PSAN10 (AF039534), GllI-XylF PSpWWO0 (M64747), GIII-DmpD PSCF600 (X52805), GlII-AtdD ACYAA (AB008831), GlII-McbF RAJS705 (AJ006307),
GlIl-TecF BUPS12 (U78099) and GllI-TodF PSF1 (Y18245) respectively, where the code in parentheses is the accession number. Scale bar represents 0.2 substitutions per position. MCP hydrolase
(groups I, II, llland 1V) and lipase/esterase (Family V and VI) families are depicted according to the Herndez et al. [1] and Arpigny and Jaeger [38] classifications respectively. MCP hydrolases which
have been shown to hydrolyse both fission products of bicyclic and/or monocyclic aromatics as well as esters in vitro are boxed.

of the Messina (Italy) harbour and its genome sequenced (NCBI
accession number CP005996). Four (CCSP0084, CCSP0211,
CCSP0528 and CCSP2178) out of six genes encoding potential
a/B hydrolases that share significant homology with the K_05-6
and K_06-5 proteins (=31 % amino acid sequence identity), were
cloned, expressed and biochemically characterized,; all four E. coli
clones expressing those genes demonstrated esterase activity on
agar plates containing «NA as a substrate.

BLAST searches against the PDB revealed that CCSP0528
(287 amino acids; molecular mass 32498 Da; pl 5.78) is most
closely related to BphD from the Rhodococcus jostii RHA1 (PDB

© The Authors Journal compilation © 2013 Biochemical Society

1C4X; 56 % identity and 76 % similarity) [44]. The sequence of
CCSP0084 (282 amino acids; molecular mass 31547 Da; pl 5.36)
most closely matches the sequence of CumD (PDB 2D0D; 38 %
identity and 59 % similarity) [9]. The sequence of CCSP2178
(282 amino acids; molecular mass 31354 Da; pl 5.37) best
matches the sequence of BphD from Burkholderia xenovorans
LB400 (PDB 2PUH; 62 % identity and 78 % similarity) [41].
Finally, CCSP0211 (223 amino acids; molecular mass 24 190
Da; pl 4.66) is most similar to the carboxylesterase PA3859
from Pseudomonas aeruginosa (PDB 3CN7; 41 % identity, 55 %
similarity) [45]. In addition, CCSP0084, CCSP0211, CCSP0528
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Figure2 Substrate profiles of the wild-type «/8 hydrolases from Kolguev Island metagenome and Cycloclasticus sp. ME7 against a set of structurally diverse

esters and ring fission products

The catalytic efficiencies (ke/Km) were calculated as described in the Materials and methods section in triplicate at 40°C, and 20 mM Hepes, pH 7.0 (for pNP esters), 5 mM Hepps, pH 8.0 (for
esters others than pNP esters), and 50 mM potassium/sodium phosphate, pH 7.5 (for HOHPD and HOHD). Mean values are given with the standard deviations. Note: grey-filled bars indicate those
substrates whose catalytic efficiencies are significantly much higher and thus the values given are in min="-M~" instead of s=* - M~". For significantly low data, a scaled-up insert is provided.

and CCSP2178 share 31, 37, 53 and 53 % amino acid sequence
identity with K_05-6 and 57, 44, 66 and 47 % with K_06-5.
Presumptive catalytic triads of all four hydrolases were identified,
which are listed in Supplementary Table S1. The positioning of
the four sequences was examined in a phylogenetic tree. As shown
in Figure 1, we made the following observations: (i) CCSP0084,
CCSP0528 and CCSP2178 cluster together with group I MCP
hydrolases [1]; and (ii) CCSP0021 forms a separate group, most
closely related to K_06-5 at the sequence level than to any
known MCP hydrolase. Moreover, sequence analysis confirmed
that CCSP0211 belongs to the lipase/esterase family VI [38]; with
a molecular mass in the range 23-26 kDa, the enzymes in Family
VI are among the smallest esterases known [38], in agreement
with the theoretical molecular mass of CCSP0211, which is the
smallest (24.2 kDa) among the hydrolases described in the present
paper.

All purified Cycloclasticus sp. MET proteins exhibit significant
activity (for optimal parameters, see Supplementary Table S2)
towards pNP esters ranging from acetate to butyrate, but not longer
esters (Figure 2 and Supplementary Figure S1). CCSP0528 is
unable to hydrolyse any of the 30 esters that were tested further.

In contrast, the CCSP2178 enzyme hydrolyses phenyl acetate,
methyl caproate, methyl ferulate, methyl (R)-( — )-mandelate and
three halogenated fatty acid esters; methyl ferulate was the
preferred substrate (Figure 2 and Supplementary Figure S1). The
CCSP0084 enzyme shows considerable activity towards phenyl
acetate, butyl acetate, triacetin and geranyl acetate; pNP acetate
was thus the preferred substrate. Finally, CCSP0211 exhibits
remarkable activity towards a set of 21 out of 30 additional
ester substrates tested (Figure 2 and Supplementary Figure S1),
including four halogenated fatty acid esters, three cinnamoyl-like
esters, two carbohydrate esters, two lactones, two triacylglycerols,
three alkyl esters [including (+ )-methyl-D-lactate] and two aryl
esters [including methyl (R)-(—)-mandelate]; geranyl acetate
is the preferred substrate. Note that it is both CCSP2178 and
CCSP0211 were also enantio-selective as no appreciable activity,
under our assay conditions, was detected for methyl (S)-(+ )-
mandelate (for CCSP2178 and CCSP0211) and ( — )-methyl-L-
lactate (for CCSP0211).

Enzymes CCSP0084, CCSP0528 and CCSP2178 also exhibit
significant activity towards both HOHD and HOPHD (Figure 2
and Supplementary Figure S1), with activity ratios of ~8.6,
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~0.34 and ~ 0.005 respectively. Along with esters, CCSP0211 is
unable to hydrolyse HOHD, but it hydrolyses HOPHD (Figure 2
and Supplementary Figure S1). Considering the best MCP and
ester substrates, CCSP2178 and CCSP0528 showed an improved
ratio of MCP hydrolytic to esterolytic activity (~14.3 and
~ 3.2 respectively), whereas CCSP0211 and CCSP0084 did show
preference for esterolytic activity (ratio of ~0.06 and ~0.2
respectively).

On the basis of these results, CCSP0084, CCSP0211,
CCSP0528 and CCSP2178 could all be considered as MCP
hydrolases with broad substrate specificity, similar to the K_05-6
and K_06-5 proteins (a schematic representation of the substrates
being hydrolysed is further provided in Supplementary Figure S2
at http://www.biochemj.org/bj/454/bj4540157add.htm). More-
over, whereas CCSP0528 and K_06-5 exhibit the most restrictive
substrate range, CCSP0211, CCSP2178 and K_05-6 have broader
substrate specificity, which is unprecedented as compared with
other previously reported esterases and MCP hydrolases of
the o/B hydrolase fold [4-7,15,16]. Indeed, the present study
demonstrated the capacity of a ‘presumptive’ (on the basis of
BLAST similarities) carboxylesterase such as CCSP0211 to
perform both esterase and MCP hydrolase activities, in agreement
with the fact that family VI esterases have been demonstrated
to show wide substrate specificity [17,38]. Additionally, five
‘presumptive’ (according to BLAST and/or PDB similarities)
MCP hydrolases, K_05-6, K_06-5, CCSP0084, CCSP0528
and CCSP2178, were also shown to posses a similar dual
character, albeit they differ in their specific substrate profiles.
This in turns suggests that ‘presumptive’ homologous MCP
hydrolases may be highly efficient carboxylesterases with unusual
and exceptionally broad substrate specificity; however, further
experimental evidence is required to test this hypothesis.
Degradation of monocyclic and bicyclic fission products was
shown to be preferably supported by K_05-6/CCSP0084 and
K_06-5/CCSP0211/CCSP2178-related sequences respectively,
whereas sequences similar to CCSP0528 may be equally efficient
for both. Noteably, the results of the present study suggest that
no clear association exists between the phylogenetic/sequence
positioning (Figure 1) and the activity relationships (Figure 2).
However, we noticed that all previously described MCP
hydrolases capable of mediating C-O bond hydrolysis in vitro
are positioned within the Group I, where three of our enzymes are
also clustered.

Structural analysis of Cycloclasticus sp. ME7 CCSP0084

To gain more molecular insight into the activity of the
Cycloclasticus  sp. MET «/f-hydrolases, we determined
the crystal structure of the CCSP0084 enzyme (Supplementary
Table S3 at http://www.biochemj.org/bj/454/bj4540157add.htm).
An attempt at crystallizing CCPS0211, CCSP0528 and
CCSP2178 was carried out, but no crystals of sufficient quality
were obtained for these enzymes. The CCSP0084 crystal structure
was determined to 1.69 A resolution and was solved by Molecular
Replacement using the structure of MCP hydrolase CumD
(PDB 1UKS). Structural analysis confirmed that CCSP0084
adopts the /B hydrolase fold typical of other enzymes in this
class (Figure 3A) with the core o/ domain and an additional
4 «-helical subdomain (spanning residues 135-200), which is
positioned as a lid partially covering access to the active-site
cavity (Figure 3A).

Overall, the structure of CCSP0084 most closely resembles
the structures of previously characterized MCP hydro-
lases, such as CumD [9], MhpC [11], CarC [10] and BhpD [41]
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(Supplementary Figure S3 at http://www.biochemj.org/bj/454/
bj4540157add.htm). The pairwise RMSD value for superimpos-
ition of CCSP0084 with CumD structure is 0.8 A over 183
matching Co atoms spanning both core and lid domains.

Analysis of the CCSP0084 active side cavity reveals a well-
defined positively charged channel leading into the presumed
active site featuring the typical o/B-hydrolase catalytic triad
residues Ser'™, Asp* and His*® and an oxyanion hole (backbone
amides of Ser** and Gly*®) (Figure 3C and Supplementary Figure
S3B). Alanine substitution of Ser'™ abrogated the activity (results
not shown) for both esterase and MCP substrates (on the basis of
specific activity determinations using purified variants), which
confirmed the proposed role of this residue as an essential
nucleophile in catalysis towards both types of substrates. The
oxyanion hole in CCSP0084 structure is occupied by a chloride
atom that most likely originated from the enzyme’s purification
buffer, a phenomenon also observed in the case of the CumD
structure (PDB code 2D0OD) [13]. Another chloride atom is found
in the active site of CCSP0084 (Figure 3C). The position of
this chloride atom corresponds to that of the carboxylate of 3-
CI1 HOPHD bound to BhpD (PDB code 2RHT) [39].

The P-region of the CCSP0084 active site is made up of
residues highly conserved across reported MCP hydrolases
and three of the hydrolases characterized in the present study
(Supplementary Table S1) included Gly*', Gly*, Asn*', Asn'® and
Arg', suggesting that these CCSP0084 residues contribute to the
hydrogen bond network with substrates such as HOHD, similar
to the network observed in the BphD/HOHD complex structure
(Figure 3C). In contrast, the CCSP0084 residues defining the D-
region demonstrate significant variation when compared with the
equivalent regions in the other MCP hydrolases (Figure 3B). As
a result, the active site of CCSP0084 appears more constricted
when compared with the 3-C1 HOPHD-bound BphD structure,
especially in the region of BphD that interacts with the 6-
oxo0-6-phenyl region of the substrate (Figure 3C, in surface
representation). In particular, CCSP0084 residues Val'*°, Trp'*
and Tle*” in the D-region of the active site are responsible for
constricting the size of this region of the active site. These
features may explain the preference of CCSP0084 for substrates
such as HOHD over HOPHD or other molecules that feature
a bulky C® aromatic group (Figure 2). Note that a comparative
analysis further indicates that the D-region of CumD (which also
prefers fission products from monocyclic aromatics [13]) is not
constricted. There are sequence differences between CumD and
CCSP0084 in the D-region, but two prominent residues that may
be responsible for this are CumD Ala'® against CCSP0084 Val'**
and CumD Val*?” against CCSP0084 [1e***. Modelling of these two
CCSP0084 residues into CumD has a large effect on constricting
the size of the D-region of this enzyme (Supplementary Fig-
ure S4 at http://www.biochemj.org/bj/454/bj4540157add.htm).
Subsequently we analysed the molecular architecture of the
CCSP0084 active site with respect to its ability to catalyse the hy-
drolysis of diverse esterase substrates. On the basis of
the assessment that the D-region of the CCSP0084 active site
appears too constricted to accomodate the pNP moiety or long acyl
chains, we suggest that these larger regions of the substrates are
orientated towards the P-region of the active site. This particular
feature of the CCSP0084 D-region may be responsible for the
lower catalytic efficiency of this enzyme toward the butyrate and
larger pNP compounds (Figure 2). Along the same line, the
specific molecular environment of the CCSP0084 P-region of
the active site may restrict substrate accessibility to butyl acetate
(or smaller) esters, explaining the lower catalytic efficiency values
for geranyl acetate and glyceryl triacetate, which contain longer
alkyl chains.
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N

MCP hydrolase D-region equivalent residues

CCSP0084 BphD (2RHT) CumbD (1UK6) MhpC (1U2E)  CarC (1J11)
V130 G138 A129 G136 V236

L140 1153 L139 1151 (not resolved)
W144 L156 w143 L154 (not resolved)
1205 L213 1199 Q212 G210
F208 W216 L202 F213 L21
1233 V240 vaz7 V238 V236

P-region D-region

P-region D-region

Figure 3 Crystal structure of CCSP0084

BphD (2RHT) active site + 3-Cl HOPDA

D-region

() Overall structure of the enzyme, with the inserted «-helical subdomain coloured red. The star indicates the position of the active site (PDB code 4I3F). (B) Comparison of residues found in
the D-region of the active site of MCP hydrolases. (C) Comparison of the active site of CCSP0084 (left-hand side) with the structural homologue BphD in complex with the substrate analogue
3-CI HOPHD (PDB code 2RHT, right-hand side). In the top images, all side chains forming interactions with substrates (from PDB code 2RHT) are shown as sticks. In the bottom images, enzymes are
shown in surface representation to illustrate the difference in accessibility of the active-site clefts. Residues coloured yellow (in CCSP0084) and orange (in 2RHT) differ in sequence, are positioned
to alter the accessibility of the active-site cleft and are suggested to play a role in substrate specificity. Chloride ions in CCSP0084 are shown as green spheres.

We subsequently investigated the role of Val’, Trp'*
and Ile* residues in substrate recognition by site-directed
mutagenesis (Figure 4 and Supplementary Table S4 at http://www.
biochemj.org/bj/454/bj4540157add.htm), on the basis of specific
activity determinations using purified variants. The V130G

mutation, chosen on the basis of the presence of a glycine
residue at the corresponding position in BphD enzyme (PDB
code 2RHT), abrogated CCSP0084 activity nearly completely
towards both esterase and MCP substrates, suggesting that this
residue is critical for recognition of both types of substrates.
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Figure 4 Esterolytic and MCP hydrolytic specific activities for CCSP0084
mutant variants determined using pNP propionate, butyl acetate, HOHD and
HOPHD

Conditions were as described in the Materials and methods section and Figure 2. Three
independent experiments were performed for each parameter and results are given as
means + S.D. Relative specific activity was represented, with 100 % referring to the activity
of wild-type CCSP0084 enzyme: 2612+ 108 (for pNP propionate; at 40°C and pH 7.0),
2025+ 126 (for butyl acetate; at 40°C and pH 8.0), 15828 + 411 (for HOHD; at 40°C and
pH7.5) and 2.2 0.2 (for HOPHD; at 40°C and pH 7.5) units - g~ .

It is of significance that the longer butyl acetate and HOPHD
substrates were more susceptible (0 % relative activity) to the
V130G mutation than pNP propionate (~ 13 % relative activity)
and HOHD (~2.1 % relative activity). The W144G and W144L
substitutions had a similar major effect on CCSP0084 esterase
activity, with activity towards butyl acetate (0 % relative activity)
being again more sensitive to these mutations than towards the
pNP propionate (<10 % relative activity). In contrast, although
the W144G and W144L CCSP0084 variants were completely or
nearly completely inactive (~ 1.2 % relative activity) towards the
HOHD substrate, they demonstrated comparable (~ 70 % relative
activity for W144G) or improved (~280 % relative activity for
W144L) activity for the HOPHD substrate. These results agree
with the fact that BphD, which features a leucine residue at the
corresponding position, demonstrates a high level of activity for
PpNP benzoate and HOPHD, but does not hydrolyse either alkyl
esters or HOHD [6,7]. Finally, the 1233V mutation, chosen based
on the presence of a valine residue at the corresponding position of
BphD, did not adversely affect CCSP0084 activity towards ester
and MCP substrates. Remarkably, the CCSP0084 1233V variant
demonstrates significantly (~409 %) higher activity towards the
HOPHD substrate than the wild-type enzyme. By contrast, a more
intrusive 1233G substitution suppresses the enzymes’s activity
nearly completely in the case of both esterase and MCP substrates.

In the CCSP0084 structure, the Ser® side chain forms an
interaction with the chloride ion positioned in the oxyanion
hole. This position of Ser”? would enable interactions with
the additional oxygen of potential substrates. In line with this
hypothesis, the mutation of Ser” to glycine severely abrogated
activity towards both ester and HOHD substrates (Figure 4).
On the other hand, the S32G variant retains significant (~70 %
relative activity) activity for the HOPHD substrate. Combined
with structural analysis these data suggest that the serine residue
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side chain plays a role in catalysis as well as in substrate
preference.

To conclude, the present study provides structural and
biochemical evidence of the important roles played by specific
active-site residues in the dual esterolytic/MCP hydrolytic
activity of a/f hydrolases. Using genomics approaches we have
identified six «/f hydrolases with an unusually broad activity
spectrum, including multiple ester and MCP substrates. Four
of these enzymes feature a particularly diverse activity profile,
which includes the ability to hydrolyse substrates that include
pNP, halogenated, fatty acyl, aryl, glycerol, cinnamoyl and
carbohydrate esters, lactones, HOPHD and/or HOHD. Using
structural and mutational analysis we identified specific positions
in the active site (occupied by residues Ser*?, Val'** and Trp'*
in CCSP0084) that are critical for controlling the dual activity
and the substrate preference of this type of enzyme. Our results
demonstrate that CCSP0084 activity towards butyl acetate is more
sensitive to alteration of Ser*?, Val'* and Trp'* residues than
activity towards pNP propionate, suggesting that these residues
are involved in interactions with ester substrates with longer
alkyl chains. In addition, these three residues were found to
significantly alter the activity toward the MCP substrates, with
substrates containing a phenyl ring being most susceptible to
alteration of CCSP0084 Val'*. This prompted us to hypothesize
that this residue is involved in hydrophobic interactions with the
phenyl ring of the MCP substrates. In agreement with this, the
superimposition of the S112/HOPHD complex with the structure
of CCSP0084 (Figure 3C) places the phenyl ring of the substrate
in proximity to Val*** of CCSP0084.

The structural and biochemical analyses of six «/8 hydrolases
shown in the present study shed new light on the diversity
among members of important family of «/f hydrolases, providing
insights for improving protein annotation in databases [46] and
comparative catalysis and evolutionary model studies. Our data
suggest that hydrolases with such a broad substrate range may
persist in microbial communities to a much greater extent than
previously anticipated, expanding the pool of substrates available
to micro-organisms that mineralize organic carbon. Hence this
type of enzyme may contribute to the global carbon cycling
processes and for chanelling complex substrates into the common
catabolic pathways, including recalcitrant organic pollutants. This
was further proven by genomic context examination, which
showed that genes encoding both CCSP0084 and CCSP0528
were located close to genomic signatures associated with
degradation: CCSP0084 is surrounded by aromatic dioxygenases
(large and small subunits) and an alkane 1-monoxygenase (in
opposite directions), and CCSP0528 is surrounded by an N-
methylhydantoinase A/acetone carboxylase (B-subunit), a 2-
keto-4-pentenoate hydratase (probably involved in benzoate
and xylene degradation) and a 2,4-dihydroxyhept-2-ene-1,7-
dioic acid aldolase (in the same direction). No pollutant-
degrading genomic signatures were associated with CCSP0211
[surrounded by a metal-dependent hydrolase (sulfatase-like) and
a diaminopimelate decarboxylase in opposite directions] and
CCSP2178 (surrounded by isopropylmalate dehydratase subunits
and an o/f hydrolase family protein in opposite directions),
suggesting that the participation in biodegradation of these
enzymes could not be anticipated by genomic analysis, but rather
by biochemical testing. Additionally, we observed further that
a significant proportion of proteins (annotated as hydrolases
or acyltransferases), which share a high level of sequence
identity with the proteins reported in the present study, possibly
originated from organisms with known biodegradation capacities
or were located in clusters containing potential genomic signature
associated with degradation (results not shown).



MCP hydrolases from the /8 hydrolase family 165

Finally, although it is true that we have evaluated the activity
of the enzymes reported in the present study with a wide array of
substrates, it is also plausible that some of the observed activities
are characteristics of other MCP hydrolases and esterases/lipases.
In this context, further experimental evidence is required to test
whether some related characterized MCP hydrolases, such as
BphD, MhpC or CumD, do possess similar broad activities.
Additionally, homologous, but not characterized, «/8 hydrolases
may also be included in future studies. This last issue should be
of special significance given the fact that three of the hydrolases
(K_05-6,K_06-5 and CCSP0211), reported in the present study as
capable of mediating C-O and C-C hydrolysis, do form a separate
cluster (most similar to Family V and VI of esterases/lipases) as
compared with, and do not contain highly conserved residues (see
Supplementary Table S1) characteristics of, known characterized
MCP hydrolases.
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CAPITULO 4
ESTERASAS DEL MAR MEDITERRANEO

RESUVEN DEL CONTENI DO

Este tercer capitulo proporciona informacién sobre las caracteristicas bioquimicas y estructurales de
enzimas aisladas de ambientes marinos profundos sometidos a condiciones poli-extremas de temperatura,
presion y salinidad. Esto supone un salto cuantitativo frente a los estudios de los dos capitul os anteriores ya
gue las muestras analizadas procedian de ambientes moderadamente extremos. En particular, se han utilizado
muestras procedentes de 4 fosas marinas hipersalinas profundas (3,040-3,342 m) y una fosa marina no
hipersalina (4,908 m de profundidad) del Mar Mediterraneo, caracterizadas por una temperatura moderada
constante de 13.0-16.5°C, y un amplio rango de salinidad (39-348 unidades précticas de sdlinidad (g/L)). Se
ha empleado también a modo comparativo una muestra de una fumarola hidrotermal de la Isla de San Pablo
(100 m de profundidad y 65°C). Para ello se han utilizado técnicas metagendémicas para la identificacion de
clones con actividad esterasa y |a posterior identificacion de marcos de lectura abiertas que codifican las
enzimas de interés. Posteriormente se han empleado técnicas de biologia molecular para la expresion,
produccion a pequefia escala 'y purificacion de las enzimas de interés. El empleo de técnicas bioquimicas,
incluidos ensayos espectrofotométricos con un total de 210 sustratos diferentes, permitié posteriormente la
caracterizacion de las mismas. Se han realizado estudios comparativos a nivel de secuencia de aminoacidosy
tetra-nucledtidos. Asi mismo se han realizado experimentos de cristalizacion, y finamente, a diferencia de
los capitulos, en este trabajo incorporamos estudios de dicroismo circular para calcular la temperatura de
desnaturalizacion de las proteinas y estudios de la actividad especifica a altas presiones. A diferencia de los
capitulos anteriores el estudio se ha realizado no solo con esterasas de la super-familia de las a/B-hidrolasas
(5 en total), sino también con otros tres tipos de enzimas, en particular, glicosidasas (1), aldo-ceto reductasas
(1) y lactato dehidrogenasas (1).

