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Resumen

1. RESUMEN

El 6xido nitrico (NO) es un gas diatdmico, formado por un atomo de oxigeno (O) y otro
de nitréogeno (N), con un electron desapareado que lo convierte en un radical
(Bartberger et al., 2002). EI NO puede reaccionar con diferentes especies de oxigeno
para formar las especies reactivas de nitrogeno (RNS) (Earnshaw y Greenwood, 1997).
El NO esta presente en todos los organismos vivos, donde puede actuar de forma
diferente dependiendo de su concentracién. A bajas concentraciones (niveles
nmolares) el NO actia como molécula sefial, mientras que a concentraciones mas altas
(niveles umolares) posee un efecto téxico (Toledo y Augusto, 2012). En bacterias
existen multiples fuentes de NO, siendo la desnitrificacidon y la reduccién desasimilativa
de nitrato a amonio (DNRA) las principales fuentes respiratorias de NO (revisado en
Torres et al., 2016). Ademas, debido al efecto toxico del NO, las bacterias presentan
diferentes sistemas y enzimas para su eliminacion. Entre estos sistemas se encuentran
las hemoglobinas, que son las proteinas mejor estudiadas y mas importantes para la
destoxificacion aerébica de NO en bacterias. En procariotas se han identificado tres
tipos de hemoglobinas: flavohemoglobinas (fHbs), hemoglobinas de dominio Unico
(sdHbs) y hemoglobinas truncadas (tHbs) (revisado en Poole, 2005; Stern y Zhu, 2014;
Gell, 2018).

Bradyrhizobium diazoefficiens es una a-proteobacteria, Gram-negativa,
perteneciente al orden Rhizobiales. Esta bacteria es capaz de crecer en condiciones
limitantes de O,, empleando el nitrato (NOs’) como Unica fuente de N para asimilarlo
y/o para respirarlo, actuando como aceptor final de electrones. En esta bacteria, la
respiracion de NOs constituye la primera etapa del proceso de desnitrificacion.
Ademas, B. diazoefficiens es un diazétrofo que establece asociaciones simbidticas con
plantas de soja (Glycine max). Esta asociacidon simbidtica tiene lugar en los nédulos,
gue son unas estructuras especializadas de la raiz de la planta. En los ndédulos, las
formas diferenciadas del rizobio, los bacteroides, son los responsables de fijar el N2
atmosférico mediante la actuacidon de la enzima nitrogenasa. B. diazoefficiens, ademas
de fijar N2 en simbiosis, también es capaz de llevar a cabo el proceso de
desnitrificacién, tanto en vida libre como en los nddulos de soja. En esta bacteria las

reacciones de desnitrificacion son catalizadas por las enzimas nitrato reductasa
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periplasmica (Nap), nitrito reductasa (NirK), éxido nitrico reductasa (Nor) y oxido
nitroso reductasa (Nos), que reducen el NOs hasta N, mediante la formacién de NO y
oxido nitroso (N20) como intermediarios gaseosos. Estas enzimas estan codificadas por
los genes napEDABC (Delgado et al., 2003), nirK (Velasco et al., 2001), norCBQD (Mesa
et al., 2002) y nosRZDYFLX (Velasco et al., 2004), respectivamente (revisado en Bedmar
et al., 2005, 2013).

Estudios previos, realizados en el Grupo del Metabolismo del Nitrégeno del
Departamento de Microbiologia del Suelo y Sistemas Simbidticos de la Estacidn
Experimental del Zaidin (Granada), demostraron que la hipoxia y el NOs™ inducen la
formacién de NO en ndédulos de soja, siendo la desnitrificacion en los bacteroides el
principal proceso implicado en su formacion. En este contexto, es preciso la existencia
en el nédulo de mecanismos de destoxificacion de NO, ya que se ha demostrado que el
NO inhibe la actividad nitrogenasa, asi como la expresidn del gen nifH, responsable de
su sintesis. En este sentido, se ha propuesto a la enzima desnitrificante Nor como la
principal proteina implicada en la eliminacion de NO en los nédulos de soja (Sdnchez et

al., 2010).

Ademas de desnitrificar, B. diazoeficciens es capaz de asimilar NOs3™ en vida libre
mediante la expresion de un sistema coordinado de asimilacion de NOs vy
destoxificacién de NO, codificado por el operdn nark-bjgb-flp-nasC. Este operdn es
responsable de la sintesis de un transportador de NO3/NO2 (NarK), una hemoglobina
(Bjgb), una flavoproteina dependiente de NAD(P)H (Flp) y una nitrato reductasa
asimilativa (NasC). Cerca de estos genes se encuentra otro operdn que incluye genes
gue codifican para una nitrito reductasa asimilativa (NirA) y un sistema regulador de
respuesta a NO3/NOz (NasST). Estudios previos han demostrado que Bjgb es una
hemoglobina de dominio Unico implicada en la destoxificacion de NO en células

cultivadas en vida libre (Cabrera et al., 2016).

En esta Tesis Doctoral, se ha demostrado el papel in vitro de la hemoglobina
Bjgb y la flavoproteina Flp de B. diazoefficiens en el metabolismo del NO. Con este
objetivo, se han clonado los genes bjgb vy flp de B. diazoefficiens en plasmidos de
expresion para, posteriormente, sobre-expresar y purificar las proteinas Bjgb y Flp.