La masa molecular y el punto isoeléctrico de las enzimas oscila entre 26,802 y 84,279 Da, y 4.38 y
7.294, respectivamente. A nivel de secuencia las enzimas identificadas y analizadas presentan homologias
entreel 41%y el 99%. El pH éptimo variaentre 6.0 y 8.5, la temperatura Optima de actividad oscila entre los
16 y los 70°C y las concentraciones de sa (NaCl) para actividad Optima varian entre 0 y 4.0 M. La
temperatura de desnaturalizacion oscilaba entre 40.3 y 71.4°C. La mayoria de las enzimas procede de
bacterias del filo Tenericutes (5), Proteobacteria (2) y Firmicutes (1). Entre los resultados més relevantes en
este trabgjo hemos demostrado que en ambientes marinos profundos hipersalinos, la adaptacion de las
proteinas a la presion esta relacionada a la resistencia térmica (p valor = 0.0036). Por lo tanto, la salinidad
puede incrementar la ventana de temperatura éptima de las enzimas en ambientes profundos. Como g emplo,
la fosa Medee, la mayor fosa marina profunda hiper-salina del Mar Mediterraneo, cuya temperatura no ha
superado nunca los 16.5°C, contiene una enzima halotermopiezofilica cuyas temperaturas éptima de
actividad y de desnaturalizacion son 70°C y 71.4°C, respectivamente. Se trata por tanto de la primera enzima
con estas caracteristicas descrita en un ambiente no hiper-termdfilo.

Por otro lado, se ha determinado la estructura cristalogréfica de 5 de las enzimas, siendo € mayor
conjunto de proteinas cristalizadas de ambientes marinos profundos publicados hasta la fecha. El andlisis
estructural revela que la adaptacién de las proteinas a condiciones poli-extremas de presion, salinidad y
temperatura se basa en mecanismos moleculares diferentes a los conocidos. Asi mismo, se ha demostrado
gue las enzimas descritas en este trabgjo tienen una disposicion de los centros activos muy diferentes a las
enzimas homdlogas descritas en la bibliografia, 10 que explica las diferencias a nivel de especificidad de
sustrato.

El CD adjunto a esta Memoria contiene Material Suplementario relacionado con este Capitul 0.
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Summary

The present study provides a deeper view of protein
functionality as a function of temperature, salt and
pressure in deep-sea habitats. A set of eight different
enzymes from five distinct deep-sea (3040-4908 m
depth), moderately warm (14.0-16.5°C) biotopes,
characterized by a wide range of salinities (39-348
practical salinity units), were investigated for this
purpose. An enzyme from a ‘superficial’ marine
hydrothermal habitat (65°C) was isolated and charac-
terized for comparative purposes. We report here the
first experimental evidence suggesting that in salt-
saturated deep-sea habitats, the adaptation to high
pressure is linked to high thermal resistance (P
value = 0.0036). Salinity might therefore increase the
temperature window for enzyme activity, and possibly
microbial growth, in deep-sea habitats. As an
example, Lake Medee, the largest hypersaline deep-
sea anoxic lake of the Eastern Mediterranean Sea,
where the water temperature is never higher than
16°C, was shown to contain halopiezophilic-like
enzymes that are most active at 70°C and with dena-
turing temperatures of 71.4°C. The determination of
the crystal structures of five proteins revealed
unknown molecular mechanisms involved in protein
adaptation to poly-extremes as well as distinct active
site architectures and substrate preferences relative
to other structurally characterized enzymes.

Introduction

The deep oceanic/sea regions (below 200 m depth) form
the largest marine subsystem by volume and comprise
1.3 x 10"® m™ or approximately 80% of the oceanic/sea
volume (De Corte etal, 2012). However, the bathy
(10004000 m depth), abyssopelagic (4000-6000 m
depth) and hadopelagic (below 6000 m depth) regions are
by far the least explored systems on Earth, although they
are the largest reservoirs of organic carbon in the bio-
sphere and also home to largely enigmatic food webs
(Nagata etal., 2010). The habitability window in deep
realms is shaped mostly as a function of salinity, pressure
and temperature, and the individual and collective effects
of these characteristics on life have been extensively


mailto:mferrer@icp.csic.es
mailto:mferrer@icp.csic.es
mailto:alexei.savchenko@utoronto.ca
mailto:alexei.savchenko@utoronto.ca
mailto:o.golyshina@bangor.ac.uk
Jesús
Rectángulo


2 M. Alcaide et al.

investigated (Harrison et al.,, 2013). Microorganisms are
able to grow in a wide range of salt concentrations ranging
from sea water (De Corte et al., 2012) to salt-saturated
lakes (Daffonchio etal., 2006; Smedile etal, 2013;
Yakimov et al., 2013), pressures up to 120 MPa (e.g.
Zeng et al., 2009) and temperatures from 4°C (De Corte
et al., 2012) to ~ 60-108°C in active chimney walls (Zeng
etal, 2009; Eloe etal, 2011; Wang etal, 2011).
However, attempts to define the collective influence of
these environmental conditions on protein function are
scarce, and in particular, the extent of poly-extremes
remains mostly undefined. Poly-extremes are of particular
importance as life adaptation is a focus of intense
research interest, much of which is centred on dissecting
the changes in the composition and genomic content of
the communities under different environmental con-
straints (Daffonchio etal., 2006; Schlitzer, 2010; Eloe
etal., 2011; La Cono et al.,, 2011; Smedile et al., 2013;
Yakimov et al., 2013). One limitation of taxonomic and
genomic data based on the analysis of total extracted
DNA is that these studies cannot address whether an
organism is alive or has succumbed to such multiple
extreme conditions. Another major limitation of using
small-subunit ribosomal gene surveys and shotgun data
is the large number of organisms and genes that are
anonymous; the majority have not yet been cultured or
sequenced (Puspita et al., 2012; Akondi and Lakshmi,
2013). However, these data can be complemented with
naive screens, which directly analyse the enzymes of
metagenomes (Martinez-Martinez et al., 2013 and refer-
ences therein).

The importance of defining the combined effects of salt,
pressure and temperature extremes on protein function
contrasts with the limited information available in the lit-
erature. Therefore, as shown in Table S1, the majority of
enzymes characterized thus far from deep-sea realms
were mostly isolated either from slightly saline, cold (4°C)
habitats or from slightly saline, high-temperature hydro-
thermal vents, and only one study described enzymes
from salt-saturated basins (Ferrer et al., 2005). In addi-
tion, only six deep-sea proteins, all from single cultivated
organisms (De Vos et al., 2007; Shirai et al., 2008; Xu
et al., 2008; Shin et al., 2009; Sineva and Davydov, 2010;
Pietra, 2012), have been structurally characterized; none
of which originated from sites experiencing the three
stressors (Table S1). This dearth of three-dimensional
structures of proteins from deep-sea inhabitants, particu-
larly from salt-saturated biotopes, precludes a thorough
understanding of the structural adaptations necessary for
life in poly-extremophilic environments and stifles the dis-
covery and optimization of useful enzymes for structural-
functional, engineering and industrial purposes.
Nevertheless, it has been recently shown that DNA-based
methodologies appear to be inaccurate approaches by

which to study the ‘adaptation signatures’ in the brines of
deep-sea salt-saturated lakes (Hallsworth et al,, 2007;
Yakimov et al., 2013). Rather, biochemical-based meth-
odologies might be more accurate approaches by which
to study such ‘signatures’, as enzyme activities represent
the highest level of the functional hierarchy regardless of
the heterogeneities that commonly appear at the DNA and
amino acid levels.

This investigation takes a step beyond descriptive
studies of microbial cultivation and gene repositories and
the utilization of naive screens, biochemical tests and
structure determinations provided deeper insights into the
combined effects of salinity, high pressure and tempera-
ture on marine enzymes. We used the bio-resources
from two collaborative projects, BEEM (http://www.beem
.utoronto.ca; funded by Genome Canada) and MAMBA
(http://mamba.bangor.ac.uk; funded by the EU FP7
program), which are focused on investigating moderate-
temperature deep-sea sites in the Mediterranean Sea. We
particularly focused here on the salt-saturated deep-sea
lakes Medee, Bannock and Kryos (Daffonchio etal.,
2006; Yakimov et al., 2013) and the hadopelagic seawater
column at Station Matapan-Vavilov Deep (Smedile et al.,
2013) in the Eastern Mediterranean Sea (Fig. 1). A ‘super-
ficial’ marine hydrothermal habitat was used for compari-
son. The extensive characterization of a set of nine
different enzymes isolated from those sites by naive
screens and the determination of five crystal structures
provided, to the best of our knowledge, the first experi-
mental evidence linking pressure adaptation to thermal
adaptation in salt-saturated habitats, by as yet unknown
molecular mechanisms. The results are discussed in the
context of expanding the thermal window for growth in
deep-sea realms, and novel electrostatic charges and
active site architectures are also examined.

Results and discussion

Deep-sea metagenome libraries, screening and
general features of selected sequence-encoded
esterases (ESTs)

Samples were collected from two distinct deep-sea
marine environments. First, brine/interface fluid was col-
lected from deep hypersaline anoxic basins (DHAB): Lake
Medee (3040 m depth; 15.5°C), which is the largest
known DHAB, Lake Bannock (3342 m depth; 14.5°C) and
Lake Kryos (3340 m depth; 16.5°C) (Daffonchio etal.,
2006; Yakimov et al., 2013). Note that brine fluids were
collected from Medee and Bannock basins whereas alive
interface was collected from Lake Kryos. Second, seawa-
ter was collected from the hadopelagic Station Matapan-
Vavilov Deep (4908 m depth; 14.5°C), which is the
deepest site of the Mediterranean Sea (Smedile et al.,
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Fig. 1. Global map displaying the locations of
the main deep-sea sites in the Mediterranean
Sea investigated in this study. Hydrochemistry
of selected deep-sea regions (A) is shown in
(B) (for extensive details, see Table S2).

B
Medee Kryos  Bannock Matapan
Depth (m): 3010 3340 3342 4908
Salinity (g kg™) : 347.80 313.92 263.20 38.6
Temperature (2C) :14.75-15.46 16.5 14.5 14.29

2013). At these sites, the water temperature is never
below 13.0°C or higher than 16.5°C. Total DNA was
extracted, and subsets of 40 024 clones from the four
libraries generated in this study harbouring nearly
1.3 Gbp of community genomes were scored for the
ability to hydrolyse o-naphthyl acetate (oNA) and
tributyrin, as previously reported (Reyes-Duarte et al.,
2012), which is indicative of EST/lipase activity. A
total of five unique clones were selected as active.
Hydrochemistry of selected deep-sea regions and EST
screening statistics are shown in Fig. 1 and Table S2. The
inserts were sequenced, analysed and compared with
the sequences available in the National Center for Bio-
technology Information (NCBI) non-redundant public
database (Hall, 1999). Five (one per active clone) pre-
dicted metagenome sequence (MGS)-encoding ESTs
with the o/p hydrolase fold were identified and success-
fully produced as soluble proteins when expressed in
Escherichia coli, and their properties were investigated.
They were named based on the source ID followed by a
serial number: MGS-M1 and MGS-M2 (from the Medee
basin), MGS-B1 (from the Bannock basin), MGS-K1 (from
the Kryos basin), and MGS-MT1 (from the Matapan
basin).

According to BLAST searches of the NCBI non-
redundant database, the five studied protein sequences
were 44—-62% similar to homologous proteins in the data-
base (Table S3A-B). The deduced molecular masses
and estimated pl values of these proteins ranged from
31.6 to 56.2 kDa and from 4.4 to 7.3 respectively. The
pairwise amino acid sequence identity ranged from 8.3%
to 21.8%; MGS-B1 and MGS-MT1 were the most similar
enzymes (21.8% sequence identity), whereas MGS-K1
and MGS-M1 were the most divergent at the sequence
level (8.3% sequence identity). The selected o/p
hydrolases contain a classical Ser-Asp-His catalytic triad,
but the catalytic elbow and oxyanion hole (i.e. the
GXSXGG and H/N-GGG(A)/P-X motifs) often diverged
from the consensus regions as identified by an extensive
sequence analysis. Nonetheless, there was adequate
sequence conservation among these catalytic motifs and
the overall enzyme sequence to categorize the enzymes
into the following accepted lipase/EST subfamilies
(Kourist et al., 2010): family IV (MGS-MT1, MGS-B1 and
MGS-M1), family V (MGS-M2) and family VIl (MGS-K1).
The sequence-based features and amino acids partici-
pating in the predicted catalytic sites are listed in
Table S3A-B.
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Salt-saturated deep-sea brines contain biochemical
signatures indicating adaptation to salinity and
thermal extremes

According to the standard assay conditions described in
Experimental procedures, and summarized in Table 1, the
five proteins were fully characterized. We first confirmed
that the purified proteins, which were most active at pH
values ranging from 7.0 to 8.5 (Fig. S1), exhibited the
expected EST activity, tested over a set of 101 structurally
different esters. Extensive differences in activity level as
well as substrate profiles and preferences were notice-
able according to specific activity (units mg™) deter-
minations (Appendix S1; Fig. S2). Using p-nitrophenyl
propionate (pNP-propionate) as a model substrate, Lake
Medee enzymes were found to be the least active
enzymes, i.e. the enzyme from Matapan-Vavilov Deep,
which was the most active enzyme, exhibited specific
activities 900-fold greater than those of Lake Medee
enzymes (Table 1).

The enzymatic activities of purified proteins were stimu-
lated by the addition of NaCl and KCI to the reaction
mixture (Fig. 2). The optimal concentration of Na*/K* for
activity was the lowest for MGS-B1 and MGS-K1 (optimal
at 0.8-1.2 M), whereas the other enzymes were most
active at concentrations greater than 3.0 M. At the optimal
concentration, MGS-B1 from Lake Bannock exhibited the
greatest increase in activity (14-fold) compared with reac-
tions not containing salts. MgCl, triggered stronger effects
on enzyme activities. However, while MGS-K1, MGS-B1
and MGS-M1 (in order of greatest inhibition to least inhi-
bition by MgCl,) were strongly inhibited by this salt at
concentrations greater than 0-0.8 M, MGS-M2 and MGS-
MT1 were stimulated with maximal activity at 2.4 and

1.6 M salt respectively. The activation of all enzymes by
Na*/K*/Mg?" indicates that the properties of the ESTs
herein reported reflect specific habitat characteristics and
that activation by sodium, potassium, and, to a lesser
extent, magnesium, may be common in enzymes from the
deep-sea sites examined, independently of the habitat
environmental constraints.

Three distinct profiles of temperature optima were
further observed (Fig.3). The first profile was a
thermophilic-like profile, as exemplified by MGS-M2, in
which the enzyme was most active at 70°C and retained
< 5% activity at 4-16°C (in the presence or absence of
NaCl). Calculation of denaturing temperature (71.4°C) by
circular dichroism (CD; Table 1) confirmed the high
protein stability. The high optimal temperature of MGS-M2
was unexpected because this enzyme was isolated
from Lake Medee, a permanently moderate-temperature
site (15.5°C) (Yakimov et al,, 2013). To prove that the
MGS-M2 enzyme showed a temperature profile typical for
thermophilic proteins, an EST with the o/f hydrolase fold
(referred to as MGS-HA1), which originated from a clone
library created from a superficial seawater sample at a
hydrothermal vent at Saint Paul Island (100 m depth) and
maintained at 60-65°C, was purified and characterized
for comparative purposes. The enzyme was derived from
a clone (out of 20 000 total clones) active towards oNA.
The MGS-HA1 enzyme, which can be categorized into the
lipase/EST family VI (Kourist et al., 2010) and most likely
originated from Geobacillus as determined by BLAST
homology search and GOHTAM (Tables S3A and S4),
showed maximal activity at pH 8.0 (Fig. S1) and concen-
trations of Na*/K*/Mg?" of up to 1.6-3.2 M (Fig. 1). lts
optimal temperature for activity (70-75°C) and residual
activity at low temperatures, e.g. < 0.4% at 4°C (Fig. 3),

Table 1. Specific activity and protein denaturation temperature (Tq) of proteins as determined by circular dichroism.

Standard assay conditions

Specific activity

for activity determination

Enzyme Activity Protein fold (units g™)? [pH/T(°C)/NaCl (M) Tq (°C)°
MGS-M1 EST o/B Hydrolase 105.73+2.34 8.0/25/3.6 65.2
MGS-M2 EST o/B Hydrolase 188.32 + 8.76 8.0/70/4 71.4
MGS-B1 EST o/B Hydrolase 24 077 £85 8.0/25/0.8 52.4
MGS-K1 EST o/B Hydrolase 18 094 + 270 7.0/30/0.8 40.3
MGS-MT1 EST o/B Hydrolase 94 994 + 460 8.0/40/2.8 55.7
MGS-M3 GLY o/p Hydrolase 12 471 + 895 8.0/45/ 0.4 59.3
MGS-M4 AKR TIM-barrel 5371 +28 8.0/16/0.8 63.3
MGS-M5 LDH Rossman 1072+ 12 8.0/30/0 n.d
MGS-HA1 EST o/B Hydrolase 408.2 £ 18.0 8.0/70/3.2 79.5

a. pNP-propionate (1 mM; for EST activity), pNP-B-D-glucose (30 mM; for GLY activity), sodium pyruvate (5 mM; for LDH activity) and methyl
glyoxal (1 mM; for AKR activity) were used as standard assay substrates. The following buffers were used for activity determinations: 50 mM
Tris-HCI for pH 8.0 and 50 mM 4-(2-hydroxyethylpiperazine-1-ethanesulphonic acid (HEPES) for pH 7.0, which were used as standard assay
buffers. Note that activity determinations were performed at the optimal parameters and conditions specifically cited in the Experimental
Procedures, and summarized in this Table.

b. Standard deviation < 0.1.

Activity and protein fold associated to each of the enzymes are also summarized. AKR, aldo-keto reductase; EST, esterase; GLY, glycosidase;
LDH, lactate dehydrogenase; n.d., not determined.
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Fig. 2. Temperature profiles of the enzymes in the absence (-) or
presence (+) of salt (NaCl). Profiles for deep-sea esterases are
shown in the top panel, whereas those for other enzymes are
shown in the bottom panel. The heat map colours represent the
relative percentages of specific activity (units g') compared with
the maximum (100%) given in Table 1. The specific activities were
calculated in triplicate (SD < 0.5%) using the standard assay
substrates (see Table 1) and conditions described in the
Experimental procedures. Note that due to the significant
differences in specific activities in the presence and absence of
salt, the assays were performed using the same units of enzymes
on the basis of pNP-propionate transformation. This effect is
particularly noticeable for the MGS-B1 esterase, which retains only
3.4% of its activity in the absence of salt compared with the
optimum level (0.8 M NaCl). The colour code ranges from black (no
activity) to intense red (100% activity). Heat maps were constructed
in R (http://www.r-project.org) using the ‘heatmap.2’ function within
the ‘gplots’ package.
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allowed it to be categorized as a typical thermophilic
enzyme, which was further evidenced by the determina-
tion of its denaturing temperature (79.5°C; Table 1). The
comparative analysis of MGS-M2 and MGS-HA1 showed
that MGS-M2 reassembled a thermophilic protein. The
second profile was a mesophilic-like profile, as exempli-
fied by MGS-MT1, in which the enzyme was most active
at 40—45°C and retained less than 40% of its activity at
>50°C (Fig. 3) in the presence or absence of NaCl; this
result is in agreement with its denaturing temperature

Enzyme adaptation to poly-extremes 5

(55.7°C; Table 1). The third profile consisted of a
psychrophilic-like profile, as exemplified by MGS-M1,
MGS-B1 and MGS-K1, with enzymes that were most
active at 25-40°C (Fig. 3). Notably, compared with
mesophilic (MGS-MT1) and thermophilic (MGS-M2) ESTs
that showed a salt-independent thermal profile (Fig. 3),
a positive impact of salinity on thermal activation/
stabilization in these three enzymes was observed in the
presence of optimal concentrations of NaCl. This result
was particularly noticeable for MGS-M1 and MGS-B1, as
they displayed a shift in the optimal temperature from 25
to 35°C and from 25 to 40°C respectively. It was also true
to a lesser extent for MGS-K1 (from 35 to 40°C). The
higher stabilization levels for MGS-M1 and MGS-B1
agreed with their higher denaturing temperatures
(65.2°C and 52.4°C respectively) compared with MGS-K1
(40.3°C). Together, the data demonstrated that deep-sea
salt-saturated biotopes might contain enzymes adapted to
work under multiple temperature extremes (80% activity
retained in the range from 16 to 70°C), despite these sites
being moderately warm (14.0-16.5°C).

Adaptation to high pressure is linked to high thermal
resistance in deep-sea brines

As pressure is one of the most representative character-
istics of deep-sea habitats, the influence of hydrostatic
pressure (350 bar) on enzyme performance was further
evaluated in high-pressure 2 ml reactors as described
in the Experimental procedures, and presumptive links
between the site and EST characteristics were evaluated.
The data presented in Fig. 4 revealed that the relative
percentage of activity at 350 bar compared with that
at atmospheric pressure positively correlated with the
optimal temperature for activity in the two ESTs from the
salt-saturated Lake Medee; thus, the highest adaptation
to pressure was obtained for the MGS-M2 EST, which had
the highest temperature optima (70°C) compared with
MGS-M1 (25°C). No such correlation could be evaluated
for the other deep-sea sites, which showed different acti-
vation levels, as only one enzyme candidate was charac-
terized per site; no additional enzymes could be tested
because no additional active clones could be obtained in
our library screen tests, or we were unable to produce
additional soluble proteins from sequenced positive
fosmids.

To prove that such a thermal-pressure correlation
exists in Lake Medee, we polymerase chain reaction-
amplified candidate genes from the two EST-positive
clones (the ones containing MGS-M1 and MGS-M2
ESTs), and we were able to successfully express and
produce in soluble form three proteins: a glycosidase
(GLY; herein named MGS-M3), an aldo-keto reductase
(AKR; MGS-M4) and an (L)-lactate dehydrogenase
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Fig. 3. Heat maps displaying the activities of enzymes at different concentrations of NaCl (A, red), KCI (B, blue) and MgCl, (C, green).
Profiles for deep-sea esterases are shown in the left panel, whereas those for other enzymes are shown in the right panel. The heat map
colours represent the relative percentages of specific activity (units g-') compared with the maximum activity (100%). The specific activities
were calculated in triplicate [standard deviation (SD) < 0.5%)] using the standard assay substrates (see Table 1) and conditions described in
the Experimental procedures. The colour code ranges from black (no activity) to intense red, blue and green (100% activity). The 100% levels
for NaCI/KCI/MgCl; are as follows: MGS-M1 (105.7/105.6/38.1 units/g), MGS-M2 (188.3/111.6/212.5 units g™'), MGS-M3 (12 471/ 8142/6481
units g7'), MGS-M4 (5371/4715/362.0 units g™'), MGS-M5 (1072/1000/153.7 units g~'), MGS-B1 (24 077/11 685/4496 units g~'), MGS-K1

(18 094/17 829/8239 units g'), MGS-MT1 (94 994/88 259/117 186 units g-') and MGS-HA1 (408.2/388.4/246.1 units g-'). Heat maps were
constructed in R (http://www.r-project.org) using the ‘heatmap.2’ function within the ‘GPLOTS’ package.