Una vez purificadas dichas proteinas, se ha realizado un estudio in vitro de las mismas
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mediante espectroscopia UV-Vis. Se ha confirmado la capacidad de la flavoproteina Flp
de recibir electrones del NADH y de reducir a la hemoglobina de dominio Unico Bjgb.
Una vez reducida la Bjgb, el grupo hemo de esta proteina es capaz de unir NO. Con
estos resultados se ha demostrado la capacidad de Bjgb de unir NO in vitro, lo cual

confirmaria el papel de esta proteina de destoxificar NO in vivo.

Ademas, se ha estudiado el papel de la lisina-52 de la Bjgb de B. diazoefficiens.
Para ello, se ha realizado una mutacién puntual mediante QuickChange de esta lisina
por una alanina (K52A Bjgb). El andlisis de la funcidn in vivo de esta proteina mutada se
ha llevado a cabo mediante la complementacion de la mutante bjgb de
B. diazoefficiens con dos plasmidos, uno que sobre-expresa la proteina nativa Bjgb y
otro que sobre-expresa la proteina mutante K52A Bjgb. El analisis de la expresion de
Nor mediante el uso de una fusion transcripcional norC-lacZ, la deteccién de la
proteina NorC y la medicién de la capacidad de produccidn de N;O, el producto de Nor,
demostré que la lisina-52 tiene un papel critico en la expresién de Nor y, por

consiguiente, en la homeostasis del NO in vivo.

En esta Tesis Doctoral, también se ha abordado el estudio de la implicacién de
la Bjgb de B. diazoefficiens en la interaccidn simbidtica con plantas de soja y en la
homeostasis de NO en los nddulos. Mediante la técnica de la dilucién isotdpica del >N
y analisis de la actividad y expresidon de la enzima nitrogenasa, se ha demostrado que
las plantas de soja inoculadas con la cepa mutante en la hemoglobina tienen mayor
tolerancia al encharcamiento que aquellas plantas inoculadas con la cepa parental.
Este efecto beneficioso se debe a la reduccidn de la acumulacién de NO en los nédulos
producidos por plantas de soja inoculadas con la cepa mutante en la hemoglobina y
sometidas a encharcamiento, en comparacién con los nddulos encharcados de la cepa
parental. Esta disminucidn en la acumulacién de NO podria ser debida a la induccién
de la expresidn y actividad de la enzima Nor, la cual es la principal proteina implicada

en la eliminacién de NO en los nédulos de soja.

Por ultimo, se ha estudiado la implicacion en simbiosis del proceso de
asimilacion de NOs". Para ello, se han utilizado las mutantes en los genes nasC y nirA,
responsables de la sintesis de la nitrato reductasa y nitrito reductasa asimilativa,

respectivamente. Mediante el andlisis de la actividad nitrogenasa y contenido en
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leghemoglobina (Lb) de los nddulos de soja, se ha demostrado que la inoculacién de
las plantas de soja con una cepa mutante nirA confiere protecciéon de la fijacién
bioldgica de nitrégeno (BNF) frente al encharcamiento, en comparaciéon con aquellas
plantas inoculadas con la cepa parental. Sin embargo, en las plantas inoculadas con la
cepa mutante nasC y sometidas a encharcamiento no se observaron diferencias
significativas en la BNF en comparaciéon con aquellas plantas inoculadas con la cepa
parental. Estos resultados, junto con el analisis de la actividad nitrato reductasa (NR)
en bacteroides, sugieren que la nitrato reductasa asimilativa (NasC) no tiene un papel
relevante en la reduccion de NOs en los bacteroides, siendo la nitrato reductasa
periplasmica (NapA) la principal enzima implicada. Con el objeto de profundizar en el
posible papel de la asimilacion de NOs™ por los bacteroides en nédulos de soja, se ha
utilizado una cepa de B. diazoeficciens mutante en el gen nifH, responsable de la
sintesis de la Fe-proteina del complejo nitrogenasa. El analisis de la expresion del gen
narK, el primer gen del operdn que codifica para las enzimas implicadas en la
asimilacién de NOs’, demostrd una significativa induccién de su expresion en nédulos
de una cepa mutante nifH en relacion con los niveles de expresién observados en los
nodulos producidos por la cepa parental. Estos resultados se confirmaron mediante la
deteccion de un incremento en el contenido en amonio (NH4*) de los ndédulos de la
cepa mutante nifH aislados de plantas cultivadas con NOs, en comparaciéon con los
cosechados de plantas crecidas en ausencia de NO3’, donde no se detectd produccién
de NHs* en los bacteroides. Por tanto, estos resultados sugieren que la asimilacion de
NOs por los bacteroides podria tener una funcién relevante en nédulos de soja en
aquellos casos en los que la fijacion del N, se ve afectada y, por consiguiente, la

produccién de NH4* en los bacteroides se reduce significativamente.

Los resultados obtenidos durante esta Tesis Doctoral han contribuido a
incrementar el conocimiento sobre la funciéon in vivo e in vitro de la proteina Bjgb de
B. diazoefficiens en la destoxificacion de NO, tanto en vida libre como en asociacién
simbidtica con plantas de soja. Ademas, se ha establecido el posible papel de las

proteinas NasC y NirA de B. diazoefficiens en |la simbiosis con plantas de soja.
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SUMMARY

Nitric oxide (NO) is a diatomic gas, formed by an oxygen (O) and nitrogen (N) atom,
with an unpaired electron, which turns it into a radical (Bartberger et al., 2002). This
molecule may react with different oxygen species to form reactive nitrogen species
(RNS) (Earnshaw and Greenwood, 1997). NO is present in all living organisms where it
has different roles depending on its concentration. At low concentrations (nmolar
levels) NO acts as a signalling molecule, while at higher concentrations (pumolar levels)
it has a toxic effect (Toledo and Augusto, 2012). In bacteria, there are many sources of
NO, being denitrification and dissimilatory reduction of nitrate to ammonium (DNRA)
the main respiratory sources of NO (reviewed by Torres et al., 2016). Due to the toxic
effect of NO, bacteria possess several systems and enzymes to remove it. Among these
systems, the best studied and most important proteins for NO detoxification are the
haemoglobins. In prokaryotes, three types of haemoglobins have been identified:
flavohaemoglobins (fHbs), single domain haemoglobins (sdHbs) and truncated

haemoglobins (tHbs) (reviewed by Poole, 2005; Stern and Zhu, 2014; Gell, 2018).

Bradyrhizobium diazoefficiens is a Gram-negative a-proteobacterium, belonging
to the Rhizobiales order, that establishes symbiotic associations with soybean plants
(Glycine max). This symbiotic association takes places inside the nodules, which are
specialized structures in the roots. In the nodules, the differentiated forms of
rhizobium, the bacteroids, are responsible for fixing atmospheric nitrogen (N2) by the
action of the nitrogenase enzyme. B. diazoeficciens is also able to grow under O;
limiting conditions using nitrate (NOs) as the only N source, by assimilating it and using
it as final electron acceptor through NOs respiration, that constitutes the first step of
the denitrification pathway. In addition to fix N2 in symbiosis, B. diazoefficiens is also
capable of performing denitrification process inside soybean nodules. In this
bacterium, denitrification reactions are catalyzed by the periplasmic nitrate reductase
(Nap), nitrite reductase (NirK), nitric oxide reductase (Nor) and nitrous oxide reductase
(Nos), enzymes which reduce NOs3 to Nz through the formation of NO and nitrous
oxide (N20) as gaseous intermediates. These enzymes are encoded by the napEDABC

(Delgado et al., 2003), nirK (Velasco et al., 2001), norCBQD (Mesa et al., 2002) and
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nosRZDYFLX (Velasco et al., 2004) genes, respectively (reviewed by Bedmar et al.,,
2005, 2013).

Previous studies carried out in the Nitrogen Metabolism Group from
Department of Soil Microbiology and Symbiotic Systems (Estacion Experimental del
Zaidin, CSIC), showed that hypoxia and NOs™ induce NO synthesis in soybean nodules,
being denitrification in bacteroids the major process involved in its formation. In this
context, the presence of NO detoxification mechanisms in the nodules is necessary,
since it has been evidenced that NO inhibits nitrogenase activity, as well as expression
of nifH gene, responsible for nitrogenase synthesis. The denitrifying enzyme Nor has
been proposed as the principal protein implicated in NO removal in soybean nodules

(Sanchez et al., 2010).

In addition to denitrify, B. diazoefficiens is also able to assimilate NOs in free
living conditions through the expression of a coordinated system for NOs assimilation
and NO detoxification, which is encoded by the narKk-bjgb-flo-nasC operon. This
operon is responsible for the synthesis of a NOs3/NOz (NarK) transporter, a
haemoglobin (Bjgb), a NAD(P)H dependent flavoprotein (FIp) and an assimilatory
nitrate reductase (NasC). Close to those genes, there is another gene cluster that
includes genes coding for an assimilatory nitrite reductase (NirA) and a NO3/NOy
response regulatory system (NasST). Earlier studies have revealed that Bjgb is a single
domain haemoglobin involved in NO detoxification in cells grown under free-living

conditions (Cabrera et al., 2016).

In this Doctoral Thesis, the role in vitro of B. diazoefficiens Bjgb and Flp in NO
detoxification has been demonstrated. To achieve this goal, bjgb and flp genes from
B. diazoefficiens have been cloned into expression plasmids to subsequently over-
express and purify Bjgb and Flp proteins. UV-Vis spectroscopy analyses of purified Bjgb
and Flp showed the ability of Flp to reduce Bjgb. Once Bjgb is reduced, the haem group
of this protein is capable to bind NO. These results have proved the ability of Bjgb to

bind NO in vitro, confirming the role of this protein to detoxify NO in vivo.

The function of the lysine-52 of Bjgb has also been investigated by carrying out
a site directed mutation of this lysine by an alanine (K52A Bjgb). The role in vivo of this

K52A Bjgb protein mutant has been investigated by complementing a B. diazoefficiens
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bjgb mutant with two plasmids, one that over-expresses the native Bjgb protein and
another that over-expresses the K52A Bjgb mutant protein. The analysis of Nor
expression by using a norC-lacZ transcriptional fusion, detection of NorC protein and
measurement of the capacity of N.O production, the product of Nor, demonstrated
that the lysine-52 haeme-iron ligand from Bjgb has a critical role on nor expression and,

consequently, on NO homeostasis in vivo.