(LDH; MGS-M5). According to the CAZY database
(http://www.cazy.org; Cantarel et al., 2009) and consid-
ering structural similarities, MGS-MS3 is related to family
3 of GLYs, whereas MGS-M4 belongs to the gluconic

reductase subfamily 5 of AKRs, and MGS-M5 matches
lactate/malate dehydrogenases rather than other
Rossman fold-containing enzymes. The sequence-based
features and amino acids participating in the predicted
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Fig. 4. Activity levels of enzymes as a function of pressure and
optimal temperature for activity. The specific activities using the
standard assay substrates and pH (see Table 1) and 25°C were
calculated in triplicate [standard deviation (SD) is shown] at
atmospheric pressure or 350 bar as described in the Experimental
procedures. One hundred percent activity refers to the activity
value at atmospheric pressure for each of the enzymes. The
optimal temperature for activity of each of the enzymes studied is
reported in Fig. 2. Only enzymes from Medee Lake were
considered for correlation analysis (see Results and Discussion
section for details), and thus the enzymes from other site are
shown in different colours.

catalytic sites are listed in Table S3C. According to the
standard assay conditions described in Experimental
procedures (see also Table 1), the corresponding activi-
ties, found to be maximal at pH 8.0 (Fig. S1), were first
confirmed against a total of 47 model substrates
(Table 1; Appendix S1; Fig. S1). Activity measurement
further showed that while MGS-M5 was inhibited by Na*
and K* (Fig. 1), MGS-M3 and MGS-M4 were activated
by low salt concentrations (0.3-0.4 M and 0.8-1.2 M
respectively). MgCl, strongly inhibited all enzymes
(Fig. 1). The influence of temperature and hydrostatic
pressure (350 bar) on enzyme performance was further
evaluated for these three enzymes, which confirmed
that the highest resistance to pressure was obtained
for enzymes with the highest temperature optima
(Fig. 4).

Overall, we found that pressure adaptation, at least in
Lake Medee, is linked to thermal adaptation and that the
correlation (P value = 0.0036; t-test; Fig. 4) was accurate
for five proteins with different types of fold, such as
MGS-M1, MGS-M2 and MGS-M3 with an o/B-hydrolase
fold, MGS-M4 with a triosephosphate isomerase
TIM-barrel fold, and MGS-M4 with a Rossman fold
(MGS-M4).

Enzyme adaptation to poly-extremes 7

Analysis of temperature, salt and pressure adaptations
in enzyme primary and tertiary structures

Given the diverse thermo- and halo-tolerance of the MGS
proteins (for summary see Figs 2 and 3), we were inter-
ested in identifying primary sequence and tertiary struc-
ture elements that might reflect adaptations conferring
these properties. It has been hypothesized that intracel-
lular proteins of thermophilic, psychrophilic and halophilic
organisms undergo multiple, distinct adaptations to retain
activity in such environments. For example, enzymes of
thermophilic origin may increase their stability to resist
thermal-induced unfolding by increasing the size of their
hydrophobic cores, increasing the number of disulphide
bonds, forming additional salt-bridge interactions or
increasing the number of charged residues on their
exposed surfaces (Reed etal, 2013). Enzymes of
halophilic origin must increase their hydration to compen-
sate for increased extracellular salt concentrations
(Madern et al.,, 2000; Delgado-Garcia et al., 2012; Reed
et al., 2013). Observed adaptations included an increased
negative surface charge and/or lower isoelectric point (pl)
caused by an increase in acidic residues and a decrease
in lysine residues (Ferrer etal., 2012), a decrease in
aliphatic amino acids (Leu/lle) and an increase in small
hydrophobic amino acids (Gly/Ala/Val), and a decrease in
the extent of buried non-polar amino acids. We searched
for these adaptations by obtaining the crystal structures
and/or primary sequences of the thermophilic enzyme
MGS-M2, the psychrophilic/mesophilic enzymes MGS-
M1, MGS-M4, MGS-M5 and MGS-MT1, the halophilic
enzymes MGS-M1 to MGS-M4 and MGS-MT1 and com-
paring these enzymes with their closest homologues
lacking these adaptations (Fig. 5; Appendix S1). We also
analysed MGS-M5, which does not exhibit salt tolerance,
as a baseline comparison. To remove any signal from
substrate-binding amino acids correlated with functional
diversification, we excluded residues close to the catalytic
sites.

An analysis of 16 known temperature-dependent adap-
tations showed that the MGS-M2 enzyme contains six
adaptive features typical of thermophilic proteins
(Table S3D). However, the analysis also showed that
the psychrophilic enzymes MGS-M1 and MGS-M4
contain 10 and 8 adaptations, respectively, that are
typically observed in thermophiles. In addition, the
mesophilic enzyme MGS-M4 contains nine of these
so-called thermophilic adaptations. The presence of these
thermophilic adaptations may explain the preservation of
the activity of these enzymes at temperatures as high as
60-75°C (Fig. 2). These results suggest that other char-
acteristics beyond those studied here are involved in con-
ferring the temperature dependence of these MGS
enzymes.
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MGS-M1 Cest-2923 MGS-M2 HsaD MGS-MT1 AFEST
(PDB 4BZW) (PDB 2WUG) (PDB 1JJI)
o

o

2,5-DKGR
(PDB 1A80)

Fig. 5. Comparison of surface features of the MGS enzymes crystallized in this study and their structural homologues revealed by structure
similarity searches. The solvent-exposed surfaces of the enzymes are shown, coloured by electrostatic potential as indicated by the scale at
the bottom right (in units ke/T = Boltzmann constant over temperature). The arrows refer to the locations of the catalytic serines (for esterases
in the top row), with dashes indicating that this residue is hidden within the protein, or the NADPH/NADH and substrate binding sites (for

enzymes in the bottom row).

As the activity of MGS-M4 was preserved even at 1 M
KCI, we repeated the analysis of structural adaptations on
this enzyme by comparison with a non-halophilic homo-
logue, excluding a region surrounding the substrate-
binding site. For this enzyme, the analysis identified only
two of the seven adaptations (Table S3E, a decrease in
overall pl and a decrease in lysine residues). This result
suggests that this enzyme contains other unknown char-
acteristics that preserve its activity in high-salt environ-
ments. Of the seven halophilic-dependent adaptations
examined in the MGS enzymes, MGS-M1, MGS-MT1
and MGS-M2 contained five, three and two of these
adaptations respectively (Table S3E). Thus, although the
salt adaptation of MGS-M1 is well explained by previously
identified adaptations, the salt adaptation of the MGS-M2
and MGS-MT1 enzymes is not. Notably, an increase in
surface acidic residues is the most commonly observed
adaptation in halophilic enzymes, but MGS-MT1 exhibited
the opposite feature: it has a high pl value (7.29), reflect-
ing a decrease in surface acidic residues. This evidence
suggests that other undiscovered adaptations are present
in this enzyme.

Piezophilic proteins appear to exhibit a smaller hydro-
phobic core, fewer large and more small amino acids in
the hydrophobic core, increased multimerization and
fewer intra-molecular ionic interactions (Michels and
Clark, 1997). An analysis of these four known pressure-
dependent adaptations (Table S3E) did not reveal that

MGS-MT1 and MGS-M2 have more of these adaptations
than the proteins that are not piezophilic (Fig. 4).

An analysis of the crystal structures further revealed
that the conformation and/or overall electrostatic charge
(Fig. 5; Fig. S3 and S4) were distinct relative to other
structurally characterized homologues in four of the five
proteins. Indeed, the overall electrostatic charge on the
surface of MGS-M1 was similar to the charges of Cest-
2923 and bacillibactin esterase (BES), with no obvious
patches of concentrated charge; however, MGS-M1 con-
tained a deletion of 14 amino acids relative to Cest-2923
(residues 141-150 in MGS-M1 and 158-181 in Cest-
2923), which resulted in alterations in the conformation of
the active site. MGS-M2 has different electrostatic char-
acteristics and residue composition: the active sites of the
closest structural homologue (HsaD) are noticeably posi-
tively charged, whereas those of MGS-M2 contain a mix
of positive and negative features. The MGS-MT1 active
site is long, deep, negatively charged, and open to
solvent; these electrostatic characteristics are in sharp
contrast to the properties of Archaeoglobus fulgidus ester-
ase (AFEST). Compared with its closest structural
homologues (2,5-DKGR), MGS-M4 contains a small (153
A®), slightly positively charged nicotinamide adenine
dinucleotide phosphate (NADPH)-binding site and a
smaller active site, which is missing some structural loops
involved in substrate contacts. Finally, a comparison of
the electrostatic surface and active site composition of the
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MGS-M5 structure revealed that it closely resembled the
structures of its closest homologues (LDH), including
the four residues involved in interacting with the pyruvate/
L-lactate ligands. Such differences are consistent with
variations at the level of substrate profiles and prefer-
ences (Fig. S2), but they may also be implicated in yet
unknown differential adaptations to environmental
constraints. Full details about substrate fingerprint and
crystal structures and active site architecture are given in
Appendix S1.

Source organisms of investigated
sequence-encoded ESTs

We finally investigated the presumptive microbial origin
of the genes encoding enzymes under investigation
(Table S4). A search against the GOHTAM database
(Menigaud et al., 2012) revealed compositional similari-
ties between the DNA fragments containing the genes for
MGS-M1 to MGS-M5 and several bacterial strains that are
most likely from uncharacterized species belonging to
Firmicutes. Genes in the DNA fragment encoding
MGS-M2 to MGS-M5 share similarity with the correspond-
ing genes of the Tenericutes-like bacterium Haloplasma
contractile (Antunes et al., 2008). This bacterium was
recently isolated from deep-sea sediment samples and is
a unique ‘transiting form’ of bacteria that has been placed
on the phylogenetic tree between Firmicutes (Bacilli and
Clostridia) and Mollicutes (Mycoplasmas and other strictly
symbiotic bacteria). Interestingly, the closest neighbour to
H. contractile is ‘Candidatus lumbricincola’, an uncultured
bacterium associated with earthworms (Nechitaylo et al.,
2009). However, unlike Mollicutes, H. contractile grows
axenically on ‘simple’ media, suggesting a free-living life-
style (Antunes et al., 2011). MGS-B1 was not identified by
GOHTAM, but the DNA fragment encoding this enzyme
shares genes with Betaproteobacteria of the genus
Variovorax. MGS-K1, which is part of an insertion
sequence element or prophage, shares DNA similarity
with Aspergillus, although TBLASTX analysis indicated
some weak similarity with rare Betaproteobacteria
species. Hence, similarly to other fragments, MGS-K1
could be derived from an unknown species. The DNA
fragment encoding the MGS-MT1 enzyme exhibits com-
positional similarity to the Alteromonas genomes, most
likely Alteromonas macleodii ‘deep-ecotype’, which domi-
nates the Matapan-Vavilov Deep (Smedile et al., 2013).

Experimental procedures
Source of enzymes

Total DNA was extracted from selected sites using the
G’NOME DNA extraction kit (BIO 101/Qbiogene, Morgan
Irvine, CA, USA) according to the manufacturer’s instruc-
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tions for each of the microbial communities, and large-insert
pCCFOS1 fosmid (for all but Bannock Lake) or bacterio-
phage lambda-based ZAP phagemid (Bannock Lake)
libraries were generated (Ferrer et al., 2005; Alcaide et al.,
2013) and scored for the ability to hydrolyse oNA and
tributyrin (Reyes-Duarte et al., 2012). Positive clones were
selected, and their DNA inserts were sequenced using a
Roche 454 GS FLX Ti sequencer (454 Life Sciences,
Branford, CT, USA) at Life Sequencing SL (Valencia, Spain)
or completely sequenced using universal primers and sub-
sequent primer walking. In all cases, upon completion
of sequencing, the reads were assembled to generate
non-redundant metasequences using Newbler GS De
Novo Assembler v.2.3 (Roche). The GENEMARK software
(Lukashin and Borodovsky, 1998) was employed to predict
potential protein-coding regions (open reading frames with
> 20 amino acids) from the sequences of each assembled
contig, and deduced proteins were screened via BLASTP and
PSI-BLAST (Altschul etal., 1997). MGS-encoding enzymes
were deposited in GenBank under the accession numbers
KF831414 — KF831421.

General methods

The cloning, expression and purification of selected proteins
using the p15TV-Lic vector and E. coli BL21(DE3) Codon
Plus-RIL (for MGS-M4 and MGS-M5) and Ek/LIC 46 and
E. coli BL22 (for MGS-M1, MGS-M2, MGS-B1, MGS-K1
and MGS-HA1) or Rosseta (for MGS-MT1) were performed
as described elsewhere (Alcaide etal, 2013) using the
primer pairs described in Table S5. Purity was assessed
as >98% by SDS-PAGE. Note that after purification,
MGS-MT1, MGS-K1 and MGS-B1 were required to be main-
tained in 50 mM HEPES [4-(2-hydroxyethylpiperazine-1-
ethanesulphonic acid] pH 7.0 containing 0.8 M NaCl to
ensure protein stability. All chemicals used for enzymatic
tests were of the purest grade available and were purchased
from Fluka-Aldrich-Sigma Chemical Co. (St Louis, MO, USA)
or Apin Chemicals (Oxon, UK) (Alcaide et al., 2013). EST
activity was assayed using 1 mM p-nitrophenyl (oNP) esters
(at 410 nm) and structurally diverse esters other than pNP
esters (at 540 nm) using substrates and conditions as previ-
ously described (Alcaide et al., 2013). GLY activity was deter-
mined using 1 mM pNP sugars (at 410 nm) as described
elsewhere (Del Pozo et al., 2012). LDH activity was assayed
by a colorimetric assay in which the conversion of pyruvate to
lactate was determined using a LDH kit (Sigma Chemical
Co., St. Louis, MO, USA) to follow the release of NAD" at
340 nm in a reaction mixture containing 0.4 mM nicotinamide
adenine dinucleotide (NADH) and 5 mM sodium pyruvate.
AKR activity was determined routinely by monitoring the
decrease in absorbance at 340 nm in an assay mixture con-
taining the corresponding substrate (1 mM) and 0.4 mM
NADPH. Unless otherwise stated, pNP-propionate (1 mM; for
EST activity), pNP-B-D-glucose (30 mM; for GLY activity),
sodium pyruvate (5 mM; for LDH activity) and methyl glyoxal
(1 mM; for AKR activity) were used as standard assay
substrates. The optimal pH, temperature and salt (NaCl) con-
centrations (see Table 1) were used for standard assay reac-
tions and specific activity determinations (see Fig. S2). pH
values between 4.0 and 11.0 (at the optimal temperature),
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temperatures between 4 and 80°C (at the optimal pH), and
NaCl, KCI and MgCl, concentrations of up to 4 M (at the
optimal pH and temperature) were tested for optimal param-
eter determinations using the standard assay substrates (for
details Table 1). For pH and temperature optima determina-
tions, the assay buffers were supplemented with NaCl, which
was used as model salt, at the optimum concentration or not
supplemented (Table 1).

Unless stated otherwise, reactions were conducted using
0.005-2 ug of pure proteins; the absorbance was determined
every 1 min for a total time of 15 min. All reactions were
performed in triplicate, and one unit (U) of enzyme activity
was defined as the amount of enzyme transforming 1 pmol of
substrate in 1 min under the assay conditions. All values were
corrected for non-enzymatic hydrolysis (background rate).

Pressure perturbation studies

The effect of hydrostatic pressure was further analysed by
placing the reactions into a high-pressure incubating system
that consists of 2 ml of high-pressure cell connected to a
pressure generator (High Pressure Equipment, Erie, PA,
USA) that is capable of generating a pressure of up to
10 000 psi. Briefly, 20 ml of standard assay buffer (see
Table 1) containing 30 mM pNP-B-D-xylose (for MGS-M3),
1.0 MM pNP-propionate (for ESTs), 5 mM sodium pyruvate
and 0.4 mM NADH (for MGS-M4) or 1.0 mM methyl glyoxal
and 0.4 M NADH (for MGS-M5) was freshly prepared. Next,
0.32-540 ug of pure protein (depending on the enzyme)
was added. Two millilitres of the reaction mixture was
immediately transferred to high-pressure-maintaining reac-
tors, and another 2 ml was held at atmospheric pressure.
The experiments were performed at 25°C and at a salt
(NaCl/KCI) concentration similar to that found at the sam-
pling site [Fig. 1; 39-348 practical salinity units (PSUs)]. In
all cases, reactions without protein were used as negative
controls. After incubation for a total of 5-30 min (depending
on the enzyme), the samples were depressurized, and the
extent of the reaction was monitored by spectrophotometer
measurements at 410 nm. All experiments were performed
in triplicate.

Protein purification, crystallization and
structure determination

The ESTs MGS-M1, MGS-M2 and MGS-MT1, the LDH MGS-
M4, and the AKR MGS-M5 were expressed and purified
according to the procedures described by Lai and colleagues
(2011). The purified Hise-tagged MGS-M1, MGS-M2, MGS-
MT1, MGS-M4 and MGS-M5 enzymes were crystallized
using the sitting drop method, Intelliplate 96-well plates and a
Mosquito liquid handling robot (TTP LabTech), which mixed
0.5 pl of protein between 21 to 27 mg ml~' with 0.5 ul of the
reservoir solution. The reservoir solutions were as follows:
MGS-M1 — 20% potassium fluoride, 20% (w/v) polyethylene
glycol (PEG) 3350; MGS-M2 — 0.1 M sodium HEPES pH 7.5,
1.4 M sodium citrate, thermolysin protease; MGS-MT1 —
0.1 M MES pH 6.0, 20% (w/v) PEG 10K; MGS-M4 — 0.1 M
Tris pH 8.5, 0.2 M ammonium sulphate, 25% (w/v) PEG
3350, tobacco etch virus protease; MGS-M5 — 0.1 M sodium
cacodylate pH 6.5, 0.2 M calcium acetate, 9% PEGS8 K,

trypsin protease. The crystals were cryo-protected with res-
ervoir solution supplemented with either 12% glycerol, 15%
ethylene glycol or Paratone-N oil prior to flash freezing in an
Oxford Cryosystems Cryostream. Diffraction data were col-
lected at 100K and the Cu Koo emission wavelength using a
Rigaku HF-0007 rotating anode with a Rigaku R-AXIS IV++
detector. Diffraction data were reduced with either HKL3000
(Minor et al., 2006) or xps (Kabsch, 2010) and SCALA (Evans,
2006). The structures were determined by molecular replace-
ment using the following Protein Databank (PDB) codes:
MGS-M1 — 3HXK, MGS-M2 — 2XUA, MGS-MT1 — 3V9A,
MGS-M4 - 4FZIl, and MGS-M5 — 1LDN. Electrostatic surface
representations were calculated using the PDB2PQR server
(Dolinsky et al., 2004) with the Assisted Model Building and
Energy Refinement (AMBER) force field and otherwise
default settings. Substrate-binding cavity volumes were cal-
culated by the CASTp server (Dundas etal, 2006).
Structural homologues in the PDB were identified using
the PDBeFold server (Krissinel and Henrick, 2004). For
halophilic and thermophilic adaptation analysis, we excluded
from all analyses residues within 10 A of the catalytic serine
in the o/p hydrolase enzymes or within 5 A of the bound
substrate in the AKR prostaglandin F synthase (PDB 1RY0)
to remove sequence substitutions due to substrate-binding
differences. Surface or core classification was assigned after
calculation of the solvent-accessible surface area (SASA) by
NACCESS  (http://www.bioinf.manchester.ac.uk/naccess);
residues with > 10 A?> SASA were assigned as surface resi-
dues. The difference in hydrophobic core burial was calcu-
lated by comparing the apolar buried surface area in the
hydrophobic core using NACCESS with the unfolded state
SASA calculated by the unfolded server (http://folding
.chemistry.msstate.edu/utils/unfolded.html) (Creamer et al.,
1997). Multiple sequence alignments were constructed using
the CLUSTALW2 tool (http://www.ebi.ac.uk/clustalw/index.html)
integrated into the BIOEDIT 7.0.9.1 software (Hall, 1999) and
GENO3D (Combet et al., 2002). X-ray diffraction statistics can
be found in Table S6. The structural coordinates reported will
appear in the PDB under accession codes 4Q3K, 4Q3L,
4Q3M, 4Q3N and 4Q30.

CcD

CD spectra were acquired between 190 and 255 nm with a
Jasco J-720 spectropolarimeter equipped with a Peltier tem-
perature (from 4 to 95°C) controller, employing 0.1 cm of path
cell, at 25°C. The protein concentration was determined
spectrophotometrically (at 280 nm) according to the corre-
sponding amino acid sequence (http://www.expasy.org/tools/
protparam.html). Protein solutions were prepared in 50 mM
HEPES buffer pH 7.0; for MGS-B1 and MGS-MT1, 0.8 M
NaCl was added to the buffer to ensure protein stability
during the assay. Spectra were analysed and denaturation
temperatures were determined at 220 nm, as reported (Pace
and Scholtz, 1997; Schmid, 1997).

Construction of a neighbour-joining tree and
oligonucleotide usage pattern analysis

Multiple protein alignments were performed using the
CLUSTALW program built into the BIOEDIT software version
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7.0.9.0 (Hall, 1999). Phylogenetic analysis of protein
sequences was conducted with the MEGA 4.0 software
(Tamura et al., 2007) using the neighbour-joining tree method
and sampling of 1000 trees for bootstrapping and Poisson
correction. DNA sequences of contigs were searched against
all sequenced bacterial chromosomes, plasmids and phages
for oligonucleotide compositional similarity using the GOHTAM
web tool (Menigaud et al., 2012).

Conclusions

Since their discovery in 1983 (De Lange and Ten Haven,
1983; MEDRIFF Consortium, 1995; Wallmann et al., 1997),
the number of Mediterranean deep-sea hypersaline lakes
that have been described has grown constantly (Chamot-
Rooke et al., 2005; Yakimov etal., 2007; La Cono etal.,
2011; Yakimov et al., 2013). The surface of these brine lakes
lies 3.0-3.5 km below sea level, and the salinity of the
brines is 5-13 times higher than that of seawater. These
lakes are characterized by a moderate-temperature gradient
that consistently ranges from 13 to 16.5°C. Microbial popu-
lations inhabiting such ancient ecosystems are adapted to
operate under harsh physical and chemical conditions, par-
ticularly high salinities and high pressures (Daffonchio et al.,
2006; Smedile etal., 2013; Yakimov etal., 2013). These
conditions are incompatible with life for common marine
microorganisms (Harrison et al., 2013); however, although
increasing evidence suggests that these environmental con-
straints may impact organism and protein evolution and
properties, how and why this process occurs remains to be
fully elucidated. The main reason for this lack of knowledge
is that the overwhelming majority of autochthonous
microbiota resist cultivation, and only a few isolates and
enrichments have been obtained from these basins thus far
(Antunes et al., 2003; 2007; 2008; Albuquerque et al., 2012;
Yakimov et al., 2013; Werner et al., 2014).

The biochemical knowledge generated in this study dem-
onstrated that pressure had a marked and consistent effect
on the temperature profiles of enzymes from microorganisms
inhabiting deep-sea salt-saturated habitats. Thus, by exam-
ining the two variables of pressure resistance and optimal
temperature, we noticed that the effect of salt, e.g. 348 prac-
tical salinity units (PSU), is demonstrated by the link between
high pressure and high thermal adaptations. Crystal structure
analysis of five enzymes further demonstrated that the salin-
ity level and the protein sequence/structure may play addi-
tional significant roles in defining the temperature profile by
unknown structural adaptation mechanisms. Manipulating
these factors may allow expansion of the lower and upper
thermal tolerance limits of microbes inhabiting deep-sea salt-
saturated lakes. Notably, marine enzymes that are most
active at temperatures as high as 85—130°C have only been
identified in deep-sea hydrothermal vent chimneys, whereas
the optimal temperatures range from 4 to 60°C for the other
deep-sea enzymes reported thus far (Table S1). Neverthe-
less, although pressure-enhanced activity has been reported
in some hyperthermophilic proteins (Michels and Clark,
1997), no examples of proteins that are most active at > 70°C
(resembling thermophiles), such as the MGS-M2 enzyme
herein reported, have been identified in deep-sea regions
other than deep-sea hydrothermal vent chimneys with salini-
ties <40 PSU.
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We hypothesize that the data generated herein may help
with the design of new cultivation strategies for the isolation
of new thermophiles from moderately warm (14.0-16.5°C)
salt-saturated deep-sea lakes. Furthermore, the present
study reported the largest set of structures of deep-sea pro-
teins from uncultivable bacteria inhabiting hypersaline lakes
(348 PSU) and the hadopelagic water column of the
Eastern Mediterranean Sea; these results may provide
future implications for our understanding of deep-sea
protein adaptation, reaction mechanisms and substrate
preferences.
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Fig. S1. pH profiles of wild-type enzymes. The specific
activities were calculated in triplicate as described in the
Experimental procedures. The standard deviation (SD) is
shown. The 100% activity is as shown in Table 1. Note: due to
protein instability at low pH, the pH profile for MGS-M5 could
not be obtained; preliminary test reactions indicated pH 8.0
(50 mM Tris-HCI) as being the most suitable buffer for activity
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determinations, and this value was used as the standard
buffer for this enzyme.

Fig. S2. Substrate profiles of the enzymes with a set of
structurally diverse substrates. The specific activities were
calculated in triplicate as described in the Experimental pro-
cedures, using the standard assay conditions (see also
summary conditions in Table 1). Mean values (in log scale)
are given. The standard deviation (SD) is not shown due to
the logarithmic scale, but it is < 0.23%. Note: using standard
conditions for MGS-M3, no activity was detected using
PNP-a-glucose, pNP-o-maltooligosaccharides (C2 to C6),
pNP-o-galactose, pNP-B-galactose, pNP-o-xylose, pNP-
B-arabinopyranose, pNP-o-rhamnose, pNP-o-mannose,
pNP-B-mannose, pNP-o-fucose, pNP-B-glucuronide, car-
boxymethyl cellulose, laminarin, lichenan and crystalline
cellulose.

Fig. S3. Comparison of the structures of MGS enzymes
crystallized in this study and their structural homologues
revealed by structure similarity searches. Enzymes are
shown as cartoon representations. Arrows refer to the loca-
tions of the catalytic serine (for esterases in top row) or the
NADPH/NADH and substrate-binding sites (for bottom row
enzymes).

Fig. S4. Comparison of putative active sites of MGS
enzymes crystallized in this study and their structural
homologues revealed by structure similarity searches. Sticks
are shown for bound substrates and residues predicted to
participate in catalytic reactions and/or interact with sub-
strates. The catalytic triads for the esterases in the top row
are labelled. The substrate-binding canals for MGS-M2
and HsaD are also shown in solvent-accessible surface
representations, coloured by electrostatic potential,

highlighting the disparate charge features, which are shown
under their respective cartoon images. The non-NADH/
NADPH substrate-binding residues for 2,5-DKGR and LDH,
plus the equivalent residues in MGS-M4 and MGS-5, are
labelled.

Table S1. General features of reported enzymes isolated
from deep-sea regions. The data are based on bibliographic
records that are specifically cited.

Table S2. Hydrochemistry of selected deep-sea regions,
deep-sea libraries and esterase screening statistics.

Table S3. General features and residues potentially involved
in catalysis, substrate recognition and thermal and halophilic
adaptations in the proteins investigated.

A. General features of esterase-like proteins.

B. Percentage of identity between esterases with the o/f
hydrolase fold as determined by the Matcher (EMBOSS
package). Matches/alignment lengths (% identity) are specifi-
cally indicated.

C. General features of proteins characterized from the Medee
basin other than esterases.

D. Thermophilic adaptations for proteins with determined
crystal structures.

E. Halophilic adaptations for proteins with determined crystal
structures.

F. High-pressure adaptations for proteins with determined
crystal structures.

Table S4. Compositional similarities between the DNA frag-
ments containing the genes of interest and bacterial
genomes as shown by GOHTAM and TBLASTX analyses.
Table S5. List of primers used in the study.

Table S6. X-ray diffraction statistics.

Appendix S1. Supplementary Results and Discussion.
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CAPITULO 5
ESTERASAS DE Rimicaris exoculata

RESUMEN DEL CONTENI DO

En la linea de trabajo de identificar enzimas de interés en ambientes poco explorados, en este cuarto
capitulo se presenta laidentificacion y caracterizacion de 3 esterasas de la super-familia de las a/B-hidrolasas
de una comunidad bacteria de las branquias de una especie de gamba, Rimicaris exoculata, que vive a 2,320
m de profundidad en zonas cercanas a una chimenea hidrotermal en la cuenca de la Dorsal Mesoatlantica. R.
exoculata vive en zonas cercanas a las chimeneas en e gradiente entre los fluidos hidrotermales y € agua
marina, que tiene una temperatura entre 3 y 25°C (media de 8.7°C), y una salinidad de aproximadamente 23
g/l de sa (inferior ala del agua de mar). Hasta la fecha, no se han identificado y caracterizado enzimas de
bacterias que viven asociadas a la superficie (epibiontes) de macro-organismos que habitan ambientes
marinos profundos.

Desde un punto de vista metodoldgico se han empleado todas las técnicas descritas en e resumen del
Capitulo 2, junto con estudios de dicroismo circular para calcular 1a temperatura de desnaturalizacion de las
proteinas y estudios de la actividad especifica a altas presiones (empleados también en el Capitulo 3). Tras
rastrear con un sustrato modelo (acetato de naftilo) un total de 27,200 clones (816 Mpb) se obtuvieron 10
clones positivos. Esto supone unaincidencia de 1 clone positivo por cada 2,720 clones. Tras la secuenciacion
del DNA contenido en los mismos se identificaron 3 genes que codificaban presuntas esterasas de la super-
familia de las a/B-hidrolasas. La masa molecular y € punto isoeléctrico de las enzimas estudiadas oscila
entre 31,792 y 84,278 Da, y 5.55 y 6.21, respectivamente. A nivel de secuencia las enzimas identificadas y
analizadas presentan homologias a nivel de identidad entre el 41% y e 72% con otras descritas en las bases
de datos y entre é 11.9 y 63.7% entre si. El pH éptimo varia entre 8.0 y 8.5, la temperatura éptima de
actividad oscila entre los 30 y los 50°C y las concentraciones de sa (NaCl) para actividad optima varian
entreOy 3.6 M.

Entre los resultados més relevantes en este trabgjo hemos demostrado que € estudio de actividades
enziméticas en ambientes no estudiados con anterioridad puede proporcionar no solo nuevos conocimientos
a nivel basico sino también aplicado. A nivel basico los estudios presentados en este capitulo revelan por
primera vez las caracteristicas de enzimas de un grupo taxondémico, concretamente proteobacterias
relacionadas con el género Thiothrix/Leucothrix, que pertenece a una region del arbol filogenético poco
caracterizado a nivel bioguimico. Asi se ha demostrado que las esterasas de estas bacterias muestran
actividad enzimatica a mayor temperatura, salinidad y presion que otras enzimas de otras bacterias aisladas
del mismo ambiente. Desde un punto de vista biotecnologico, y tras € estudio comparativo con una
biblioteca de 131 ésteres y 31 esterasas y lipasas descritas en la bibliografia, comerciales o descritas en los
capitulos anteriores de esta Tesis Doctoral, se ha profundizado en dos preguntas: i) s la especificidad de
sustrato de las enzimas viene marcada por las condiciones geogquimicas de los ambientes de procedencia; y
ii) s R. exoculata contiene enzimas con potencial biotecnolégico. Los datos experimentales presentados
sugieren ambos hechos, que son inéditos en labibliografia

El CD adjunto a esta Memoria contiene Material Suplementario relacionado con este Capitul o.
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Identification and Characterization of Carboxyl Esterases of Gill
Chamber-Associated Microbiota in the Deep-Sea Shrimp Rimicaris
exoculata by Using Functional Metagenomics
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des Environnements Extrémes-UMR 6197 (CNRS-Ifremer-UBQO), Plouzané, France?; Institute for Coastal Marine Environment, CNR, Messina, Ita\y“; School of Biological
Sciences, Bangor University, Gwynedd, United Kingdom'

The shrimp Rimicaris exoculata dominates the fauna in deep-sea hydrothermal vent sites along the Mid-Atlantic Ridge (depth,
2,320 m). Here, we identified and biochemically characterized three carboxyl esterases from microbial communities inhabiting

the R. exoculata gill that were isolated by naive screens of a gill chamber metagenomic library. These proteins exhibit low to
moderate identity to known esterase sequences (=52%) and to each other (11.9 to 63.7%) and appear to have originated from
unknown species or from genera of Proteobacteria related to Thiothrix/Leucothrix (MGS-RG1/RG2) and to the Rhodobacter-
aceae group (MGS-RG3). A library of 131 esters and 31 additional esterase/lipase preparations was used to evaluate the activity
profiles of these enzymes. All 3 of these enzymes had greater esterase than lipase activity and exhibited specific activities with
ester substrates (=356 U mg ") in the range of similar enzymes. MGS-RG3 was inhibited by salts and pressure and had a low
optimal temperature (30°C), and its substrate profile clustered within a group of low-activity and substrate-restricted marine
enzymes. In contrast, MGS-RG1 and MGS-RG2 were most active at 45 to 50°C and were salt activated and barotolerant. They
also exhibited wider substrate profiles that were close to those of highly active promiscuous enzymes from a marine hydrother-
mal vent (MGS-RG2) and from a cold brackish lake (MGS-RG1). The data presented are discussed in the context of promoting
the examination of enzyme activities of taxa found in habitats that have been neglected for enzyme prospecting; the enzymes
found in these taxa may reflect distinct habitat-specific adaptations and may constitute new sources of rare reaction specificities.

,VI etagenomics provides a means for the discovery of entirely
new enzymes in microorganisms and their communities
without the need to culture these microorganisms as individual
species, which is technically very difficult (1-5). Although the dis-
covery of new enzyme activities has progressed considerably (6), it
has not managed to go beyond the effective identification of en-
zymatic activities at a rather limited number of environmental
sites. While an extensive search in the specialized literature and
public databases indicated that microbial communities from ap-
proximately 1,800 different sites worldwide have been examined
for their genomic content, only in approximately 200 of those
locations (11% of the total) have new active clones or enzymes
been identified and/or partially characterized. Thus, only a tiny
fraction of the Earth’s biosphere has been explored for the purpose
of enzyme discovery, despite the fact that natural microbial diver-
sity has been recognized to be the major source of new microbes
(7). Such diversity also contains novel genes and functions (8)
whose activities remain mostly unknown but whose potential to
contribute to an innovation-based economy is recognized (9, 10).

One of the habitats less explored to date in terms of examining
enzyme repertoires is the deep-sea realm, where microbial com-
munities are shaped by salinity, pressure, and temperature (11).
The examination of a set of enzymes recently collected from free-
living bacteria from a number of deep-sea, salt-saturated marine
habitats (3) reveals that deep-sea marine habitats harbor broad
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biochemical diversity reflective of the unique environmental con-
ditions under which they evolved. An investigation of these en-
zymes also demonstrates that enzymes may constitute good model
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FIG 1 Global map displaying the locations of the deep-sea sites at which specimens of R. exoculata were sampled. Hydrochemistry data for the Mid-Atlantic
Ridge (19, 20) are the following: density, 1.000 g liter ~'; depth, 2,320 m; total salinity, 23.03 gkg ™' (Na™, 12.71 gkg ™ '; K*,0.79 gkg ™ '; Ca®", 2.67 gkg s Cl~,
12.75 gkg ' Mg?*, 0 g kg '; SO,>, 0 g kg~ '); temperature (average), 8.7°C; pH, 7.0 to 8.0. (Map reproduced with permission from Ifremer; photograph

reproduced with permission from Ifremer-Victor/Exomar 2005.)

systems for understanding protein functionality and adaptation
under multiple extremes. Although the deep sea is also home to
macroorganisms and their associated microbial communities (12,
13), to our knowledge, no previous investigation of the character-
istics and habitat-specific adaptations of enzymes from microbial
communities associated with deep-sea macroorganisms has been
reported. Moreover, only a small number of enzymes from marine
sponge- and marine mollusc-associated bacterial communities
(14-18) have been characterized, none of which were isolated
from marine habitats below a depth of 200 m. Most of these en-
zymes, for which limited biochemical data are available, show
significant homology (54 to 100%) to known proteins, are halo-
tolerant, and exhibit an activity-stability trade-off observed in
cold-adapted enzymes (16); however, limited biochemical infor-
mation is known with respect to their substrate profiles. Thus, our
understanding of the metabolic significance and protein function-
ality of bacterial enzymes associated with macroorganisms living
within extreme deep-sea habitats is limited.

In this study, we analyzed enzymes from the shrimp Rimicaris
exoculata (Williams and Rona, 1986), which dominates the fauna
at many hydrothermal vent sites along the Mid-Atlantic Ridge
(<2,320 m depth). R. exoculata thrives along deep chimney walls
in the gradient between hydrothermal fluids and cold, oxygen-
ated, and slightly saline ambient waters (19). Based on functional
gene surveys, it was found that shrimp specimens, including adult
R. exoculata, host a dense bacterial community within their gill
chambers (12). Such bacteria are known to provide energy and
nutrients for the eukaryotic host by cometabolizing inorganic and
organic compounds (e.g., H, and CH,) directly discharged by the
hydrothermal system (20-24) or obtained from the water column
(25, 26). It remains to be determined, however, how the multiple
collective pressures characterizing the habitat in which R. exocu-
lata thrives impact the properties and functional characteristics of
microbial enzymes such as those from the gill chamber environ-
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ment. Following on from this, we aimed to understand the influ-
ence of marine conditions, particularly the combined effects of
salt, pressure, and temperature, on the properties and functional
characteristics of enzymes, as well as to increase the number of
characterized enzymes from deep-sea environments. We se-
quenced and analyzed the biochemical characteristics of three
bacterial carboxyl esterases with an a/f hydrolase fold that were
identified by naive screens of deep-sea microbiota associated with
the gill chambers of R. exoculata shrimp inhabiting hydrothermal
fluids along the Mid-Atlantic Ridge (Fig. 1). These enzymes first
were selected as model enzymes for study because they have been
reported to be suitable enzymes to investigate protein functional-
ity and adaptation to polyextremes (3), particularly as a function
of temperature, salt, and pressure in deep-sea habitats. In this
context, our recent investigation examining the characteristics of a
set of esterases has provided the first clear evidence suggesting
that, in salt-saturated deep-sea habitats, the adaptation to high
pressure is linked to high thermal resistance by unknown struc-
tural adaptation mechanisms (3). Therefore, understanding the
characteristics of other deep-sea enzymes, particularly esterases
for which multiple biochemical data are available compared to
other deep-sea enzymes (3), might help in understanding the phe-
nomenon of protein versatility and adaptability to different poly-
extremes. Second, esterases were selected because they are ubiq-
uitous enzymes that are widespread in nature (at least one per
genome), multiple commercial preparations that are used at in-
dustrial scale are available, and biochemical data of such enzymes
from a number of marine habitats (3, 27, 28) have been reported
recently, which collectively may assist to perform an extensive
comparative analysis. Finally, they are of great interest as biocata-
lysts for chemical synthesis (29). A comparative analysis using a
set of 31 different enzymes with esterase and lipase activity, in-
cluding enzymes from marine (deep-sea, hydrothermal vent, and
superficial seawater) and brackish water habitats and commercial
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preparations, allowed us to infer habitat-specific features of the
gill-associated bacterial enzymes as well as to evaluate their spec-
ificities and reactivities. Note that two of the enzymes reported in
this study originate from an unknown species or possibly from
genera related to Thiothrix and/or Leucothrix, a group of organ-
isms largely neglected with respect to enzyme discovery; only a
small number of isolates from these genera are available, and no
enzymes from these genera have been characterized.

MATERIALS AND METHODS

Metagenomic library, metagenome screening, and sequence analysis.
Gill chamber samples were collected from R. exoculata specimens found at
locations in the western flank of the Rainbow Ridge in the Atlantic Ocean
(36°14'N, 33°54'W; 2,320 m depth; MAR site), where the average seawa-
ter temperature is 8.7°C (ranging from 3 to 25°C) (Fig. 1) (19). Total DNA
was extracted from the gill chambers of the collected specimens as previ-
ously described (19); from this DNA, a large-insert pCCFOSI fosmid
library was generated using the Escherichia coli EPI300-T1" strain (Epi-
centre Biotechnologies; Madison, WI, USA), and the library was scored
for the ability to hydrolyze a-naphthyl acetate and tributyrin (27, 30).
Positive clones were selected, and their DNA inserts were sequenced using
aRoche 454 GS FLX Ti sequencer (454 Life Sciences, Branford, CT, USA)
at Life Sequencing SL (Valencia, Spain) or were completely Sanger se-
quenced using universal primers and subsequent primer walking. Upon
completion of sequencing, the reads were assembled to generate nonre-
dundant metasequences using Newbler GS De Novo Assembler v.2.3
software (Roche, Branford, CT, USA). GeneMark software (31) was
employed to predict potential protein-coding regions (open reading
frames [ORFs] with =20 amino acids) from the sequences of each assem-
bled contig, and deduced proteins were screened using BLASTP and PSI-
BLAST searches (32). Multiple protein alignments were performed using
the ClustalW program built into BioEdit software, version 7.0.9.0 (33).
Domains with a significant propensity to form transmembrane helices
were identified with TMpred software (ExPASy, Swiss Institute of Bioin-
formatics) (34).

Protein expression and purification. The cloning, expression, and
purification of selected proteins using the p15TV-Lic vector and E. coli
BL21(DE3) Codon Plus-RIL (for MGS-RG3) and Ek/LIC 46 and E. coli
BL22 (for MGS-RG1 and MGS-RG2) were performed as described previ-
ously (27) using the following primer pairs: MGS-RG1Fwd (5'-GAC GAC
GAC AAG ATG ACT GAT TTG TTA CC-3"), MGS-RG1Rev (5'-GAG
GAG AAG CCC GGT CAA ATC AAA AC-3"); MGS-RG2Fwd (5'-ATG
ATG AAA AAT ATG TCA GAA TTA CC-3'), MGS-RG2Rev (5'-TTA
TTT TAA TAT TTT TTG TAG CCA TGC C-3'); and MGS-RG3Fwd
(5'-TTG TAT TTC CAG GGC ATG CAG GAA CTT CCC GAT GC-3'),
MGS-RG3Rev (5'-CAA GCT TCG TCA TCA GGT CCG GAA CCG CGC
CTT G-3'). Purity greater than 98% was obtained after a single His, tag
purification step (see Fig. SI in the supplemental material). After purifi-
cation, all enzymes were maintained at a concentration of 2 mgml™" in 50
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buf-
fer, pH 7.0; the protein stock solution was stored at —20°C until it was
used in assays. All chemicals used for enzymatic tests were of the purest
grade available and were purchased from either Fluka-Aldrich-Sigma
Chemical Co. (St. Louis, MO, USA) or Apin Chemicals (Oxon, United
Kingdom).

Hydrolase assays. Carboxyl esterase activity was assayed using p-ni-
trophenyl (pNP) esters (read at 410 nm) and structurally diverse esters
other than pNP esters (read at 540 nm) in 96-well plates as previously
described (27). Unless stated otherwise, standard assay reactions were
conducted by adding 2 pl of the 2 mg ml ™! protein stock solution to an
assay mixture containing 2 pl of ester stock solution (100 mM in acetone
[for pNP esters] or acetonitrile [for other esters]) in 196 wl of 50 mM
Tris-HCI buffer, pH 8.0 (for pNP esters), or 5 mM N-(2-hydroxyethyl)
piperazine-N’-(3-propanesulfonic acid) (EPPS) buffer, pH 8.0 (for other
esters). The final volume of the assay was 200 pl, and the final protein and
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substrate concentrations were 10 pg ml~ ' and 1 mM, respectively. All
assays were conducted at pH 8.0 at the optimal temperature for each
enzyme (MGS-RG1, 45°C; MGS-RG2, 50°C; MGS-RG3, 30°C). In all
cases, absorbance was determined using a microplate reader every 1 min
for a total time of 15 min (Synergy HT multi-mode microplate reader;
BioTek). All reactions were performed in triplicate. One unit of enzyme
activity was defined as the amount of enzyme required to transform 1
pmol of substrate in 1 min under the assay conditions. All values were
corrected for nonenzymatic hydrolysis (background rate). If not other-
wise stated, I mM pNP-propionate was used as the standard assay sub-
strate for the determination of the conditions under which each enzyme
displayed activity; pH values between 4.5 and 9.0 (at the optimal temper-
ature), temperatures between 4 and 80°C (using 50 mM Tris-HCl buffer,
pH 8.0), and NaCl, KCl, and MgCl, concentrations of up to 4 M (using 50
mM Tris-HCl buffer, pH 8.0, and optimal temperatures) were tested. The
buffers used to determine the optimal pH for each enzyme have been
described previously (3, 27).

Pressure perturbation studies. The effect of hydrostatic pressure on
enzymatic activity was analyzed by placing the reaction mixtures in a
high-pressure incubating system consisting of a 2-ml high-pressure cell
connected to a pressure generator (High Pressure Equipment, Erie, PA,
USA) capable of generating pressures of up to 10,000 Ib/in®. Two pressure
values were examined: 23,000 and 35,000 kPa. A total of 20 pg of pure
protein was added to 20 ml of freshly prepared 50 mM Tris-HCI buffer,
pH 8.0, containing 1.0 mM pNP-propionate. A total of 2 ml of the reaction
mixture was immediately transferred to the high-pressure reactor, and a
separate 2-ml aliquot of the mixture was kept at atmospheric pressure.
The experiments were performed at 25°C. In all cases, reactions without
protein were used as negative controls. After incubation for 5 min, the
samples were immediately depressurized, and the extent of the reaction
was monitored by spectrophotometry at 410 nm (as described above). All
experiments were performed in triplicate. Note that reactions were per-
formed in (i) the absence of salt, (ii) the presence of 23.03 g kg ™' NaCl,
which corresponds to the habitat salinity (19), and (iii) the presence of
NaCl concentrations required for optimal enzyme activity. In all three
cases, similar effects by pressure on enzyme activity were found, and only
data in the absence of salt are presented.

CD. Circular dichroism (CD) spectra were acquired between 190 and
255 nm using a Jasco J-720 spectropolarimeter equipped with a Peltier
temperature controller (4 to 95°C); the spectra were obtained using a
0.1-cm-path cell and were conducted at 25°C. The protein concentration
was determined spectrophotometrically at 280 nm in accordance with the
amino acid sequence of the protein (www.expasy.org/tools/protparam
.html). The spectra were analyzed, and denaturation temperatures were
determined in 50 mM HEPES buffer, pH 7.0, at 220 nm as previously
reported (35, 36).