In this Doctoral Thesis, the involvement of Bjgb from B. diazoefficiens in the
symbiotic interaction with soybean plants and in NO homeostasis in the nodules has
also been investigated. By using the isotopic >N dilution technique and analyzing
expression of nitrogenase, we have demonstrated that soybean plants inoculated with
the bjgb mutant strain had greater tolerance to flooding than those plants inoculated
with the parental strain. This beneficial effect is probably due to the reduction of NO
accumulation in nodules produced by the bjgb mutant in response to flooding, as
compared to parental flooded nodules. The decrease in NO accumulation could be due
to the induction of expression and activity of Nor, which is the main protein involved in

NO removal in soybean nodules.

Finally, the involvement of NOs assimilation in the B. diazoefficiens-Glycine max
symbiosis has also been investigated in this Doctoral Thesis. To achieve this goal,
B. diazoeficciens mutants defective in nasC and nirA genes, encoding the assimilatory
nitrate and nitrite reductases, respectively, have been used to inoculate soybean
plants. By analyzing nitrogenase activity and leghaemoglobin content (Lb) of the
nodules, we found that inoculation with the nirA mutant confers protection of
biological nitrogen fixation (BNF) to flooding, compared to those plants inoculated
with parental strain. However, no differences in BNF were observed in plants
inoculated with the nasC mutant and subjected to flooding compared to those plants
inoculated with the parental strain. These results, together with the analysis of nitrate
reductase activity (NR) in the bacteroids, suggest that the assimilatory nitrate
reductase, NasC, has not a relevant role in NOs reduction in bacteroids, being the
periplasmic nitrate reductase (NapA) the main enzyme involved. In order to go deeper
in the study of the possible role of NOs™ assimilation by the bacteroids in soybean

nodules, a B. diazoefficiens mutant in the nifH gene, responsible for the synthesis of
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the Fe-protein of the nitrogenase complex, has been used. Interestingly, expression of
narK gene, the first gene of the operon that codes for the enzymes implicated in NOs
assimilation, was significantly induced in nodules from the nifH mutant. We also
analyzed NHs* production capacity by the bacteroids. As expected, nifH bacteroids
from plants grown in the absence of NOs, were unable to produce NH4* due to the lack
of nitrogenase activity. However, when plants were grown with NOs", bacteroids from
the nifH mutant were able to produce NHs*. These results suggest that NOs
assimilation by bacteroids might have a relevant role in those nodules where

nitrogenase is impaired.

The results obtained during this Doctoral Thesis have contributed to increase
the knowledge about the function in vivo and in vitro of Bjgb from B. diazoefficiens in
NO detoxification, both in free living conditions and in symbiotic association with
soybean plants. In addition, the putative role of B. diazoefficiens nitrate assimilation in

soybean nodules has also been established.
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Introduction

2. INTRODUCTION

2.1. Introduction to the nitric oxide (NO) molecule

Nitric oxide (NO), or nitrogen monoxide, is a diatomic gas, composed of an oxygen (O)
atom and a nitrogen (N) atom, leaving a single unpaired electron on the molecule
which makes it a radical chemically represented as NO-. Its chemical composition gives
it unusual and unintuitive properties because, despite being radical, NO is not
especially susceptible to oxidation or reduction. However, it can react with several
oxygen species, such as superoxide anion (O2-") and molecular oxygen (03), to form the
so-called reactive nitrogen species (RNS), such as peroxynitrite (ONOO’), nitrogen
dioxide radical (NO3-), dinitrogen trioxide (N20s3), nitrosonium cation (NO®), or nitroxyl
anion (NO’) (reviewed by Bartberger et al., 2002; Hughes, 2008; Moller et al., 2019)
(Figure 2.1.).

NO is slightly soluble in water and more soluble in organic solvents,
consequently, it is able to diffuse through the hydrophilic parts of the cell, such as the
cytoplasm, and it can also move freely through the lipid phase and diffuse to
neighboring cells. Being a reactive free radical, it has a relatively short half-life (on the
order of a few seconds), therefore, its effects are mostly limited to the cell in which it
is produced, or to the nearest neighboring cells. NO is present in all living organisms
where it can play different functions, for example, physiological molecular signalling,
or pathological. At low concentrations (nmolar levels) NO acts as signalling molecule,
while at higher concentrations (umolar levels) it acts as a pathological or cytotoxic
agent (Toledo and Augusto, 2012). Especially in the presence of reactive oxygen
species (ROS), NO produces toxic nitrogen oxides, and can also damage enzymes that
result in the inhibition of bacterial growth (reviewed by Stern and Zhu, 2014). In
biological systems, NO can induce formation of other reactive species, such as hydroxyl
and carbonate radicals (OH-and COs-, respectively) (Figure 2.1.). Some of these species
are powerful oxidants that can directly oxidize and damage DNA. For example, a high
concentration of NO causes cytosine deamination and drives the mutation of cytosine
(C) to thymine (T) (Wink et al., 1991), and peroxynitrite can directly oxidize guanosine

residues transforming them to 8-oxo-2'-deoxyguanosine that causes DNA strand
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breaks (Salgo et al., 1995; Burney et al., 1999). In addition to the formation of powerful
oxidants, RNS cause formation of stable modifications in macromolecules, such as
dinitrosyl iron complexes (DNICs), S-nitrosylation of Cys residues to form S-
nitrosothiols (SNOs), and tyrosine nitration (NO-Tyr) (Figure 2.1.). These modifications
alter protein structure and function and, consequently, also gene regulation and cell

physiology (reviewed by Stern and Zhu, 2014).