Taxonomic binning. Protein-coding genes in fosmid sequences were
predicted using GeneMark software (31) and the antiSMASH server (37)
and then were checked manually using the Artemis browser (38). The
predicted protein sequences were aligned against the National Center for
Biotechnology Information nonredundant (NCBI nr) database using a
BLASTP search. Taxonomic binning of the orphan sequences in fosmids
was performed by summarizing the top significant BLASTP hits with E
values of =0.00001. Additionally, genes encoding esterases and their clos-
est homologs identified by BLASTP were compared by patterns of codon
usage biases predicted using a Web-based codon usage calculator (39).
Composition-based binning of fosmids was performed using the GOH-
TAM web server (40). The dissimilarity in synonymous codon usage be-
tween two genes was calculated as the Pearson correlation between vectors
of fraction values for 59 codons (41). Compositional similarity between
fosmid insert sequences was estimated using the SeqWord Genome
Browser (42).

Sequence and substrate profile distributions. Multiple protein align-
ment was conducted using the MUSCLE application in BioEdit software
(33) with default settings (43). The resulting alignment then was used for
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TABLE 1 General features of the enzymes and amino acid residues potentially involved in catalysis

Molecular No. of Classified

Enzyme mass (Da) pl amino acids Catalytic triad GXSXG-lipase motif* Oxyanion hole motif” family

MGS-RG1 24,983.6 5.07 222 S118, D/E, H? G116-F117-S118-Q119- H24-G25-1.26-G27-A28 Possibly VI
G120-G121

MGS-RG2 25,363.2 5.31 225 S111, D175, H206 G109-T110-S111-V112- H27-G28-129-G30-A31 Possibly VI
E113-K114

MGS-RG3 30,611.2 5.51 277 S125, E218, H248 G123-D124-8125-A126- H55-G56-G57-G58-Y59 Possibly IV
G127-G128

@ Consensus GXSXG-lipase motifs are given for families (46—48). Family IV, GDSAGG; family VI, NGGPG.

phylogenetic reconstruction. A neighbor-joining tree was constructed in
MEGA v.6.06 (44) using the settings for the Poisson model and homoge-
nous patterning between lineages. Bootstrap analysis was done with 1,000
sample trees. The scale bar in the figure reflects the number of substitu-
tions per position. Clustering of the substrate spectral profile based on a
binomial distribution of the presence or absence of activity for particular
ester substrates was performed, and Pearson’s correlation coefficient was
used to calculate the distances.

Nucleotide sequence accession numbers. The DNA sequences of the
carboxyl esterase-positive metagenomic DNA fragments and the poly-
peptide sequences of the enzymes were deposited in GenBank under the
accession numbers KF831416 (for MGS-RG1), KF831417 (for MGS-
RG2), and KC986402 (for MGS-RG3).

RESULTS

Metagenome library construction and screening for carboxyl
esterase activity. A subset of the 27,200 clones from the R. exocu-
lata gill chamber microbiome library generated in this study,
which included nearly 816 Mbp of community genomes, was
scored for the ability of individual clones to hydrolyze a-naphthyl
acetate, as reported previously (30). The subset of clones also was
screened for carboxyl esterase activity using tributyrin plates (30).
Hydrolysis of both substrates was indicative of esterase/lipase ac-
tivity. A total of 10 unique positive clones, corresponding to a hit
rate of 1:2,720, were identified as active; 3 of these were selected
based on activity phenotype (they were among the most active, as
judged by their halos/color formation). The inserts were se-
quenced, analyzed, and compared to the sequences available in the
public NCBI nr database (32). Three predicted metagenome se-
quence (MGS)-encoding carboxyl esterases from Rimicaris gill
chambers and with an o/ hydrolase fold were identified and suc-
cessfully expressed as soluble proteins in E. coli (see Fig. S1 in the
supplemental material), and their properties were investigated.
These three proteins were named MGS-RG1, MGS-RG2, and
MGS-RG3 (Table 1).

Sequence analysis of carboxyl esterases from the Rimicaris
gill chamber microbiome. Based on BLAST searches of the NCBI
nr database, the 3 studied protein sequences belong to the /3
hydrolase superfamily and had up to 58% sequence identity with
homologous proteins in this database. The MGS-RG1 and MGS-
RG2 proteins were most similar to presumptive carboxyl esterases
from bacteria of the Thiotrichales order (41 to 58% similarity;
WP_022950445 and Protein Data Bank [PDB] code 421 [45]),
whereas MGS-RG3 was most similar to o/ hydrolases from Rho-
dobacteraceae (53% similarity; WP_005862880) and esterases/
lipases from uncultured bacteria (41% similarity; PDB code
3V46). The deduced molecular masses and estimated pI values of
these proteins ranged from 24.9 to 30.69 kDa and from 5.07 to
5.51, respectively (Table 1). The pairwise amino acid sequence
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identity ranged from 11.94% to 63.7%; MGS-RG1 and MGS-RG2
were the most similar to each other (63.7% sequence identity),
whereas MGS-RG1 and MGS-RG3 (17.3%) and MGS-RG2 and
MGS-RG3 (11.9%) were the most divergent at the sequence level.
The selected o/ hydrolases contain a classical Ser-Asp-His cata-
lytic triad, but the catalytic elbow and oxyanion hole [i.e., the
GXSXGG and H/N-GGG(A)/P-X motifs] often diverged from the
consensus, as revealed by sequence analysis (Table 1). Nonethe-
less, the degree of sequence conservation among these catalytic
motifs and in the overall enzyme sequence was sufficient to cate-
gorize the enzymes into the following two esterase/lipase subfam-
ilies (46—48): family VI (MGS-RG1 and MGS-RG2) and family IV
(MGS-RG3) (see Fig. S2 in the supplemental material). No signif-
icant rigorously confirmed transmembrane regions were identi-
fied in any of the sequences with TMpred (34); thus, the proteins
most likely are intracellular proteins.

A search against the GOHTAM database (40) and TBLASTX
analysis revealed compositional similarities between the DNA
fragment (6,756 bp) containing the gene for MGS-RG3 with ge-
nomes of the alphaproteobacterial genus Rhodobacteraceae (best
hit score, 248), whereas the DNA fragments encoding MGS-RG1
(24,228 bp) and MGS-RG2 (29,267 bp) exhibited similarity to
chromosomal sequences of Gammaproteobacteria. A BLASTP
search demonstrated that the MGS-RG1- and MGS-RG2-coding
genes were most similar to those found in the Thiothrix/Leucothrix
genomes (49-51). DNA fragments bearing MGS-RG1, MGS-
RG2, and MGS-RG3 do not include any insertion sequence ele-
ments, integrases, or any other phage- or conjugative plasmid-
associated genes. The tetranucleotide usage patterns of MGS-RG1
and MGS-RG2 were similar to each other and homogenous for
5,000-bp sliding windows stepping by 500 bp. MGS-RG3 was too
short for the above-described analysis of oligonucleotide word
usage patterns to be performed using the SeqWord Genome
Browser (42). The esterases encoded by MGS-RG1 and MGS-RG2
exhibited very similar synonymous codon usage, with Pearson
correlations from 0.81 to 0.84, but they were distinguishable from
patterns of synonymous codon usage biases in the homologous
genes from Thiothrix and Leucothrix; for these, the Pearson corre-
lation coefficient was in the range of 0.42 to 0.52. It may be con-
cluded that MGS-RG1 and MGS-RG2 originated from chromo-
somes of organisms closely related to the Thiothrix/Leucothrix
lineage, although these two proteins were not members of these
genera. This agrees with the close phylogenetic positioning of the
sequences encoding such esterases (see Fig. S2 in the supplemental
material).

Determination of the requirements for enzyme activity. Us-
ing pNP-propionate as a model substrate, the purified proteins
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FIG 2 Temperature profiles of the carboxyl esterases from microorganisms inhabiting the gill chamber of R. exoculata. The data represent the relative
percentages of specific activity (U mg ') compared with the maximum activity (100%; MGS-RG1, 0.756 U mg~'; MGS-RG2, 1.754 U mg~'; MGS-RG3, 159.2
Umg ™ "). The specific activities were calculated using 2 pug of protein and 1 mM pNP-propionate as the assay substrate at pH 8.0 in 50 mM Tris-HClI, as described
in Materials and Methods. Standard deviations (SDs) of the results of assays conducted in triplicate are shown.

exhibited optimal activities at pH values ranging from 8.0 to 8.5
(see Fig. S3 in the supplemental material). At the optimal pH for
each enzyme, MGS-RG1 and MGS-RG2 were most active at 45
and 50°C, respectively, and retained =16% activity at =65°C and
4°C (Fig. 2). In contrast, MGS-RG3 was most active at lower tem-
peratures (its maximal activity occurred at 30°C) and retained
approximately 40% activity at 4°C, whereas it was strongly inhib-
ited at =45°C. The temperatures found to be optimal for the ac-
tivity of each enzyme are in agreement with the corresponding
protein-denaturing temperatures, as determined by circular di-
chroism (MGS-RG1, 47.6°C; MGS-RG2, 53.3°C; MGS-RG3,
42°C) (Table 2).

The enzymatic activities of purified MGS-RG1/MGS-RG2 pro-
teins, tested at optimal pH and temperature, were further shown
to be stimulated up to 2.4-fold by the addition of NaCl, KCI, and

MgCl, to the reaction mixture (Fig. 3). Maximal activity for MGS-
RG1 and MGS-RG2 was achieved at 3.6 and 3.2 M for NaCl, 3.0
and 2.4 M for KCl, and 0.8 and 0.4 M for MgCl,, respectively. In
contrast, MGS-RG3 was strongly inhibited by all three salts (Fig.
3). Note that at 2 M NaCl, commercial esterase/lipase prepara-
tions, such as CalA, CalB, Novozym 388 L, and porcine liver es-
terase (PLE), retained =9.1% of the activity they display in the
absence of salt (Table 2).

Because pressure is one of the most representative environ-
mental parameters of deep-sea habitats, including hydrothermal
vents, the influence of hydrostatic pressure (23,000 and 35,000
kPa) on enzyme performance was further evaluated in high-pres-
sure 2-ml reactors at pH 8.0 and 25°C as described in Materials
and Methods. The data presented in Table 2 show that MGS-RG1
and MGS-RG2 are barophilic enzymes; at 23,000 kPa, corre-

TABLE 2 Denaturing temperatures and pressure resistance for activity of the esterases reported here and for other esterases from marine habitats

Relative activity (%) at:

Enzyme Origin T, (°C) 23,000 kPa” 35,000 kPa“ 2.0 M NaCl*
MGS-RG1 R. exoculata enzymes 47.6 1520 =74 97.9 3.5 173 = 2.7
MGS-RG2 53.3 144.0 = 7.5 97.7 £ 45 136 = 7.1
MGS-RG3 42.0 77.9 £ 6.7 57.2£29 9.3 £32
CalA® Commercial preparations ND/NA 2.0+ 0.1 0.2 = 0.01 7.0+ 15
CalB® 53.0 8.0*04 3.1 £0.02 9.1 £44
Novozym 388 L¢ ND 57%x0.2 0.4 = 0.08 6.8 £ 4.0
PLE° ND/NA 1.8 £ 0.1 0.2 = 0.05 1.5%£0.7
MGS-M1f Deep-sea enzymes 65.2 ND/NA 453 £ 3.5 289 * 5.6
MGS-M2/ 71.4 ND/NA 110 = 14 1645 = 32.3
MGS-BY 52.4 ND/NA 115+ 8 84+34
MGS-KV/ 40.3 ND/NA 28%7 148 £ 7.1
MGS-MT1/ 55.7 ND/NA 150 £ 15 170 £ 9.4
ABO_1197, ABO_1251, MGS0010, Superficial seawater enzymes 45.7-48.1 ND/NA ND/NA ~125-40

MGS0105, and MGS0109¢

“ Protein denaturation temperature (7,;) as determined by circular dichroism. T, reported by Qian and Lutz (52). For other commercial preparations, T, are not shown either
because the values, to the best of our knowledge, have not been not been reported in the specialized literature or the commercial preparations are not pure enough to perform CD
experiments in the present study (they are available as a complex mixture of proteins and additives). ND/NA, data not determined or not available.

b Relative activity at the sampling site (12) refers to that at atmospheric pressure.

¢ Pressure selected for comparative purposes, as previously reported deep-sea hydrolases have been tested under this pressure (3). The relative activity refers to that shown at

atmospheric pressure.

9 The relative activity in the presence of 2 M NaCl refers to that shown in the absence of NaCl (data for MGS-RG1 to MGS-RG3 from Fig. 3). Activity measured at 30°C and 50 mM

Tris-HCI buffer, pH 8.0, 10 g ml ™! total protein, and 1 mM pNP-propionate.

¢ Commercial esterase/lipase preparations from Novozymes A/S (Bagsvard, Denmark) (CalA, CalB, and Novozyme 388 L) and Sigma Chemical Co. (St. Louis, MO, USA) (PLE).
/Esterases from deep-sea basins of the Mediterranean Sea. Values were reported in reference 3.
¢ Esterases from superficial seawater at the Mediterranean Sea. Values were reported in reference 28.
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FIG 3 Activity profiles displaying the activities of carboxyl esterases at various concentrations of NaCl, KCl, and MgCl,. The data represent the relative
percentages of specific activity (U mg™ ') compared with the maximum activity (100%). The specific activities were calculated using 2 g of protein and 1 mM
PpNP-propionate as assay substrate at pH 8.0 (50 mM Tris-HCI), and the assays were conducted at the optimal temperature for each enzyme (MGS-RG1, 45°C;
MGS-RG2, 50°C; MGS-RG3, 30°C) as described in Materials and Methods. The SDs of the results of assays conducted in triplicate are shown. The activity of each

enzyme in the absence of salt is given in the legend to Fig. 2.

sponding to the site pressure at 2,320 m (19), both enzymes were
activated (=1.4-fold), and at 35,000 kPa, they retain =97.7% of
the activity they display at atmospheric pressure. In contrast, un-
der our assay conditions, MGS-RG3 was inhibited by high pres-
sure (77.9% and 57.2% activity at 23,000 and 35,000 kPa, respec-
tively). Under similar conditions of pH and temperature for
assays, commercial esterase/lipase preparations, such as CalA,
CalB, Novozym 388 L, and PLE, retained at pressure above 23,000
kPa =8% of the activity they display at atmospheric pressure.

Taken together, we found that the two barotolerant and mod-
erately halophilic proteins (MGS-RG1 and MGS-RG2) exhibited
the highest optimal temperatures (45 to 50°C), whereas the non-
barophilic and nonhalophilic MGS-RG3 protein displayed the
lowest optimal temperature (30°C).

Substrate fingerprints: activity against rare, chemically dis-
tinct esters. A total of 131 ester-like chemicals were used to eval-
uate the substrate ranges and specific activities (U mg™") of the
three enzymes at pH 8.0 and at optimal temperature. These chem-
icals included 11 model esters (7 pNP esters and 4 triacylglycerols)
(Fig. 4), as well as a battery of 120 structurally different esters (3, 6,
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27,28, 37, 53) (Fig. 5). Substrate fingerprints revealed that MGS-
RG3 (17 positive substrates) exhibited a relatively narrow sub-
strate range compared to those of MGS-RG2 and MGS-RGI,
which were active against a larger number of substrates (32 and 37
positive substrates, respectively).

All three ester hydrolases from the a/f-hydrolase family pre-
ferred short-to-medium-chain-length pNP-esters and triacylglyc-
erols (Fig. 4) and alkyl, alkenyl, and/or aryl esters but with differ-
ent orders of preference (Fig. 5). Based on determinations of the
specific activity for each enzyme, methyl benzoate (for MGS-RG1;
25.23 = 0.95 U mg~ '), methyl 2-bromopropionate (for MGS-
RG2; 40.7 = 0.3 U mg_l), and pNP-butyrate (for MGS-RG3;
356.3 = 1.2 U mg ') were the preferred substrates for these en-
zymes. The activity ratio between the most and least active en-
zymes was approximately 1:14.

As shown in Fig. 5, among esters other than common pNP-
esters and triacylglycerols, only phenyl acetate was hydrolyzed by
all three enzymes, suggesting that these enzymes exhibited a high
substrate profile divergence. MGS-RG1 and MGS-RG2 were the
most similar, in that they were able to hydrolyze 14 common sub-
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FIG 4 Substrate profiles of the activities of carboxyl esterases from microor-
ganisms inhabiting the gill chamber of R. exoculata against model pNP-esters
and triacylglycerols. The specific activity of each enzyme (in U mg ') against a
set of structurally diverse substrates was measured using 2 pg protein at pH 8.0
in 50 mM Tris-HCI buffer for pNP-esters and 5 mM EPPS buffer for triacyl-
glycerols, and the assays were conducted at the optimal temperature for each
enzyme (MGS-RGl1, 45°C; MGS-RG2, 50°C; MGS-RG3, 30°C) as described in
Materials and Methods. The SDs of the results of assays conducted in triplicate
are shown.

strates, albeit to different extents; this finding is consistent with
their high sequence homology (63.7%) and similar taxonomic
origins. However, 13 of the tested esters, including 8 halogenated
esters (ethyl chloroacetate, ethyl fluoroacetate, ethyl-2-bromo-
propionate, methyl-2-chloropropionate, methyl-2-chloro-3-hy-
droxypropionate, ethyl-4-bromobutyrate, ethyl-3-bromopropi-
onate, and ethyl-a-isobromobutyrate), methyl glycolate, methyl
butyrate, ethyl-trans-cinnamate, butyl acetate, and methyl benzo-
ate, were hydrolyzed only by MGS-RG1. Nine esters were hydro-
lyzed only by MGS-RG2; they included three halogenated esters
[methyl 2-bromopropionate, methyl bromoacetate, and methyl

Esterases from Deep-Sea R. exoculata Gill Epibionts

(*)-a-bromophenylacetate], caproic acid methyl ester, methyl-
(R)-lactate, methyl-(S)-lactate, y-butyrolactone, a-D-glucose
pentaacetate, and tri-O-acetyl-(D)-glucal. Thus, despite the high
sequence homology of these enzymes, distinct substrate prefer-
ences were observed; these preferences may be related to distinct
architectures and/or to the accessibility of various substrates to the
active sites of the enzymes. Finally, MGS-RG3, which shared only
5 common substrates with MGS-RG1 and 3 common substrates
with MGS-RG2, was the only enzyme of the 3 able to hydrolyze 4
esters, including vinyl benzoate, (R)-menthyl acetate, ethyl 4-bro-
mobutyrate, and methyl chloroacetate.

The ability to hydrolyze halogenated alkyl and aryl esters (in-
cluding those containing bromide, chloride, fluoride, and iodide)
was demonstrated for MGS-RG1 (16 esters), MGS-RG2 (9 esters),
and MGS-RG3 (4 esters). Based on specific activity determina-
tions (U mg ") and using optimal substrates for each enzyme (Fig.
5), MGS-RG2 was found to be the most active carboxyl esterase
for haloesters (40.7 = 0.3 U mg~' for methyl 2-bromopropi-
onate), followed by MGS-RG1 (7.55 = 0.06 U mg™~ ' for ethyl-a-
isobromobutyrate) and, to a far lesser extent, MGS-RG3 (1.66 =
0.01 Umg ™' for ethyl iodoacetate). The activity ratio between the
most active and least active enzymes for the hydrolysis of haloes-
ters was approximately 1:25. Notably, whereas MGS-RG2 only
degraded bromide-containing esters, MGS-RG1 and MGS-RG3
acted on iodine, chloride, and bromide esters (Fig. 5). Finally, it is
notable that methyl-2-bromo-2-butenoate, which was used as a
model alkenyl haloester, was the only such substrate for MGS-
RG2 (9.76 = 1.08 U mg™"'), followed to a far lesser extent by
MGS-RGI1 (0.162 * 0.03 Umg ™ ").

MGS-RG2 utilized tri-O-acetyl-glucal (0.286 = 0.04 U mg ')
and the carbohydrate ester a-D-glucose pentaacetate (0.373 *
0.011 Umg ') as substrates, while the hydroxycinnamic-like ester
ethyl-trans-cinnamate was a substrate for MGS-RG1 (4.57 = 0.06
Umg™") (Fig. 5). The hydrolysis of such compounds is commonly
associated with polysaccharide (including mucus) degradation
(54-56).

Finally, under our assay conditions, all three carboxyl esterases
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FIG 5 Substrate profiles of the activities of carboxyl esterases from microorganisms inhabiting the gill chamber of R. exoculata compared with those of a set of

structurally distinct esters. The specific activities (U mg ") of each enzyme were

measured against a set of structurally diverse substrates using 2 g of protein at

pH 8.0 in 5 mM EPPS bulffer, and the assays were conducted at the optimal temperature for each enzyme (MGS-RG1, 45°C; MGS-RG2, 50°C; MGS-RG3, 30°C)
as described in Materials and Methods. The SDs of the results of assays conducted in triplicate are shown.
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FIG 6 Clustering and specific activities (U mg~ ') of a set of 131 ester substrates of carboxyl esterases isolated from the gill chamber-associated microbiota from
the deep-sea shrimp R. exoculata and from commercial and previously reported preparations. The source of chemicals are as reported previously (3, 6,27, 28, 37,
53). Pearson’s correlation was used to calculate the distances. (A) Hierarchical clustering was based on a binomial distribution of the presence or absence of
activity for a portfolio of 131 substrates. The type of habitat (deep sea, superficial seawater, or brackish water) and the estimation of enzyme versatility, as
estimated by the number of substrates (substrate range, low [ ], medium [ '], or high [ ' ]) upon which a given enzyme acts are shown for the enzymes in each
cluster. (B) Box plots of the specific activity (U mg™") for the set of enzymes and esters shown in panel A. (A complete list of the esters tested is given in the
materials and methods section of the supplemental material.) The activity values for enzymes other than those investigated in this study are reported elsewhere
(3,6, 27,28, 37, 53). The values for MGS-RG1, MGS-RG2, and MGS-RG3 are shown in Fig. 4 and 5.

also were found to be enantioselective to different degrees for 5
chiral esters, which were found to serve as substrates for these
enzymes (Fig. 5). Whereas methyl-(*)-mandelate, (*)-glycidyl-
4-nitrobenzoate and (*)-methyl-3-bromo-2-methyl propionate
were hydrolyzed by MGS-RG1 and MGS-RG2, methyl-(*)-
lactate was a substrate for MGS-RG2 only, and menthyl-(*)-
acetate was a substrate for MGS-RG3 only. The specific activi-
ties of the three enzymes for chiral esters ranged from 0.021 *+
0.006 to 10.97 = 1.18 U mg~ ', and methyl-(S)-3-bromo-2-
methyl propionate was the preferred chiral substrate. Based on
a calculation of the apparent enantiomeric ratios for separate
enantiomers (6), the enantiomeric ratios and substrate prefer-
ences are tentatively the following: (i) 158.4 = 11.0 [preference
for methyl-(S)-mandelate], 19.6 = 0.8 [for (S)-glycidyl-4-ni-
trobenzoate], and 20.0 = 0.7 [for (S)-methyl-3-bromo-2-
methyl propionate] for MGS-RG1; (ii) 16.1 * 1.3 [for methyl-
(S)-lactate], 16.3 = 1.1 [for (S)-glycidyl-4-nitrobenzoate],
26.1 = 2.2 [for (S)-methyl-3-bromo-2-methyl propionate],
and 65.4 = 7.9 [for methyl-(S)-mandelate] for MGS-RG2; and
(iii) 300 * 9.3 for MGS-RG3 and menthyl-(R)-acetate.