NO reacts readily with transition metals, such as iron (Fe), reacting with both
haem and non-heam Fe, including Fe-sulfur (Fe-S) cofactors, and has greater affinity
for ferrous compared with ferric forms. NO binds to Fe in a similar way as O, does,
because both molecules have an unpaired electron capable of forming a covalent bond
coordinated with the d- orbital of the Fe atom. The capacity for binding both NO and
02 makes Fe paradoxically a key element for sensitivity, for example blocking
respiratory chains, but also promoting tolerance to NO given the capacity of

haemoglobins to detoxify NO (reviewed by Gell, 2018).

At the level of proteins however, the most important modification produced by
NO is S-nitrosylation, which modifies all main classes of proteins and provides a
fundamental redox-based cellular signalling mechanism. A large number of bacterial
proteins are affected by the formation of SNO groups when they are exposed to NO
(Rhee et al., 2005; Brandes et al.,, 2007; Seth et al.,, 2012, 2018). These include
transcription factors, such as Escherichia coli OxyR that induces expression of a
specialized regulons during anaerobic respiration (Seth et al., 2012). The mechanism by
which NO induces the formation of SNO groups is unclear since NO does not react
directly with thiol groups under physiological conditions (reviewed by Stern and Zhu,
2014). In contrast to other posttranslational protein modifications, S-nitrosylation is
generally considered to be non-enzymatic, involving multiple chemical routes.
However, it has been recently reported that protein S-nitrosylation by NO in E. coli is
essentially enzymatic, involving a multitude of enzymatic mechanisms (Seth et al.,

2018).

Another protein modification induced by NO is NO,-Tyr formation. Similarly to
S-nitrosylation, NO does not react directly with tyrosines but it can indirectly through

the formation of peroxynitrite (Souza et al., 2008). Tyrosine nitration has less capacity
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for enzymatic inhibition than S-nitrosylations and, additionally, requires the presence
of ROS (Figure 2.1.). The current knowledge on the biochemistry of peroxynitrite and

tyrosine nitration has been recently reviewed by Bartesaghi and Radi (2018).

In addition to reacts in biological systems, NO plays an important role in
atmospheric chemistry and influences the production of ground-level ozone and acid

rain (Pilegaard, 2013).

H+
HZO 1le

WA el

-/

Figure 2.1. Nitric oxide (NO-) reactions and its biological targets. Adapted from Moller et al.
(2019).

2.2. NO metabolism in bacteria

2.2.1. NO production
In bacteria, NO can be generated by multiple mechanisms, which are detailed below.
2.2.1.1. Respiratory sources

Among the many processes involved in bacterial NO synthesis that have been
described, denitrification and the dissimilatory nitrate reduction to ammonium (DNRA)
are currently considered the main respiratory sources of NO (reviewed by Torres et al.,

2016). NO is a key intermediate of the denitrification process by which nitrate (NO3’) is
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reduced to molecular nitrogen (N2) for respiratory purposes (Zumft, 1997). DNRA
consists of the respiratory reduction of NOs to nitrite (NO2') and, finally, to ammonium
(NH4*), whereby NO is produced either chemically and/or enzymatically from NO

(reviewed by Simon and Klotz, 2013).
2.2.1.1.1. Denitrification

Denitrification is defined as the respiratory reduction of NOs or NO; anions to
generate ATP. These substrates are widely distributed in aquatic and terrestrial
ecosystems. The complete denitrification process consists of four enzymatic steps.
First, NOs3 is reduced to NO3z, which is subsequently reduced to NO, nitrous oxide
(N20) and, finally, N2. Each nitrogen oxyanion and nitrogen oxide acts individually as a
final electron acceptor associated to a respiratory chain, that functions under O3
limiting conditions and allows the survival and replication of the microorganism during

its anaerobic life-style (Zumft, 1997).

4e™ 2e” 2e” 2e”
2NO; — 2NO; — 2NO— N,0—> N,

Denitrification is widely distributed in Bacteria and appears to be dominant
within Proteobacteria (Shapleigh, 2006). In addition, there is evidence that some fungi
(Takaya, 2002; Prendergast-Miller et al., 2011; reviewed by Shoun and Fushinobu,
2017) and archaea (Treusch et al.,, 2005) can also denitrify, and some nitrifying
organisms also have genes involved in denitrification (Cébron and Garnier, 2005). Most
studies on denitrification have focused on Gram-negative bacteria that inhabit
terrestrial niches. The a-proteobacteria Paracoccus denitrificans and the y-
proteobacteria Pseudomonas stutzeri and Pseudomonas aeruginosa are considered
model organisms in the study of denitrification (reviewed by Zumft, 1997; van
Spanning et al., 2007; Kraft et al., 2011; Richardson, 2011; Torres et al., 2016). The
denitrification reactions are catalyzed by the periplasmic nitrate reductase (Nap) or
membrane-associated nitrate reductase (Nar), nitrite reductases (NirK or NirS), nitric
oxide reductases (cNor, gNor or CuaNor) and nitrous oxide reductase (Nos). These
reductases consist of multisubunit metalloprotein complexes coupled to electron

transport chains. Many components of these complexes require membrane transport
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and insertion, complex assembly and cofactor incorporation. All these processes are
mediated by fine-tuned stable and transient protein-protein interactions. Recently, an
interactomic approach was used to determine the exact protein-protein interactions
involved in the assembly of the denitrification apparatus of P. aeruginosa (reviewed by

Borrero-de Acufia et al., 2017).

Most denitrifiers have three different types of nitrate reductases (NR) that
catalyze the reduction of NOs" to NO; and belong to the family of molybdopterin
oxidoreductases. There are: (i) the cytosolic assimilatory NR (Nas), the respiratory
membrane-bound NR (Nar) and the periplasmic NR (Nap) (for reviews see Potter et al.,
2001; Gonzalez et al., 2006; Richardson et al., 2007; Richardson, 2011; Simon and
Klotz, 2013; Torres et al., 2016; Gonzdlez et al., 2017). Depending on the species, Nap
can be used for anaerobic NOs respiration or as an electron sink to maintain redox
homeostasis by dissipating excess reducing power. This occurs in P. denitrificans that
expresses Nap in addition to Nar. In this bacterium, Nap serves to dissipate the excess
reduction equivalents formed during aerobic growth. The Nap enzyme is a
heterodimer comprising the catalytic subunit NapA (90 kDa), that contains a bis
molybdopterin guanine dinucleotide (Mo[MGD];) cofactor and a [4Fe-4S] center, and
NapB (15 kDa), that contains 2 haem c¢ groups and receives the electrons from the
membrane-bound NapC (25 kDa), which binds 4 haem c groups (Figure 2.2.). NapC is a
quinol-oxidase that receives the electrons from the ubiquinone pool. The napEFDABC
genes encode the structural proteins (NapAB), as well as proteins necessary for the
synthesis, maturation and enzymatic activity of Nap. In most Nap proteins, the transfer
of electrons from the quinones pool to the NapAB complex requires NapC. However, in
E. coli and Wolinella succinogenes a second quinol oxidase has been identified, NapGH,
which is encoded in the operon napFDAGHBC and napAGHBFLD, respectively, in which
NapH would act as a quinol dehydrogenase bound to the membrane, and NapG is a

periplasmic protein that contains Fe-S centers and transfers the electrons to NapB.

Similarly to Nap, Nar is also a molybdoenzyme and respiratory NOs™ reductase
but with different biochemical properties to Nap. Nar is a larger trimeric enzyme
complex (NarGHI) associated with the membrane and has been widely studied in

E. coli. The NarG subunit (140 kDa) is oriented towards the cytoplasm and contains
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Mo[MGD]; and a [4Fe-4S] cluster. NarH (60 kDa) contains one [3Fe-4S] and also three
[4Fe-4S] clusters. NarG and NarH are located in the cytoplasm and associate with Narl
(25 kDa), an integral membrane dihaem cytochrome b quinol oxidase (Figure 2.2.). Nar
proteins are encoded by the narGHJI operon. Whereas narGHI encodes the structural
subunits, narJ codes for a cognate chaperone required for the proper maturation and
membrane insertion of Nar. Recent studies have shown in P. denitrificans that Nar)
serves not only as chaperone of Nar, but also of the assimilatory nitrate reductase
(NasC) (Pinchbeck et al., 2019). NarGHI is encoded by the narK1K2GHIJ genes. The
narK1K2 genes encode a functional fused transmembrane transporter that belongs to
the facilitator superfamily (MFS) of proteins. NarK1 is a NO3/H* symporter and Nark2
is a NO3/NOy antiporter (Goddard et al., 2008). Recently, it has been demonstrated by
complementation assays in P. denitrificans that the NarK1-like domain of a NarKi-
NarK2 fused protein functions primarily as a NOs™ transporter, while the NarK2-like

domain is more specialized in NO37/NO; antiport (Goddard et al., 2017).
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Figure 2.2. Schematic representation of denitrification enzymes. The membrane-bound
(NarGHI), and periplasmic (NapABC) nitrate reductases, nitrite reductases (NirK and NirS),
nitric oxide reductases (cNor, gNor and CuaNor) and nitrous oxide reductase (NosZ) are shown.
Adapted from Torres et al. (2016).

24



Introduction

2.2.1.1.1.1. Nitrite reductases NirK and NirS

NO production during denitrification occurs in the second stage of the route and is
catalyzed by respiratory nitrite reductases, of which two types have been described:
NirS (cdi type) and NirK (Cu-type) (reviewed by Rinaldo et al., 2008; van Spanning,
2011). These enzymes catalyze the reduction of NO2 to NO in the periplasmic space
and receive electrons from cytochromes ¢ or from the blue copper protein,
pseudoazurin, via the cytochrome bci complex (Figure 2.2.). Most denitrifiers have
only NirK or NirS, however, it has recently been shown that Bacillus nitroreducens
sp.nov (Jang et al.,, 2018) and Bradyrhizobium oligotrophicum (Sanchez and

Minamisawa, 2018) possess genes of both nitrite reductases.

NirS is a homodimer with a small haem ¢ domain and a larger haem di1 domain
for each monomer. The electrons are transferred from the electron donor via haem ¢
to haem d1, where NO; is bound and reduced to NO (Rinaldo et al., 2008). The genes
involved in NirS synthesis have been broadly characterized in P. aeruginosa
(nirSMCFDLGHJEN), P. denitrificans (nirXISECFDLGHJN) and P. stutzeri (nirSTBMCFDLGH
and nirJEN). The gene nirS encodes the functional subunit of the NirS dimer, and all
other genes are needed for the haem d; cofactor synthesis, assembly and insertion to
the active centre. The biosynthesis of haem di cofactor has been the subject of

numerous investigations (reviewed by Bali et al., 2014; Rinaldo et al., 2017).