Substrate fingerprints: comparison with known enzymes.
The substrate profiles of the enzymes reported in this study against
asetof 131 ester substrates (see the section on materials and meth-
ods in the supplemental material) were compared to a set of well-
characterized commercial preparations with high substrate versa-
tility (including CalA, CalB, Novozym 388 L, and PLE) and a set of
carboxyl esterases obtained via genomic mining of marine bacte-
ria (ABO_1197, ABO_1251, CCSP0084, CCSP0211, CCSP0528,
and CCSP2178) or via metagenomic approaches of communities
from marine (27, 28) and brackish sediment samples (6).

A cluster analysis (Fig. 6A), which was generated from a bino-
mial distribution based on the presence or absence of activity at
30°C and at pH 8.0 against the set of 131 different esters used in
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this study and reported previously (3, 6, 27, 28, 37, 53), revealed
that the three characterized carboxyl esterases clustered sepa-
rately, consistent with the finding that they possess different sub-
strate spectra (Fig. 4 and 5). Notably, the positioning of the en-
zymes based on their substrate profiles did not correlate with the
scattered positioning based on sequence analysis (see Fig. S2 in the
supplemental material), suggesting that the phylogenetic posi-
tions of these enzymes are independent of their biochemical pro-
files.

As shown in Fig. 6A, a number of observations can be made
from the data. First, MGS-RGI clustered more closely with a
group of enzymes from marine (28) and brackish lake (6) samples
that have been reported to be cold adapted and that show a broad
substrate range. Interestingly, MGS-RG2 was functionally closer
and possesses a substrate spectrum similar to that of a group of
enzymes with a substrate portfolio of medium size; this group
includes a recently reported carboxyl esterase isolated from a 100-
m-depth seawater sample obtained from a hydrothermal vent at
Saint Paul Island (3). Finally, MGS-RG3 is located within a group
of enzymes with a highly restricted substrate range; this group
includes two enzymes from deep-sea saline lakes in the Mediter-
ranean Sea (3) and enzymes from oil-contaminated seawater sam-
ples (27). Of the enzymes tested, MGS-RG1 was the only enzyme
able to hydrolyze methyl-2-Br-propionate. In addition, MGS-
RG1 and MGS-RG3 showed various capacities to hydrolyze (R,S)-
glycidyl 4-nitrobenzoate and methyl-2-bromo-2-butenoate, es-
ters that otherwise were hydrolyzed only by MGS-HAI, an
enzyme isolated from a hydrothermal vent (3).

DISCUSSION

Hydrothermal vents in the Mid-Atlantic Ridge hosting the deep-
sea hydrothermal vent shrimp R. exoculata (19) lie 2,320 m below
sea level, exhibit a salinity slightly lower than that of seawater
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(~23.03 versus ~35.5 gkg™ "), and are characterized by high pres-
sure (~23,000 kPa) and by a moderately low-to-warm tempera-
ture gradient that consistently ranges from 3 to 25°C (19). Using a
metagenomic approach, the DNA of microbial communities in-
habiting the gill chamber of R. exoculata was harvested and cloned
to establish the fosmid library, which was used to screen for enzy-
matic activities of interest. This screening led to the discovery of
three new carboxyl esterases, which were biochemically character-
ized after expression in a surrogate microbial host (E. coli). The
results of this study demonstrate that microbes associated with the
gill chamber of R. exoculata contain biochemically heterogeneous
carboxyl esterases belonging to the a/B-hydrolase family; the
properties of the newly discovered esterases correlate with their
differing bacterial origins and most likely with different adapta-
tions of their hosts to the prevailing environmental conditions.

The taxonomic distribution of top protein hits, as well as ge-
nome linguistics analysis, suggested that the metagenomic frag-
ments containing these enzymes belong to Alphaproteobacteria
(Rhodobacterales) and Gammaproteobacteria (unknown species or
a genus related to Thiothrix and/or Leucothrix) from the R. exocu-
lata gill chamber. This finding is consistent with the fact that Alp-
haproteobacteria and Thiothrix/Leucothrix (the closest cultured
relative of which is the sulfur-oxidizing bacterium L. mucor [57])
accounted for approximately 4% and 7.5%, respectively, of the
total R. exoculata gill chamber microbial population, as reported
earlier, and that they were absent from the habitat seawater (19).
Notably, Thiothrix/Leucothrix-related bacteria are of interest not
only because of their location in a presently genomically unchar-
acterized region of the tree of life (51) but also because no func-
tional data with respect to their metabolic capacities or their en-
zyme arsenal have been reported in the specialized literature.

The activity levels of the characterized enzymes (maximum for
best substrates of 25.2 to 356 U mg ™~ ', depending on the carboxyl
esterase) are in the range of other reported enzymes with esterase
and lipase activity from macroorganism-associated microbiota.
The only such enzymes previously reported are associated with
marine sponges and have maximum activities of 2.8 to 2,700 U
mg ' (15, 16). The activity levels of the esterases reported here
against ester substrates under conditions similar to those used in
this study were similar to or somewhat lower than those of com-
mercial preparations, as well as to those of previously reported
enzymes isolated from marine seawater and from brackish water
(average of up to 1,227 U mg~ ') (Fig. 6B). Their activities also
were comparable to the activities of previously characterized car-
boxyl esterases from Mediterranean deep-sea locations (average,
54.5U mg~ ' [3]) and other marine deep-sea sediment (~1.70 to
560 Umg ' [58-60]). The specific activities of these enzymes also
were in the range of that observed for most similar proteins (34 to
39% sequence identity) that have been characterized (150 to 2,500
Umg ™' [61, 62]).

Further, the biochemical properties of the novel carboxyl es-
terases reported in this study revealed that although all three en-
zymes showed an activity-stability trade-off characteristic of cold-
adapted enzymes, MGS-RG1 and MGS-RG2 exhibit higher
temperature windows and greater thermostability than MGS-
RG3. This finding is in agreement with the stability trade-off
found via determination of the aggregation/denaturation temper-
atures (T,) of these enzymes. Thus, the T ;s for MGS-RG1 (47.6°C)
and MGS-RG2 (53.3°C) are higher than the T, for MGS-RG3
(42.0°C). The T, for the first subgroup of enzymes is comparable
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to that of the OLEI01171 carboxyl esterase from the cold-adapted
marine bacterium Oleispira antarctica RB-8 (45.7°C), as well as to
those of previously described esterases from superficial seawater
(45.7 to 48.1°C [28]) and deep-sea (40.3 to 71.4°C [3]) (Table 2)
and mesophilic bacteria (51 to 60°C [63]), whereas that for MGS-
RGS3 is slightly lower. The higher (for MGS-RG2) and lower (for
MGS-RG3) T s are consistent with the fact that MGS-RG2 was the
most active of the three enzymes at 55°C (70% of maximal activ-
ity), and that MGS-RG3 was the most active at 4°C (40% of max-
imal activity). The optimal temperatures for the activities of MGS-
RG1 (45°C) and MGS-RG2 (50°C) are within the range of optimal
temperatures of most similar characterized enzymes, including
the top hit, EstB, from Pseudomonas fluorescens (34 to 37% amino
acid sequence identity; UniProtKB/Swiss-Prot code Q51758.1),
which has an optimal temperature for activity of 45°C (61). A
similar observation was made for MGS-RG3; in that case, the most
similar previously characterized hydrolase, MLH (39% amino
acid sequence identity), showed an optimal temperature of 30°C
and similar residual activity at low temperature (50% of the max-
imum activity at 10°C; UniProtKB/Swiss-Prot code Q9EX73.1
[62]). Differences in optimal temperature of at least 10 to 20°C
between the two groups of enzymes investigated in this study also
have been reported for several carboxyl esterases from the marine
bacteria Alcanivorax borkumensis SK2 (28) and Oleispira antarc-
tica RB-8 (64), as well as from uncultured bacteria from seawater
samples (28), suggesting that such heterogeneous profiles are
common in cold or moderate-temperature marine habitats.

Similarly, while the MGS-RG1 and MGS-RG2 enzymes exhib-
ited similar hyperactivation at high salt concentrations and similar
resistance to high pressure, MGS-RG3 exhibited low remaining
activity in the presence of salt and pressure. Because salt and tem-
perature dependence have not been reported for most similar en-
zymes, a direct comparison could not be done. However, exami-
nation of the effect of salt concentration on the activities of
metagenomic esterases (3, 28) revealed that heterogeneous effects
also are common among enzymes found in marine habitats, in-
cluding deep-sea habitats (Table 2). Notably, the level of activa-
tion of both MGS-RG1 and MGS-RG2, which was as high as 2.4-
fold at 3.2 to 3.6 M salt, and the significant pressure tolerance of
these enzymes (>97% at 35,000 kPa) are similar to the salt and
pressure dependence reported for other deep-sea enzymes (3),
with similar optimal temperatures for activity. This is an impor-
tant factor, because it was recently found that the development of
enzymes (i.e., MGS-M2 [Table 2]) with higher optimal tempera-
tures for activity by organisms in deep-sea environments can be
linked to pressure and salt resistance, implicating yet-unknown
mechanisms in this type of adaptation (3). In agreement with this,
MGS-RG3, which exhibits low resistance to salt and pressure, was
cold adapted, whereas the halophilic and barotolerant MGS-RG1
and MGS-RG2 enzymes were more active at moderate tempera-
tures.

The different sensitivities of the three enzymes to environmen-
tal constraints, namely, temperature, pressure, and salinity, also
were reflected at the level of reaction specificities and reactivities,
with MGS-RG1 and MGS-RG2 being at least 14-fold less active
than MGS-RG3 yet capable of accepting a broader range of ester
substrates. Based on these findings, we speculate that the existence
of two distinct subgroups of these enzymes based on their bio-
chemical properties is a direct consequence of the different bacte-
rial origins of the enzymes, as well as of the different adaptation
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capacities of the corresponding bacterial hosts to the prevailing
environmental conditions (pressure, salinity, and temperature).
In addition, we infer that such differences also become marked at
the highest level of functional hierarchy, that is, in relation to the
substrate spectra of the enzymes, differences that are likely to sup-
port the different abilities of the corresponding bacterial hosts to
metabolize nutrients. In agreement with this, we found that, in
contrast to MGS-RG3, MGS-RG1 and MGS-RG2 are able to hy-
drolyze triacylglycerols; (non)halogenated alkyl, alkenyl, and aryl
esters; lactones; chiral epoxides; and/or cinnamoyl and carbohy-
drate esters to similar extents. Such broad promiscuity is rare
among enzymes with esterase and lipase activity (6, 28). In addi-
tion, both MGS-RG1 and MGS-RG2 can support polysaccharide
degradation, an enzymatic activity that is critical for the ecological
success of microorganisms in deep-sea environments, as well as
for the utilization by these microorganisms of nutrients produced
or liberated by the host in the gill chamber (50, 56). The polysac-
charide degradation capability of these enzymes was demon-
strated by their ability to degrade tri-O-acetyl-glucal, a-D-glucose
pentaacetate, and ethyl-trans-cinnamate.

Finally, it should be emphasized that R. exoculata has been
reported to move from one vent to another; thus, the microbes
inhabiting the gill chamber of this species might contain versatile
enzymes capable of adaptation to environmental and nutrient-
availability gradients. This hypothesis is supported by the results
presented here, which demonstrate the heterogeneous salt, pres-
sure, and temperature dependence and stability tradeoff of the
three enzymes investigated. As shown in Fig. 2 and 3 and Table 2,
all three enzymes, albeit to different extents, showed enzymatic
activity under the relevant conditions in the hydrothermal vent (3
to 25°C; 23.03 g kg™ ! salt [or 0.42 M NaCl]; pressure, 230 atm at
depth of 2,320 m). In addition, the heterogeneous substrate pro-
files of the three enzymes also agree with previous considerations.
Further experimental evidence on this issue with a larger set of
enzymes will be required to determine whether heterogeneity is
common in other marine habitats. Related to this point, Fig. 6A of
our work clearly shows that 3 of 4 enzymes from the polyaro-
matic-degrading marine bacterium Cycloclasticus sp. strain ME7
(CCSP codes), 2 from seawater at Kolguev Island (K codes), 2
from deep-sea Medee Lake (MGS-M codes), 3 from other deep-
sea habitats (MGS-B/K/MT codes), 7 from a karst lake (LAE
codes), and a set of 5 from oil-contaminated marine seawater
samples and bacteria isolated from those samples (ABO codes
and MGS0105, MGS0109, and MGS1010) formed separated ho-
mogeneous clusters in their reactivity profiles. Accordingly, the
fact that other enzymes from different locations were ranked func-
tionally closer to each other compared to enzymes from other
locations while those from R. exoculata were scattered within the
reactivity-based tree may support the existence of a wide func-
tional heterogeneity in the gill chamber of R. exoculata. Note that
the substrate profiles of the enzymes reported in this study also
differ significantly from those of the most similar (34 to 39% se-
quence identity) characterized enzymes (61, 62); thus, structural
factors may account for such differences.

Using a library of structurally diverse esters, we further dem-
onstrated that the enzymes described in this study are character-
ized by high hydrolytic rates and broad substrate spectra together
with enantioselectivity, all of which are desired features for bioca-
talysis. As an example, an enantiomeric ratio greater than 20 typ-
ically is associated with hydrolases with high enantioselectivity
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(6). Notably, the high and broad activity of these enzymes toward
halogenated esters also may be of use in the optical enrichment of
starting haloesters (65). We also found that while MGS-RGI ac-
cepts methyl benzoate as the substrate, MGS-RG3 accepts only
vinyl benzoate; therefore, we speculate that MGS-RG1 and MGS-
RG3 can be used for selective transesterification procedures that
rely upon irreversible benzoylation with methyl or vinyl esters
(66).

The enzyme characteristics and versatile reactivity of the en-
zymes reported in this study, from a biochemically unexploited
marine habitat and from a neglected taxonomic group of bacteria
associated with macroorganisms inhabiting deep-sea hydrother-
mal vents, must be further evaluated and exploited on a larger
scale.

Finally, one question that might rise after examining the phy-
logenetic positioning of sequences (see Fig. S2 in the supplemental
material) and the biochemical clustering (Fig. 6) of all deep-sea
enzymes, including the ones reported here, is whether the evolu-
tion of these model enzymes suggests any particular constraint in
the deep-sea environment. The limited number of esterases
(about 8) from deep-sea environments identified and character-
ized to date (3) does not allow us to reach a clear-cut conclusion.
However, the distinct placement of some of the deep-sea enzymes
at the level of substrate profiles (i.e., MGS-MT1, B1, K1, M1, and
M2) (Fig. 6) and at the level of sequence (see Fig. S2) may point at
the drivers of the evolution of enzymes in the deep sea. However,
before drawing any conclusions, a further experimental analysis
with a larger set of deep-sea enzymes is needed.
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En e Capitulo 6 se pretende aportar una
discusion global de los trabgjos y resultados mas
relevantes correspondientes a los Capitulos 2, 3, 4
y 5. Se demostrara como todos los capitulos han
tenido un hilo conductor similar y que en su
conjunto han aportado resultados novedosos a
nivel individua y colectivo.

6.1 Introduccion al conjunto
de enzimas recogidas en esta
Memoria

Hasta la fecha, los procesos de investigacion
para la generacién de nuevas enzimas se han
basado, principalmente, en: (i) la exploracion de
la capacidad de las enzimas ya conocidas para la
resolucion de nuevas reacciones o de moléculas
conocidas bajo condiciones a-la-carta, que
incluyen estudios de ingenieria del biocatalizador;
(ii) la exploracién de actividades enziméticas
mejoradas o0 nuevas en entornos naturales gracias
a la aplicacion de técnicas de ato rendimiento
como la mutagénesis dirigida (que requiere una
capacidad de clculo notable) y e high
throughput screening; vy (iii) la identificaciéon de
nuevas actividades enzimaticas a partir del
aisamiento de la flora microbiana existente en
ambientes y entornos naturaes bioldgicos
digtintos, incluyendo las areas fuertemente
contaminadas 0 extremos como entornos
potenciamente generadores de nuevas formas de
vida y por lo tanto de nuevas actividades
enzimé@ticas. Las estrategias seguidas hasta la
fecha en estas tres grandes lineas de generacion de
conocimiento, presentan ventgjas e inconvenientes
importantes, por 1o que € uso conjunto de estas
tres estrategias es deseable. Pese a desarrollo en
estas tres areas, no se ha conseguido ir més alade
laidentificacion eficaz de actividades enziméticas
ya existentes, que en la mayor parte de los casos
suponen como mucho la identificacion de pocas
variantes enziméticas que catalizan (con mejor o
peor fortuna) reacciones previamente resueltas, y
con estructuras conocidas.

En la presente Tesis Doctoral, se han
empleado herramientas de  metagendmica
funcional, es decir, la generacion de librerias de

CAPITULO 6
DISCUSION GENERAL

clones obtenidas a partir de DNA de comunidades
microbianas que posteriormente son testeadas por
actividades de interés, para la identificacion de
nuevas enzimas. La presente Tesis Doctora no se
centra en desarrollos metodol 6gicos en lo que ala
aplicacion de técnicas metagendmicas se refiere,
sino en la utilizacion de herramientas existentes
en generar una amplia coleccion de enzimas.

La Tabla 2 resume € listado de las enzimas
estudiadas durante esta Tesis Doctora y cuyas
caracteristicas y/ o estructuras han quedado
recogidas en los Capitulos anteriores. En ella
gueda reflejado el lugar de procedencia de las
mismas, asi como su actividad enzimética. Como
se muestra en latabla, en particular, en la presente
Tesis Doctora, se han identificado y caracterizado
25 nuevas enzimas (22 esterasas/lipasas, 1 beta-
glucosidasa, 1 aldo-ceto reductasa, 1 (L)-lactato
dehidrogenasa) de metagenomas creados a partir
de DNA de comunidades microbianas procedentes
de 8 hdabitat diferentes y un genoma de una
bacteria cultivable. En particular de: i) cuatro
fosas marinas (Medee, Kryos, Bannock vy
Matapan-Vavilov) del Este del Mar Mediterraneo
(3 de dlas hipersalinas); ii) un lago cérstico (Lago
Arreo); iii) € microbioma de agallas de una
gamba (Rimicaris exoculata) que viene a2,320 m
de profundidad en la zona cercana a un fuente
hidrotermal en la Dorsa Mesoatléntica; iv) agua
marina superficial contaminada con crudo cercana
alalsade Kolguev en € Mar de Barents; v) una
fuente hidrotermal no profunda en la Isla de San
Paul (Alaska); y vi) de la bacteria marina
hidrocarbonoclastica Cycloclasticus sp. ME7.

Latemperatura, salinidad y profundidad de los
hébitats estudiados oscila entre 4-16.5°C, entre 1.1
y 348 g/kg y entre 0 y 4,908 m, respectivamente.
Las caracteristicas geoquimicas de estos habitats
los convierten en gemplos de ambientes poco
explorados a nivel enzimé@ico y la amplia
diversidades de factores ambientales, en
particular, salinidad, temperatura y presién, los
conviertes en habitats adecuados para estudios
estructura-funcion, adaptaciones a medios
extremos y andlisis de promiscuidad catalitica.
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Enzima Localizacion | ACTIVIDAD | AA | MW pl Identidad (%) | ESTRUCTURA
LAEL EST 272| 29.214| 6.41 31 NO
LAE2 EST 324| 34.002| 10.04 31 NO
LAES Lago Arreo EST 300| 31.614| 4.78 36 NO
LAE4 EST 309| 33.499| 8.07 25 NO
LAES EST 217| 24.328| 6.95 54 NO
LAE6 EST 315| 33.936| 4.85 41 Sl
LAE7 EST 310| 32.981| 943 32 NO
K_05-6 IslaKolguev EST:MCP-H | 319| 35.487| 5.04 50 NO
K_06-5 EST:MCP-H | 316| 34.301| 8.44 70 NO
CCSP0084 | Cycloclasticus | EST:MCP-H | 282| 31.547| 5.36 38 Sl
CCSP0211 | ME7 EST:MCP-H | 223| 24.190| 4.66 41 NO
CCSP0528 EST 287| 32.498| b5.78 56 NO
CCSP2178 EST:MCP-H | 282| 31.354| 5.37 62 NO
MGS-M1 EST 239| 26.801| 5.77 49 Sl
MGS-M2 EST 276| 31.602| 5.39 48 Sl
MGSM3 | Medee GLY 734| 84.278| 5.55 41 NO
MGS-M4 ACR 274| 31.792| 5.95 54 Sl
MGS-M5 LDH 314| 34.792| 6.21 72 Sl
MGS-B1 Bannock EST 316| 34.551| 4.38 51 NO
MGS-K1 Kryos EST 514| 56.234| 4.89 44 NO
MGS-MT1 Mat_apan— EST 323| 35.651| 7.29 62 gl

Vavilov
MGS-HA1 | San Pablo EST 261| 28.862| 5.99 99 NO
MGS-RG1 |R. exoculata EST 222| 24.983| 5.07 50 NO
MGS-RG2 EST 225| 25.363| 5.31 52 NO
MGS-RG3 EST 277| 30.611| 551 47 NO

Tabla 2 | Listado de enzimas identificadas y caracterizadas en esta Tesis Doctoral. Se recoge el nombre de la
enzima, el lugar de procedencia, la actividad, el nimero de aminoacidos, el pl, la masa molecular, y el
porcentaje de identidad frente a secuencias depositadas en las bases de datos. Abreviaturas: EST, esterasa;
MCP-H, meta-cleavage product hydrolase; ACR, aldo-ceto reductase; LDH, lactato dehidrogenasa. La tabla
resume también si la estructrura de la enzima ha sido resuelta y recogida en la presente Memoria.

6.2 Diferencias en la eficacia
en los rastreos y homologia de
las enzimas

Una de las primeras cuestiones a comparar
entre todas las librerias estudiadas es s €
porcentaje de clones positivos es similar o no. La
Tabla 3 muestra los valores de indices positivos,
es decir, cuantos clones tengo que rastrear para
encontrar un clon positivo. En particular, clones
con actividad esterasallipasa, usando sustratos
modelo como acetato de naftilo y tributirina
Ambos sustratos se emplean de forma rutinaria en
el rastreo de actividad hidrolasa (Reyes-Duarte et
al., 2012). El tamafio medio de las librerias
sometidas arastreos funcionales oscilaentre 120 y
816 millones de pares de bases (Mpb), y €
nimero de positivos para las actividades de
interés por genoteca oscila entre 1 clon positivo
por cada 667 clones (1:667) a 1:15,000.

Observando los valores mostrados en la Tabla 3
podemos decir que e Lago Arreo y la fosa de
Matapan-Vavilov, que son los sitios con menor
sdlinidad, son los que muestran indices més
favorables (1 cada 1,152 para el Lago Arreoy 1
cada 667 para Matapan-Vavilov), frente a las
fosas marinas hipersalinas (desde 1 cada 2,624
para Medee a 1 cada 15,000 para Bannock). Esto
sugiere gque las caracteristicas geoguimicas de los
ambientes producen un sesgo importante en €
mayor 0 menor éxito en los rastreos usando
condiciones estandar que se emplean cominmente
en los ensayos enziméticos (temperatura
ambiente, baga sadinidad (0.15 M NaCl), pH
cercano a la neutraidad, y no presion. Esto
concuerda con e hecho de que la incidencia de
clones positivos es muy bagja en € caso de la
libreria procedente de la fuente hidrotermal de la
Isla de San Pablo, probablemente debido a que
muchas de las enzimas de los microorganismos
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presentes en esta muestra son termo-activas y
muchas no mostraran actividad a la temperatura a
la que se hacen los rastreos (temperatura
ambiente); por este motivo, habra que rastrear
muchos clones para encontrar uno positivo (1
cada 11,000). En € caso del valor paralalibreria

de la Isla de Kolguev, los valores no son del todo
comparativos porque en este caso la genoteca es
de fagos y no de fésmidos como para las otras
muestras, y los valores de incidencia no son
comparativos.