NirK enzymes are homotrimers that contain three type 1 Cu (T1Cu) centres and
three type 2 Cu (T2Cu) centres. NOy binds to T2Cu, replacing an exogenous ligand
(water or chloride ion), and here it is reduced to NO by electronic transfer from the
T1Cu site. The structural properties of NirK have been recently reviewed by Horrel and
colleagues (2017) and Nojiri (2017). Most of the two-domain NirKs are named as
classes | and Il depending on the colour of their (T1Cu) centre, class | is blue and class Il
is green. Three-domain NirKs (Class Ill) have been recently identified and comprises an
extra T1Cu. This is the case of Thermus scotoductus SA-01 NirK, a homotrimer with
subunits of 451 residues. The N-terminal region possesses a T2Cu and a T1CuN, while
the C-terminus contains an extra T1CuC bound within a cupredoxin motif (Opperman

et al.,, 2019).
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In contrast to the complex organization of genes that encode NirS protein, Nirk
is encoded by a single gene, nirK. Sometimes, next to nirK there is another gene, nirV,
responsible for the NirV protein synthesis, which is related to the desulforases and
may be necessary for the insertion of Cu to the catalytic centre (reviewed by van

Spanning, 2011).

The next step of denitrification is the NO reduction to N,O by the Nor enzyme
on the outer face of the cytoplasmic membrane (reviewed by Zumft, 2005; de Vries
and Pouvreau, 2007; Richardson, 2011; Tosha and Shiro, 2017). Depending on the
electron donor, the Nor enzymes are categorised into three different groups, cNor,
gNor and CuaNor, which receive electrons from ¢ type cytochromes and/or quinones

(Figure 2.2.) (a detailed description of Nors is showed in Chapter 2.2.2.2.).

In the last stage of denitrification, N2O produced by Nor is reduced with two
electrons to N, catalyzed by the soluble enzyme nitrous oxide reductase (NosZ). NosZ
(120-160 kDa) is a Cu-containing enzyme with two Cu centers: CuA center (a binuclear
copper center) and CuZ center (tetranuclear copper sulfide center) (Figure 2.2.). CuA
functions as the electron transferring center to CuZz, that is the catalytic center. There
are two different forms of CuZ center: a CuZ * (4CulS) inactive form, and CuZ (4Cu2S)
active form (for details about the structural and spectroscopic properties see reviews

by Eady et al., 2016; Carreira et al., 2017; Pauleta et al., 2017, 2019).

Two different clades of this enzyme, that are differentially distributed by
microbial taxa, are known. NosZ clade |, also known as the typical NosZ, is
predominantly present in denitrifying organisms, and NosZ clade Il or atypical, that
curiously can be found in non-denitrifying bacteria, possibly to eliminate N,O
generated by NO detoxification systems (for a review see Hallin et al., 2018; Pauleta et

al. 2017, 2019).

The expression, maturation and maintenance of the catalytic subunit of Nos
(NosZ) require several auxiliary proteins, all of which are encoded together by a group
of six genes (nosRZDFYL) in Nos from clade I. This group of genes is associated, in some
cases, with nosX and nosC genes. The nosDFY genes encode an ABC-type transporter
that is probably involved in the supply of sulfur for the assembly of the CuZ center.

Recent genetic and biochemical studies in P. denitrificans have shown that NosL is a Cu
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(I) binding protein that is required for efficient assembly of the CuZ site (Bennett et al.,
2019). NosR and NosX do not participate in the biogenesis of CuZ, but play a role in the
reduction of N,O in vivo contributing to the maintenance of the reduced state of the
CuZ center (Wunsch and Zumft, 2005). A regulatory role for NosR has also been
assigned, since this protein is involved in the transcriptional regulation of nosZ in

P. stutzeri and P. denitrificans (Honisch and Zumft, 2003; Sullivan et al., 2013).

The e-proteobacterium W. succinogenes is an example of a clade Il NosZ
microorganism. The genes nosZ, -B, -D, -G, -C1, -C2, -H, -F, -Y and -L are responsible for
the synthesis of this enzyme. The presence of nosB, -G, -H, -C1 and -C2, as well as the
absence of nosR and —X, are characteristic of this group. The proteins NosG, -C1, -C2
and -H constitute an electron transport pathway from the menaquinol to NosZ.
Specifically, NosGH is a menaquinol dehydrogenase complex and NosC1l, C2 two

cytochromes c (Hein et al., 2017).
2.2.1.1.2. Dissimilatory nitrate reduction to ammonium

Dissimilatory nitrate reduction to ammonium (DNRA) consists of the reduction of NOs
to NOy, and, finally, to NHs*. This process is linked to others, such as formate
oxidation, and generates an electrochemical proton gradient across the membrane,
which is necessary to phosphorylate ADP to ATP allowing nitrate-ammonifying bacteria
to grow thanks to NOs™ and NO; respiration (reviewed by Kraft et al., 2011; Simon and
Klotz, 2013; Torres et al., 2016).