Fuente ambiental indice de Mpb Salinidad | Temperatura | Profundidad
positivos rastreados (g/kg) (°C) (m)

Lago Arreo 1:1,152 342 1,10 6.90 24
Isla de Kolguev 1:7,000 4,800 35.50 4.00 0
Medee 1:.2,624 472 347.80 14.97 3,010
Bannock 1:15,000 450 263.20 14.50 3,342
Kryos 1:5,280 158.4 313.92 16.50 3,340
Matapan-Vavilov 1.667 120 38.60 14.29 4,908
Islade San Pablo 1:11,000 330 35.50 65.00 100
R. exoculata 1:2,720 816 23.03 8.70 2,320

Tabla 3 | Eficacia en los rastreos de actividad esterasa/lipasa en las librerias de clones
analizadas en la presente Memoria. Como valor de eficacia se indica la incidencia de clones
positivos en las librerias de clones analizadas en la presente Tesis Doctoral; este valor
corresponde al valor del nimero de clones totales a rastrear para encontrar un clon con
actividad esterasa/lipasa, usando sustratos modelo como acetato de naftilo y tributirina.

Una segunda pregunta que surge de las
enzimas identificadas es. ¢Cudl es grado de
novedad a nivel de secuencia? Este es un punto
importante ya que de forma recurrente se piensa
gue a través de las técnicas metagendmicas se
puede acceder a enzimas novedosas (Fernandez-
Arrojo et al., 2010).

La masa molecular y el punto isoeléctrico (pl)
de las enzimas estudiadas oscila entre 24,190 y
84,278 Da, y 4.66 y 10.04, respectivamente
(Tabla 2). Tades rangos son comunes en las
enzimas similares descritas en las bases de datos.
Destaca como los pl suelen ser semegjantes entre
las diferentes enzimas de un mismo habitat,
excepto para las enzimas procedentes del Lago
Arreo, cuyos valores difieren notablemente de
unas a otras (oscilan entre 4.8-10.0). También
ocurre lo mismo s comparamos €l origen
microbiano de las 25 enzimas estudiadas. Asi, un
andlisis por frecuencia de tetra-nucledtidos y
homologia (Ménigaud et al., 2012) sugiere que las
enzimas del Lago Arreo son las que presentan
mayor heterogeneidad en 1o que se refiere a la
diversidad de bacterias productoras de dichas
enzimas (Tabla 4). Esto ocurre a menor nivel en
los otros hébitats analizados, donde se observa
gue enzimas procedentes de un mismo hébitat
tienen un origen microbiano similar. Ambos
factores (pl y origen microbiano) podrian estar

correlacionados con €& hecho de que las
caracteristicas bioquimicas de las enzimas del
Lago Arreo difieren notablemente entre si, a pesar
de proceder de un mismo hébitat (ver Capitulo 2).

A nivel de secuencia las enzimas identificadas
y andizadas presentan valores de identidad,
respecto a enzimas homdlogas descritas en las
bases de datos, entre & 25% y & 72% (Tabla 2).
Solo una de las enzimas (MGS-HA1) presentaba
una homologia del 99%; ésta corresponde a la
esterasa de un organismo cultivable (Geobacter
sp.) aislado de una fuente hidrotermal no profunda
en lalsla de San Pablo (Alaska). Esto sugiere que
la mayoria de las enzimas identificadas vy
estudiadas a lo largo de esta Tesis Daoctoral
difieren considerablemente a nivel de secuencia
de otros enzimas homdlogas descritas en las bases
de datos, aunque en algun caso, como es la
enzima MGS-HA, se observa un grado de
homol ogia cercano al 99%.

La Tabla 2 también nos muestra que los
niveles més bajos de homologia son los que
muestran las esterasas del Lago Arreo (de 31 d
549%), comparandolos con las del Mar de Barents
y Cycloclasticus (del 41 a 70%), las de las fosas
marinas (del 41 al 72%), lade lalslade San Pablo
(99%) y las de R. exoculata (del 47 a 52%). Estos
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datos nos demuestran que explorar ambientes
extremos, raros o dificiles de muestrear, no
asegura encontrar enzimas mas diferentes a nivel
de secuencia respecto a las que ya se conocen o
respecto a ambientes menos extremos como es €l
Lago Arreo. De hecho, los datos descritos en €
Capitulo 2, demuestran que las enzimas del Lago
Arreo, gue puede considerarse como un ambiente
de facil muestreo y no extremo (temperatura
media que fluctta entre los 4.7 y 19.8 °C, y una
sadlinidad de 1.10 g/kg), son las que presentan
menos homologia frente a las descritas en las

bases de datos. Dicho esto, es importante
mencionar gue los menores 0 mayores niveles de
homologia no implican una bioquimica similar o
diferente, ya que diferencias estructuraes y
pequefios cambios en e centro activo pueden
ocasionar grandes cambios en la actividad y
especificidad frente a distintos sustratos,
independientemente de la homologia que las
enzimas muestren en sus secuencias. Este hecho
ha quedado claramente demostrado en la presente
Tesis Doctoral, como se discutira mas adel ante.

Enzima Origen microbiano

LAE1yY LAE2 Betaproteobacteria (Cupriavidus/Ral stonia)
LAE3 Alphaproteobacteria (Methyl obacterium)
LAE4 Alphaproteobacteria (Rhizobium)
LAES Gamma/Alphaproteobacteria (Azotobacter)
LAEG Alphaproteobacteria (Sohingomonas)
LAE7 Betaproteobacteria (Burkholderia)
K 05-6 Gammaproteobacteria
K 06-5 Betaproteobacteria

CCSP0084, CCSP0211, CCSP0528 y CCSP2178

Gammaproteobacteria (Cycloclasti cus)

MGSM1, MGSM2, MGSM3, MGSM4, MGS-M5

Mollicutes (Hal oplasma)

MGSB1 Betaproteobacteria (Variovor ax)
MGS-K1 Desconocido
MGS-MT1 Gammaproteobacteria (Alteromonas)
MGS-HA1 Bacilli (Geobacillus)
MGS-RG1, MGS-RG2 Gammaproteobacteria (Thiothrix/L eucothrix)
MGS-RG3 Alphaproteobacteria (Rhodobacter aceae)

Tabla 4 | Posible origen microbiano de las enzimas recogidas en la Memoria. La asignacion taxondmica se basa en el
empleo de herramientas de analisis basadas en la frecuencia de tetranucleotidos en las secuencias de los fosmidos que
contienen la secuencia que codifica la enzima de interés y la homologia con secuencias conocidas y depositadas en las
bases de datos. Como se aprecia, la mayoria de las enzimas procede de bacterias del filo Proteobacteria (18), seguido
de Tenericutes (5) y Firmicutes (1); en uno de los casos, no fue posible sugerir la posible bacteria de origen.

Dado que de entre todas las enzimas
estudiadas las mas representadas son las
hidrolasas con actividad esterasa y/o lipasa
(22 de las 25 totaes), es posible también
analizar los valores de homologia entre ellas.
En la Tabla 5 se puede observar que € valor
minimo es del 0.5% y el méximo de 63.7%.
Esta diferencia tan marcada sugiere que las
enzimas estudiadas difieren
considerablemente entre s a nivel secuencia
y que, por tanto, durante esta Tesis Doctoral
se han caracterizado enzimas con una amplia
diversidad, hecho éste que puede tener
implicacion a nivel de las reactividades
mostradas por las diferentes enzimas, como
se discutira méas adel ante.

6.3 Caracteristicas fisico-

quimicas de las enzimas
estudiadas

La Figura 17 resume de forma comparativa el
efecto del pH, la temperatura, y la concentracion
de sal (NaCl) paratodas las enzimas identificadas
y caracterizadas. Se aprecian similitudes y
diferencias significativas en lo que a efecto de
estos tres factores en la actividad enzimética se
refiere. El pH es un factor que afecta de forma
homogénea a la actividad con valores méximos
entre un pH de 7.0 y 8.5, independientemente del
origen de la enzima. Estos valores son muy
comunes en las enzimas similares descritas en la
bibliografia y correlacionan con el pH del habitat
de procedencia (cercano a la neutraidad).
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LAE1 45.6| 5.7 |16.2| 2.0 {14.0/184]122|149]159|151|11.6|16.0|124|11.3|172]|119|189|17.1]117.9(17.2|17.6
LAE2 45.6 122 86|83 )132|/300]74[83|85|76|64[84]64|62]|101|84[103]87]88]|82]|92
LAE3 57 122 21.3114.7|1259|14.1]152]186(17.1)|190|176|17.6]19.1|154|235|13.9|23.4]|158]|143|149|33.1
LAE4 16.2| 86 | 213 122118.6| 89 |18.1| 46 [15.7|154|170|174]182]17.7|19.1]10.3|17.5]158]15.8|13.2|14.9
LAES 20|83 (147|122 10.3/160] 20 | 34 |145)| 89 (182|17.1] 36 |16.1| 9.7 | 6.6 |104]14.6] 85 | 85 [122
LAE6 153]13.2]25.9|18.6|10.3 18.11153]199| 2.7 | 98 [151| 75]149| 49 [37.6[13.2|193]|176]| 7.9 | 82 | 27.2
LAE7 18.4130.0/14.0] 89 |16.0|18.1 63 121] 78 |146[124|115] 31 | 05|89 |122|214]10.1)J12.0]| 3.7 |10.7
K 05-6 122 74 1152]181| 20 |153] 6.3 23.7120.4)|149)|19.0/20.0§13.3|18.3|13.7| 89 |175]14.6] 88 |11.3| 155
K_06-5 149| 83 |186| 46 | 36 |199]121|23.7 18.9(15.1|22.2120.1|144|16.6(16.9|11.3|14.2]|16.7]18.2|10.9| 8.2
CCSP0084 |159| 85 |17.1|15.7(145| 2.7 | 7.8 | 204|194 13.7(34.9|322]|17.3|233[153|14.2| 9.7 |18.6]14.7|11.6|18.7
CCSP0211 J151| 7.6 |19.2|154| 89 | 9.8 |14.6]|149|15.1|13.7 20.21142]1146(141[11.7| 8.7 |16.2]159]43.9[43.6|17.2
CCSP0528 |116| 64 |176(17.0(183[151]124| 1.0 [22.2]34.9|20.2 33.0/15.6]|20.9|150(115| 7.3 ]17.0]16.2| 150 16.8
CCSP2178 ]16.0| 84 |176|174(171| 75 111.5)20.0]20.1|32.2]14.2|33.0 186/21.2|11.6]10.1|156]13.6]18.0|16.5|21.1
MGSM1 124]1 64 1191[182| 34 |149| 3.1 [134|144|17.3)|146|16.2|18.6 128[17.1| 83 |156]16.7]16.4|17.4|17.6
MGSM2 113 6.2 |154(16.8|16.1| 49 | 05 |183]16.6|23.3|/14.1(209(21.2]|128 144111.2|134]17.2]16.7|145]| 2.2
MGS-B1 17.2]110.1]235(19.1| 9.7 |376] 89 |13.7|16.9|153)|11.7(150|11.6[17.1]| 144 18.3]18.5]13.7]15.0| 15.2| 22.2
MGSK1 119] 84 113.9|10.3| 66 [132]122| 89 |11.3|142| 87 [115| 84 | 83 |11.2|18.3 134] 4681 | 79 |123
MGSMT1 |]18.9]10.3[234]|175)/104[193[209]175]|142| 9.7 [16.2]| 7.3 | 156|156 13.6(185|134 4.8 112.7]11.2|228
MGSHA1 |17.1] 8.7 [158]158)|146/176/10.1]/14.6]16.7|186(159(17.0]|13.6)16.7[17.2[13.7| 46 | 48 22.1]19.0|11.3
MGS-RG1 [17.9)| 88 |[14.3|158| 85 | 79 |12.0| 88 |18.2|14.7(43.9|16.2|18.0| 164 | 16.7[15.0| 8.1 |12.7| 22.1 63.7]17.3
MGS-RG2 [17.2] 82 |149|132| 85 |82 | 3.7 [11.3|109|116(436[15.0|165|174|145(152| 79 |11.2]|19.0|63.7 11.9
MGSRG3 [176] 9.2 {331]149]122]27.2]10.7{155] 82 118.7[173[168[21.1]182)| 22 [222]123]228]11.3|17.3|119
Tabla 5 | Homologia a nivel de identidad entre las diferentes secuencia de aminoacidos que codifican

esterasas/lipasas identificadas en la presente Tesis Doctoral.

La temperatura Optima de todas las enzimas
oscila entre los 12 y los 75°C y en la mayoria de
los casos se observa que |os valores son superiores
alos de la temperatura del hébitat de procedencia
(Tabla 3; entre 4 y 65°C). Mas concretamente las
enzimas del Lago Arreo presentan valores de
actividad maximos entre los 12 y 40°C, s hien la
temperatura media del agua es de 8.7°C. Las
aisadas de ambientes marinos superficiales (Mar
de Barents) o bacterias de dichos ambientes
(Cycloclasticus sp. ME7) entre los 25 y 50°C, si
bien la temperatura de dicho habitat oscila entre
los 4y 23°C. Aquellas de las fosas marinas entre
los 16y 70°C, si bien su temperatura nunca supera
los 16.5°C o esinferior alos 14°C. Solo en €l caso
de la enzima MGS-HA, procedente de una
bacteria termdfila aislada de una fuente
hidrotermal tiene una temperatura éptima (75°C)
gue se aproxima a la temperatura de crecimiento
(65°C) y al origen termdfilo de la misma. Estos
resultados concuerdan con estudios recientes que
han demostrado que una ato porcentge de
enzimas microbianas presentan una temperatura
Optima superior a la temperatura de crecimiento
del microorganismo productor (Kube et al., 2013).

Pese a €llo, los resultados sugieren que las
enzimas de microorganismos de origen marino
independientemente de su sdinidad o de
ambientes acudticos ligeramente salinos presentan
en su mayoria actividades que sugieren la
presencia de bacterias psicrofilas y/o mesofilas.

Sin embargo, uno de los resultados mas relevantes
de esta Tesis Doctoral es que los ambientes
marinos hipersalinos, pese a su bga temperatura
(£16.5°C) pueden contener enzimas con
caracteristicas similares a agquellas de organismos
termofilos o hipertermofilos. Sirva de gemplo la
enzima MGS-M2 (ver Capitulo 3). Esto no
significa la presencia de organismos terméfilos en
estos ambientes, en particular la fosa hipersalina
Medee, sino que la accién combinada del efecto
de la alta concentracion de sal y la presion (> 350
bares) pueden favorecer, mediante mecanismos
distintos a los descritos hasta la fecha, las
actividades y estabilidades de las proteinas a
temperaturas muy altas. Este hecho ha quedado
demostrado en esta Tesis Doctoral mediante la
resolucion estructural de 5 de las proteinas
identificadas (ver Capitulo 3). Resdltar, que hasta
la fecha no se habia descrito ninguna enzima de
un ambiente no termdfilo, capaz de mantener la
integridad estructural y la actividad a una
temperatura de 70-75°C.

Las concentraciones de sal (NaCl) para la
actividad optima varian entre 0y 4.0 M (Figura
17). De las 25 enzimas estudiadas, solo 3
mostraron mayor actividad en ausencia de sa
(LAE3, MGSM5 y MGS-RG3), o que sugieren
que las enzimas marinas 0 de medios acuéticos
ligeramente salinos son activadas en presencia de
dicha sal. Pese a dlo, es de destacar es que las
enzimas procedentes de ambientes aquellos
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ambientes caracterizados por menor salinidad
(Lago Arreo y Mar de Barents, salinidad < 35 g/L)
presentan una fuerte bajada de la actividad a
concentraciones de sa superiores a 1.2 M (70
o/kg). El hecho de que tres enzimas de ambientes
marinos profundos caracterizados por bajos

actividad a 2.8-3.6 M de NaCl (163-210 g/kg),
sugiere que la presion pueda ser un factor
adicional que favorezca la estabilidad a altas
concentraciones de sal. Dicho esto, las enzimas de
fosas marinas hipersalinas son las que presentan
mayores niveles de actividad a concentraciones

niveles de salinidad ( < 35 g/L) presenten dta muy elevadas de NaCl (hasta 4 M).
pH T ("G} [MaCH] (W)
4 I PR R W T e
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Figura 17 | Mapa de color indicando los parametros 6ptimos de actividad de las enzimas caracterizadas en la
presente Tesis Doctoral. Los parametros, en orden de aparicién de izquierda a derecha, incluyen, pH, temperatura y

concentracion de sal (NaCl).

Las concentraciones de sal (NaCl) para la
actividad optima varian entre 0 y 4.0 M (Figura
17). De las 25 enzimas estudiadas, solo 3
mostraron mayor actividad en ausencia de sa
(LAE3, MGSM5 y MGS-RG3), o que sugieren
que las enzimas marinas o de medios acuéaticos
ligeramente salinos son activadas en presencia de
dicha sal. Pese a €llo, es de destacar que las
enzimas procedentes de ambientes caracterizados
por menor sdinidad (Lago Arreo y Mar de
Barents, sdinidad < 35 g¢/L) presentan una fuerte
bajada de la actividad a concentraciones de sal
superioresa 1.2 M (70 g/kg). El hecho de que dos
enzimas de ambientes marinos profundos (MGS-
M5y MGS-RG3) caracterizados por bajos niveles
de salinidad ( < 35 g/L) presenten alta actividad a
2.8-3.6 M de NaCl (163-210 g/kg), sugiere que la
preson pueda ser un factor adiciona que
favorezca la estabilidad a atas concentraciones de
sal. Dicho esto, las enzimas de fosas marinas
hipersalinas son las que presentan mayores niveles
de actividad a concentraciones muy €elevadas de
NaCl (hasta4 M) (Figura 17).

Pese a que se ha demostrado en la bibliografia
una relacion entre e pl de una proteina y la

actividad frente a alta concentracion de sal (Ferrer
et al., 2011), no se ha encontrado en la presente
Tesis Doctoral, una correlacion entre ambos
factores (ver Tabla 2 y Figura 17). Esto sugiere
que factores estructurales, ain por definir, pueden
estar implicados en estas diferencias.

6.4 Amplia coleccion de
enzimas: diversidad
enzimatica y promiscuidad

Actuamente la introduccion a nivel general en la
industria quimica de sintesis de las enzimas esta
siendo mucho més lenta de lo que inicidmente se
suponia. Una de las razones principales es que
cuando las enzimas disponibles no son capaces de
promover la reaccion quimica deseada, €l proceso
requerido para finalmente disponer de la enzima
que de novo pueda catalizar lareaccion de interés,
€s un proceso lento y costoso. Este proceso es més
facil cuando se parte de enzimas disponibles
comerciamente, y mucho méas complejo cuando
ello no es posible. Por esta razén enfocar la
investigacion en la resolucién sistemética y
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ordenada de las reacciones quimicas de interés, y
encontrar enzimas apropiadas para €elo, es de
especial importancia. Las presente Tesis Doctoral
ha pretendido abordar este tema, creando un
amplio Catdogo de enzimas verdaderamente
promiscuas. Este Catdogo también permitiria no
solo acceder a nuevas reactividades sino también
a entender e fendbmeno de promiscuidad
enzimética.

Para ello, y a diferencia de otros estudios
anteriores durante la presente Tesis Doctoral,
planteamos la caracterizacion bioguimica usando
un set muy amplio de sustratos, con un total de

210. Més concretamente se emplearon 137 ésteres
para la caracterizaciéon de actividad esterasa y/o
lipasa, 31 derivados de azlcares para la
caracterizacion de actividad glicosidasa, 41
aldehidos y cetonas para la caracterizacion de
actividad ado-ceto reductasa y 1 paa la
caracterizacion de actividad lactato
dehidrogenasa. Se ha pretendido con dlo,
responder a una pregunta ¢Las enzimas
identificadas  congtituyen nuevas variantes
enzimaticas que poseen capacidades catditicas
similares 0 no a las descritas en las bases de
datos?
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Figura 18 | Agrupacion grafica de la similitud y/o diferencias en la reactividad (A) y actividad especifica (units mg-1)
(B) frente a un set de 137 ésteres diferentes de las diferentes esterasas caracterizadas en la presente Tesis Doctoral,
asi como otras enzimas similares comerciales (CalA, CalB, 100L, RM, RO, y PLE) y otras descritas de ambientes
similares en la bibliografia (ABO 1197, ABO 1251, MGS01010, MGS 0105, y MGS0109). El panel A muestra la
agrupacion jerarquica en base a una distribucién binomial de la presencia o ausencia de actividad para un stock de
137 sustratos, para cada una de las enzimas analizadas. Abreviaturas: CalA, lipasa A de Candida antarctica
(suministrada por Novozymes A/S, Bagsvaerd, Dinamarca); CalB, lipasa B de Candida antarctica (suministrada por
Novozymes A/S, Bagsvaerd, Dinamarca);100L, lipasa de Thermomyces lanuginosa (suministrada por Novozymes A/S,
Bagsvaerd, Dinamarca); RM, lipasa de Rhizomocur miehei (suministrada por Novozymes A/S, Bagsvaerd, Dinamarca);
RO, lipasa de Alcaligenes sp. (suministrada por Meito Sangyo Co. (Japdn); PLE, esterasa de higado de cerdo.

La Figura 18 resume graficamente las
similitudes y diferencias en la reactividad de las
23 hidrolasas con actividad esterasa caracterizadas
en la presente Tesis Doctora, asi como otras
enzimas descritas en la bibliografia. La Figura
18A muestra la agrupacién jerérquica en base a
una distribucion binomia de la presencia o
ausencia de actividad para un stock de 137
sustratos. Para cada grupo de enzimas estudiadas,
se muestra también el tipo de habitat (fosa marina,
agua de mar y lago carstico) y la estimacién de la
versatilidad de la enzima segun la estimacién del

nimero de sustratos (rango de sustrato: bajo (U),
medio (U) o alto (f)) sobre los que actia una
determinada enzima. La Figura 18B resume la
actividad especifica (unidades mg') media y el
rango de actividad, para todos |os ésteres capaces
de ser hidrolizados, para cada una de las enzimas
estudiadas. Como se ha comentado en e Capitulo
5, a través de los resultados mostrados en la
Figura 18 se concluye que: i) las enzimas
descritas en esta Tesis Doctoral presentan valores
de actividad similares a los de otras enzimas
homalogas descritas en la bibliografia, incluidas
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enzimas comerciales (Figura 18B); y ii) que las
enzimas aidadas de un mismo ambientes
presentan un perfil de sustratos similar y
diferenciado a las de otras enzimas de otros
habitats (Figura 18A), independientemente de las
diferencias a nivel de posicién filogenética
basadas en la secuencia de aminoécidos de las
mismas (Figura 19). Esto podria ser debido a
hecho de que ambientes con caracteristicas
geoquimicas similares pueden albergar una
biodiversidad muy similar independientemente de
la localizacion geogréfica; por lo tanto esta
biodiversidad similar podria contener enzimas con
reactividades adaptadas a ese nicho ecoldgico.
Pese a dlo, también se observan diferencias a
nivel de actividad especifica (Figura 18B) y €
nimero de sustratos susceptibles de ser
hidrolizados entre las enzimas estudiadas en un
mismo habitat (Figura 18A).

De los ésteres testeados, las hidrolasas
caracterizadas fueron capaces de hidrolizar de 5 a
61 ésteres. Estas diferencias en especificidad de
sustrato, se correlacionan con la amplia diferencia
a nivel de secuencia entre las diferentes enzimas
(Tabla 5). Sin embargo, es de destacar que
enzimas que presentan muy baos niveles de
identidad, por ejemplo LAEL1 y LAE3 (5.7%) del
Lago Arreo son bioquimicamente muy similares
entre si en lo que a especificidad de sustrato se
refiere (Figura 18A). Sin embargo no lo son a
nivel de temperatura 6ptima (30°C y 16°C,
respectivamente) y concentracion de NaCl optima
(1.2 vs O M, respectivamente) (Figura 17). Este
hecho también es extensible para otras enzimas de
otros habitats como por gemplo las enzimas
MGSM1y MGS-M2 de |la fosa Medee. Ambas
enzimas, que comparten solo un 12.8% de
identidad de secuencia son bioquimicamente muy
similares entre si en lo que a especificidad de
sustrato se refiere (Figura 18A), s bien presentan
parametros fisico-quimicos para su actividad
Optima muy diferenciados. Sirva de gemplo las
diferentas en temperatura Optima: 25°C para
MGSM1y 70°C para MGS-M2. Por lo tanto, los
datos sugieren que mientras que la especificidad
de sustrato de las enzimas de un mismo hébitat es
més similar entre si independientemente de la
homologia, las diferencias en los pardmetros
Optimos de actividad son mas acusadas e influyen
de manera mucho més heterogénea.
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Figura 19 | Relacién filogenética de las esterasas
identificadas en la presente Tesis Doctoral (negrita y
sombra). Ver detalles en Alcaide et al. (2015). La figura
muestra las sub-familias de la familia de
esterasas/lipasas a las que pertenecen las diferentes
enzimas (Arpigny y Jaeger, 1999).
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Centrandonos en la especificidad de sustrato,
los resultados presentados han mostrado que un
amplio nimero de las enzimas caracterizadas
muestran una alta promiscuidad de sustrato. Tal
informacion se ha conseguido a través del estudio
de una amplia diversidad enziméticay una amplia
diversidad quimica de los sustratos empleados,
gue se distinguen claramente de otros trabagjos o
estudios similares descritos en la bibliografia
Estos niveles de promoscuidad son especialmente
visibles en las enzimas LAE6 (Lago Arreo), que
también es la enzima més activa de todas las
analizadas en esta Tess Doctora (Figura 20),
MGS-HA1 (Isla de San Pablo), MGS-B1 (fosa
Bannock), MGS-K1 (fosa Kryos), y MGS-RG1 y
MGSRG2 (R exoculata). Estas enzimas son
capaces de hidrolizar una amplia diversidad de
ésteres con estructuras muy diferencias que en su

conjunto no se ha demostrado hasta la fecha que
sean sustratos de una sola esterasa/lipasa descrita.
Estos sustratos incluyen, triglicéridos, ésteres de
alkilo, akenilo o arilo halogenados y no
halogenados, derivados de ésteres de &cido
cinamico, ésteres de carbohidratos, lactonas,
epoxidos. Ademas, 10 de las 23 (0 & 43% de
total) esterasag/lipasas estudiadas mostraron altos
niveles de enantioselectividad aparente (rango de
20 a 816; Janes et al., 1997; Baumann et al.,
2001) para ésteres quirales como (S)-mandelato de
metilo (CCSP2178, CCSP0211, LAE4, RG1), (9-
4-nitrobenzoato de glicidilo (RG1), (§-3-bromo-
2-metil-propionato de metilo (MGSK1, RG1,
RG2), (9-lactato de metilo (CCSP0211, RG2),
(R)-mandédlato de metilo (LAEL, LAE3, RG3), y
(R)-butirato de glicidilo (LAESG).
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Figura 20 | Actividad especifica maxima (para el mejor sustrato) de las diferentes esterasas/lipasas caracterizadas en
la presente Tesis Doctoral, asi como otras enzimas de ambientes similares descritas en la bibliografia (ABO 1197, ABO

1251, MGS01010, MGS 0105, y MGS0109).

Pese a que se ha demostrado € ato potential
de las esterasas descritas en la presente Tesis
Doctoral en reacciones de hidrdlisis, su uso en
biotransformaciones esta alin por determinar. En
este sentido hay que recordar que factores tales
como la actividad y estabilidad frente a
disolventes organicos y e efecto de la
inmovilizacién, son claves, entre otros factores, en
la incorporacion de tales enzimas en € mercado
(Plou et al., 2002, 2003; Bomariusy Paye, 2013).

Otro giemplo a resaltar en lo que se refiere a
como la metagenbmica puede proporcionar
nuevas enzimas con actividades enzimaticas
diferentes a las ya conocidas, 10 constituyen las
enzimas K 056 y K _06-5 aisadas de
comunidades microbianas del Mar de Barents y
CCSP0084, CCSP0528 y CCSP2178 de la
bacteria Cycloclasticus sp. ME7. Estas enzimas,
gue presentan homol ogia tanto con esterasas como
con hidrolasas de enlaces carbono-carbono. S

CAPi TULO 6 | DISCUSION GENERAL| 99



bien, las enzimas con actividad esterasas tienen un
alto potencia biotecnoldgico (ver Introduccion),
las MCP hidrolasas no lo tienen debido a que
todas las enzimas de este tipo descritas en la
bibliografia presentan una especificidad de
sustrato muy restringida; solo son capaces de
hidrolizar HOHD y HOPHD, moléculas que se
forman durante la degradacion de compuestos
aromaticos (p.e. catecol y tolueno) (Alcaide et al.,
2013). De hecho, estas enzimas paticipan en rutas
de degradacion de arométicos y no son capaces,
en su mayoria, de hidrolizar enlaces ésteres. Los
datos presentados en esta Tesis han demostrado
por primera vez que una misma enzima puede
poseer ambas actividades, esterasa y MCP
hidrolasa, con un grado de promiscuidad de
sustrato hasta ahora desconocido. Las 5 enzimas
analizadas han mostrado actividad no solo frente a
HOHD y HOPHD sino también frente a un total
de més de 12 ésteres diferentes, incluidos ésteres
quirales. Por lo tanto, la presente Tesis Doctoral
abre por primera vez la posbilidad de que
enzimas con actividad dua esterasaMCP
hidrolasa sean méas abundante en la Naturaleza de
lo que inicialmente se pensaba. La caracterizacion
de otras 9 enzimas similares aisladas de ambientes
crénicamente contaminados que se esta realizando
actuamente en € laboratorio, confirman este
hecho. Dado que estas enzimas han sido aidadas
de ambientes contaminados o0 bacterias
degradadoras de aromaticos, es posible que la
presién producida por eventos de contaminacion
crénica pueda abrir nuevos escenarios evolutivos
gue permitan la adquisicion de tales actividades a
fin de que los microorganismos productores
puedan acceder a dichas moléculas.

La presencia de esta actividad dua en
ambientes no contaminados no se ha demostrado
hasta la fecha en la bibliografia. Esto, junto con el
hecho de que enzimas homologas (Alcaide et al.,
2013; Capitulo 3) similares a K_05-6, K_06-5,
CCSP0084, CCSP0528 y CCSP2178, se
encuentran en genomas de organismos con
capacidades biodegradativas, sugiere que dicha
actividad dua puede estar mas asociada a
comunidades  microbianas de  ambientes
contaminados.

6.5 Entendimiento de los
mecanismos subyacentes a la
promiscuidad de las enzimas

Durante la presente Tesis Doctoral agunas
enzimas representativas con  caracteristicas
interesantes  (promiscuidad y adaptacion a
parametros fisico-quimicos extremos) fueron
seleccionadas y sometidas a fermentaciones con
alta densidad celular y técnicas de cristalizacion.
En paralelo se aplicaron técnicas de mutagénesis
dirigida. Se pretendia con ello proporcionar un
conocimiento estructural detallado de las enzimas
mas representativas y entender e fendémeno vy
relevancia de la promiscuidad enzimatica y la
transferencia a otras clases de enzimas, asi como
entender los mecanismos de adaptacion a
condiciones poli-extremas de temperatura,
salinidad y presion.

Para ello, se sdleccionaron y cristalizaron
enzimas de tres fuentes digtintas: i) LAE6 del
Lago Arreo, gemplo de esterasa ampliamente
promiscua; ii) CCSP0084 de Cycloclasticus sp.
ME7, gemplo de enzima con actividad dual
esterasaMCP hidrolasa; iii) 5 enzimas (3
esterasas, 1 aldo-ceto reductasa y 1 lactato
dehidrogenasa) de ambientes marinos profundos,
en particular la fosa marina hipersaina Medee, y
la fosa marina Matapan-Vavilov de baja salinidad.
La resolucion de la estructura se logré con éxito
en todos los casos, habiendo reportado hasta la
fecha solo la estructura de todas elas (Figura 21),
menos de LAE6, que esta pendiente de
publicacién. EL andlisis de la estructura de la
enzima CCSP0084, en combinacion con
experimentos de mutagénesis dirigida, harevelado
por primera vez que en la transformacion de una
esterasa a una MCP hidrolasa estan implicados un
bgo nimero de aminoécidos cercanos a centro
activo (Figura 22). En particular, se han
identificado 3 residuos en la proteina CCSP0084,
cuya mutacion afecta a la capacidad de esta
enzima de hidrolizar enlaces éster y enlaces C-C,
y que por lo tanto estos residuos estan
involucrados en el reconacimiento de los distintos
sustratos 'y en e consiguiente grado de
promiscuidad. EI hecho de que solo un bgo
nimero de aminoé&cidos esté involucrado en la
modulacion de la promiscuidad sugiere que
factores ambientales, como la contaminacion
cronica por la actividad antropogénica, puedan ser
suficientes parala evolucion de diferentes tipos de
actividad hidrolasa, hecho éste que se ha
demostrado para la apariciéon de atividad
dehalogenasa (Beloqui et al., 2010).
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Figura 21 | Comparacion de las estructuras de las enzimas cristalizadas y presentadas en esta Memoria, y sus
homologos estructurales en base a busquedas por similitud. Las enzimas se representan en vifietas donde se aprecia
la localizacion de la serina catalitica (para estersas en la parte superior, y la enzima CCSP0084 en la parte inferior) y
de los sitios de union a NADPH/NADH y sustrato (para las enzimas MGS-M4 y MGS-MS5 en la parte inferior).
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Figura 22 |Comparacion de los centros activos putativos de las enzimas cristalizadas y presentadas en esta Memoria,
y sus homologos estructurales en base a busquedas por similitud. Para cada enzima se muestran los sitios de union a
sustrato y aquellos que participan en la catalisis. En el caso de enzimas con actividad esterasa (parte superior y
enzima CCSP084 en la parte inferior) se representa la triada catalitica. El canal de unidn a sustrato de la enzima MGS-
M2 y su homologo estructural HsaD se representan como representaciéon de superficie accesible a solvente; el
potencial electroestatico se representa con colores, donde se aprecian las diferencias en residuos cargados. Se
muestran también los residuos de union a NADH/NADPH y de sustrato para la aldo-ceto reductasa MGS-M4 y la
lactato dehidrogenasa MGS-M5, y sus homologos estructurales.
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El andlisis de la estructura de las enzimas
MGSM1, M2, M4, M5 y MT1, de ambientes
marinos profundos, es de especial interés por dos
razones. Primero porque constituye la mayor
coleccion de estructuras de enzimas de ambientes
marinos profundos. En segundo lugar porque ha
permitido obtener informacion que revela

mecanismos moleculares desconocidos
MES-M1 Cest-2a2g MGS-M2
(PDE 4BZW)

{PDB 2WLHS)

involucrados en la adaptacion de las proteinas a
condiciones poli-extremas (Figura 23). En tercer
lugar porque ha permitido entender las diferencias
a nivel de centros activos que explican las
distintas especificidades de sustratos de las
enzimas entre si y en comparacion con otras
descritas en las bases de datos.
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Figura 23 | Comparacién de la superfie de las enzimas cristalizadas y presentadas en esta Memoria, y sus homdlogos
estructurales en base a busquedas por similitud. Para cada enzima se muestran los sitios de union a sustrato y
aquellos que participan en la catdlisis. La estructura aparece como representacion de superficie accesible a solvente;
el potencial electroestatico (en unidades kb/T = constante de Boltzmann frente a la temperatura) se representa con
colores, donde se aprecian las diferencias en residuos cargados. Las flechas indican la localizacién de la serina
catalitica (para estersas en la parte superior, y la enzima CCSP0084 en la parte inferior) y de los sitios de unién a
NADPH/NADH y sustrato (para las enzimas MGS-M4 y MGS-M5 en la parte inferior).

Como se ha comentado en e Capitulo 4,
andlisis de las estructuras de las enzimas de fosas
marinas revela no solo una confirmacién y una
distribucion de cargas (Figura 23) diferente a la
de otras enzimas similares descritas en la
bibliografia. Ese hecho se ha observado también
para la enzima CCSP0084 de Cycloclagticus sp.
ME?7 (Figura 23). Esto concuerda con € hecho
de que las propiedades bioquimicas Yy
especificidad de sustrato de las enzimas
presentadas en esta Memoria son muy diferentes
a las de enzimas similares descritas hasta la
fecha

Un estudio comparativo entre todas las
estructuras presentadas en la Memoria arroja
diferencias significativas. Por gemplo, MGS-M1
no presenta una tapadera (sub-dominio a-hélice)
gue s presentan MGS-M2 y CCSP0084 (Figura
24). Es posible que dicha tapadera pudiera estar
implicada no solo en las diferencias en la

especificidad de sustrato, sino también en la
estabilidad de dichas proteinas. Asi, mientras
MGS-M1 muestra actividad frente a sustratos
largos, por g emplo, p-nitrofenil dodecanoato (ver
Figura S2, Capitulo 3), MGS-M2 y CCSP084
(més activos con p-nitrofenil butirato) o son solo
frente a sustratos mas cortos (ver Figura S1 en
Capitulo 2). Ademés, mientras que MGS-M1 es
més activa a 25°C, MGS-M2 y CCSP0084 |o son
a mayor temperatura (70 'y  45°C,
respectivamente) (Figura 17). Finadmente, MGS-
M2 y CCSP0084 comparten un mayor grado de
similitud a nivel de cargas, incluidas en la zona
de la tapadera (Figura 23). Dicho esto, una
validacion experimental es necesaria para
determinar la implicacion rea de dicha tapadera
en ambos factores.

La similitud a nivel de cargasy anivel dela
presencia de un sub-dominio a-hélice en MGS-
M2 y CCSP0084 contrasta con el hecho de que
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solo 7 de los 18 posibles aminoacidos
involucrados en catdliss o sitios de union a
sustrato se compartan entre ambas enzimas
(Figura 25A). Esto, junto con la presencia de dos
ligandos desconocidos en la estructura de MGS-
M2, uno de €ellos unido covalentemente a la
Ser97 (Figura 25A), puede se responsable, sin
embargo, de la diferente especificidad de sustrato
entre ambas enzimas, s bien, ambas se
encuentran entre las enzimas presentadas en la

Memoria que actlian sobre menor numero de
sustratos: 9 en el caso de CCSP0084 y 13 en €
caso de MGS-M2, de un total de mas de 130
sustratos testeados. Méas concretamente, entre 10s
sustratos diferenciadores, CCSP0084 actuia sobre
enlaces C-C en HODH y HOPDH, acetato de
geranilo y acetato de butilo, mientras MGS-M2
actla sobre triglicéridos cortos, lactato de metilo,
bromo acetato dimetilo y triacetato de glucal.
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Figura 24 | A. Vista detallada de las estructuras de MGS-M1, MGS-M2 y CCSP084 superpuestas. Como se aprecia las
tres enzimas presentan un plegamiento a/f hidrolasas, si bien la esterasa MGS-M1 no presenta un sub-domino o-
hélice, que si presentan MGS-M2 y CCSP0084. Estrella negra: localizacién del centro activo. El panel (B) representa la
estructura detallada de MGS-M1 donde se aprecian los elementos estructurales ausentes en comparacion con las otras

dos proteinas.

6.6 Consideraciones finales

La presente Tesis Doctorda no solo ha
incrementado sustancialmente e numero de
enzimas caracterizadas, que suponen un aumento
de a menos & 25% respecto a las enzimas
caracterizadas en la bibliografia por técnicas
metagenomicas (Martinez-Martinez et al., 2013),
sino abre la posbilidad para futuros trabgjos
relacionados con la aplicacion de tales enzimas en
biotransformaciones de interés. S bien, los
resultados indican un alto potencial en reacciones
de hidrdlisis, hay que tener en cuenta que en un
proceso biocatalitico, como en cualquier reaccion
quimica en generd, €l solvente o medio de
reaccion tiene a menudo tanta importancia como

la estructura del sustrato y e modo de accién
enzimatico, de manera gque esta variable afiade un
factor importante de complgjidad a la hora de
disefiar biotransformaciones con las enzimas
presentadas en esta Memoria.

Es bien conocido que el proceso de
investigacion y desarrollo de nuevos procesos
enziméticos, mas facil cuando es razonable partir
de enzimas disponibles comercialmente y mucho
més complgo cuando ello no es posible, es a
menudo costoso y lento. Excepto para aquellas
grandes corporaciones industriales con capacidad
técnica suficiente y grandes voliumenes de
produccion y venta de compuestos quimicos
especificos, para la mayor parte de las empresas
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incluso de tamafio medio, y para los laboratorios
ello supone un inconveniente suficientemente
significativo como para que renuncien a la
posibilidad de la aplicacion de técnicas
metagenOmicas en sus procesos industriaes. Ello
es especialmente notorio cuando |os volumenes de

venta del compuesto a producir son bgos y los
margenes comerciales, forzados por la
competencia, muy estrechos, o bien porgue la
introduccion de cualquier cambio en e proceso
productivo supone una dificultad a menudo
insalvable, en términos del tiempo y dinero.

Aminoacidos sustituidos en MGS-M2 respecto a CCSP0084
(7 de 18 son conservados)

MGS-M2

CCSP0084

Dos ligandos desconocidos en el sitio

activo de MGS-M2

(uno covalentemente unido a la Ser97)

Figura 25 | Vista detallada de las estructuras de MGS-M2 y CCSP084 donde se detallan los residuos cercanos al centro
activo. Las estrellas negras representan los residuos potenciales que participan en la catalisis o unién a sustrato. B.
Detalle del canal de la estructura de MGS-M2 donde se aprecia la presencia de dos ligandos desconocidos, uno de ellos

unido a la Ser97.

Es por elo, que en € futuro, habria que
enfocar la investigacion bésica en biocatdlisis ala
resolucion sistematica y ordenada, mediante e
empleo de las enzimas presentadas en esta
Memoria (y otras), de las reacciones quimicas de
interés para la industria, poniendo especial énfasis
en aguellas de gran potencial de aplicacion, pero
gue se enmarcan en un tipo de reaccion guimica
poco desarrollado hasta la fecha. En este punto,
seria de especial interés la edicion de un catélogo
accesible a empresas y grupos de la academia
donde se resumen las propiedades generales de
tales enzimas, afin de atraer financiacién o iniciar
colaboraciones en e marco de desarrollos
biocataiticos. En segundo lugar habria que

redizar ensayos de |as capacidades enziméticas en
presencia de medios organicos y no acuosos como
medio de incrementar las capacidades cataliticas
de las enzimas estudiadas en la presente Tesis
Doctoral. Por otro lado, habria que realizar un
estudio detalado de los efectos que sobre la
actividad enzimética de las diferentes enzimas
presentadas en esta Memoria tienen los procesos
de inmovilizacién, con independencia de la
mejora evidente que suponen en relacion a la
posibilidad que ofrecen de ser recuperados al fina
del proceso y estar en disposicion de ser utilizados
de nuevo, y a la mejora de su resistencia a los
efectos ambientales y de los disolventes. Solo a
través de un estudio conjunto de éstas, y otras
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variables, se podrallegar aconocer € potencia de
las nuevas enzimas descritas en esta Tesis
Doctoral en futuras biotransformaciones de interés
bésico eindustrial.

Finalmente me gustaria mencionar que en €l
estudio de los procesos biocatditicos, €
conocimiento profundo del mecanismo de la
reaccion quimicay el entender de qué manera la
enzima modifica los estados energéticos de
transicién por los que pasa € proceso, de manera
gue se reduzca la cantidad de energia implicada
en e proceso y la reaccién quimica se vea
favorecida, es clave. Este estudio, que requiere de
la caracterizacion bioguimicay la cristalizacion de
la enzima para determinar su estructura-
especialmente de la zona del centro activo- y de
una notable capacidad de céculo, debe ser
realizado de manera especifica para cada enzima.
Las estructuras aportadas en la presente Memoria
pueden abrir futuros trabajos en estas lineas en los
gue la aplicacion de técnicas de dinamica
molecular, mecanica cuantica y otros sistemas de
andliss (Martin-Garcia, et al., 2013; Mendieta-
Moreno et al., 2014) pueden ser de interés, junto
con herramientas de muetagénesis dirigida y
aleatoria
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CAPITULO 7
CONCLUSIONES

Las caracteristicas geoquimicas de los ambientes producen un sesgo importante en € indice de
incidencia de clones activos.

. Se ha demostrado que € empleo de herramientas de metagendémica funcional permite la
identificacion de biocatalizadores novedosos y auténticamente versétiles, que incluyen
esterasas, lipasas, glicosidasas, aldo-ceto reductasas y lactato dehidrogenasas.

. Al menos un 45% de las 25 enzimas identificadas y caracterizadas son enzimas ampliamente
promiscuas, ya que poseen especificidades de reaccion relgjadas, actividad frente a un amplio
nimero de sustratos, y ata estereoselectividad y estabilidad bajo amplias condiciones.

. Se ha demostrado la capacidad de hidrolizar eficazmente enlaces ésteres y carbono-carbono en
una misma hidrolasa. Asi mismo, se ha sugerido que dicho grado de promiscuidad pueda
deberse a la presion selectiva producida por la introduccién de nuevas moléculas, en particular
contaminantes, en el habitat de origen, y a procesos evolutivos en 10s que estén involucrados un
nimero muy limitado de aminoé&cidos.

. Se sugiere que e potencial biotecnologico de las hidrolasas de enlaces C-C es superior a
pensado hasta la fecha en la bibliografia.

. Se ha demostrado la existencia de enzimas termo-activas y termo-resistentes a 70°C en
ambientes marinos profundos hipersalinos donde la temperatura no es superior a 16.5°C. Existe
unarelacion directa entre laresistenciaala presion y e aumento en la temperatura éptimay de
desnaturalizacion de las enzimas en ambientes marinos profundos hiper-salinos.

Mecanismos moleculares desconocidos estan involucrados en la adaptacion de las enzimas
procedentes de microorganismos de ambientes marinos profundos a condiciones poli-extremas,
en particular en ambientes caracterizados por una alta salinidad y presion y una temperatura
moderada.

. Sugerimos que las enzimas aisladas de un mismo ambiente presentan, por lo general, un perfil
de sustratos similar, independientemente de las diferencias a nivel filogenético y de homologia.
Esto podria ser debido a que ambientes con caracteristicas geoquimicas similares pueden
albergar una biodiversidad muy similar independientemente de la localizacion geografica. Por
lo tanto esta biodiversidad similar podria contener enzimas con reactividades adaptadas a cada
nicho ecoldgico.
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