Nitrate-ammonifying organisms and denitrifiers share the NOs3 to NOy
reduction step. To catalyse this reaction, they can use either Nar, Nap or both. In
DNRA, next, NOy is reduced to NHs* by the periplasmic NrfA enzyme, which obtains
electrons from the quinol/quinone pool through different electronic transport systems
depending on the organism (Simon, 2002; Kern and Simon, 2009; Simon and Klotz,
2013). The most relevant examples of nitrate-ammonifying bacteria correspond to y-,
6- and e-proteobacteria, including E. coli, Salmonella enterica serovar Typhimurium,
Shewanella oneidensis, Shewanella loihica, Anaeromyxobacter dehalogenans,
Campylobacter jejuni and W. succinogenes and some Bacilli such as B. vireti,
B. azotoformans or B. bataviensis (Heylen and Keltjens, 2012; Mania et al., 2014). With

the exception of S. loihica, nitrate-ammonifying bacteria normally lack both NirK and
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NirS, as well as the classical Nors of denitrifying bacteria. However, DNRA is also a NO
source. For example, Salmonella species and E. coli, which lack NirS or NirK enzymes,
they produce NO as a side-product of NO3 or NO;” metabolism. Studies with E. coli
mutants suggested that NO,-dependent NO formation was a consequence of the ‘side’
activity of the cytosolic assimilatory nitrite reductase (NirBD), as well as from NrfA,
that both catalyse NO; reduction to NHas* (Corker and Poole, 2003; Weiss, 2006)
(Figure 2.3.).

NirBD is one of the best studied NAD(P)H-dependent nitrite reductases. In
E. coli and S. Typhimurium, NirBD is not an assimilative nitrite reductase in the strict
sense, since it is induced in anaerobiosis when NO; is the only source of N for growth
(Cole, 1996; Lin and Stewart, 1998). This enzyme is composed of two different
subunits, a large one of 93 kDa (NirB) with a sirohaem group and a [4Fe-4S] group, and
a small protein of 12 kDa (NirD) homologous to a ferredoxin with a [2Fe-2S] group
(Figure 2.3.). In studies with purified NirB, neither NO nor any other partial reduction
product of NO, was detected. Furthermore, the reactions whereby the product of
NirB, for example, NHs*, can be converted to NO are not known. Therefore, either NO
is a previously undetected latent intermediate that leaks from NirB in very small
amounts, or perhaps it is the product of a reaction between a cytoplasmic constituent
and a NirB-bound intermediate. With the current availability of more sensitive
methods of detection, it may be worthwhile to reinvestigate the possibility that traces

of NO may be released from purified NirBD (Weiss et al., 2006).

NrfA is located in the periplasm where reduces the NO2 produced by Nap to
NH4* with six electrons, which are often obtained by formate oxidation. This allows
NO; to be used as a final electron acceptor, facilitating anaerobic respiration
(reviewed by Clarke et al., 2008; Einsle, 2011; Simon and Klotz, 2013). NrfA was first
described in E. coli, and it is found in the periplasm of a wide range of y-, 6- and &-
proteobacteria. In E. coli, the nrfABCDEFG genes are involved in the synthesis and
activity of NrfA. The nrfA gene encodes the catalytic subunit NrfA, nrfB encodes a small
pentahemic electron transporter that allows the electronic flow between the quinol
dehydrogenase integrated in the membrane NrfCD and NrfA (Figure 2.3.). The genes

nrfE, nrfF and nrfG encode the machinery necessary to couple the haem group of the
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NrfA active site with the quinol pool (Clarke et al., 2007). NrfA contains four haem ¢
groups where the haem-Fe is coordinated by bis-histidine axial ligation for electronic
transport. These differ structurally to the haem of the active centre for the reduction
of NO2 where the haem is ligated by a single protein residue (lysine or histidine). NO is
generated both chemically and enzymatically via NrfA from NOy", although the detailed
mechanisms are not very well known. It is thought to occur in multiple stages involving
electron transfer from its five haem groups to the substrate, with the formation of NO
and NH,OH as intermediates, unlike denitrifying nitrite reductases (NirK or NirS), which
convert NOy directly to NO (Poole, 2005). A combination of electrochemical, structural
and spectroscopic studies revealed that NrfA simultaneously binds NO, and electrons
at the catalytic haem. As a consequence, the distal His is proposed to play a key role in

orienting the NO2 molecule for N-O bond breakage (Lockwood et al., 2015).

Another important respiratory process from the N cycle that produces NO is the
anaerobic NHas*-oxidation (anammox). Anamox bacteria couple NO; reduction to NHz*
oxidation with NO and hydrazine as intermediates, and produce N, and NOs™ (Kartal et
al., 2013). In the anamox microorganism Kuenenia stuttgartiensis, it has been
described a novel pathway to make NO from hydroxylamine. This new enzyme is
related to octahaem hydroxylamine oxidoreductase, a key protein in aerobic NHa*-
oxidizing bacteria. By a multiphasic approach including the determination of the crystal
structure of the K. stuttgartiensis enzyme at 1.8 A resolution, both in the presence and
absence of its substrates, a model for NO formation by
the K. stuttgartiensis hydroxilamine oxidoreductase has been proposed (Maalcke et al.,

2014).
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Figure 2.3. Schematic representation of DNRA in E. coli. Enzymes involved in NOs™ reduction
(NapABC and NarGHI), NO; reduction (NrfABCD, NirBD), NO production (NrfA/NirBD, NarG)
and NO reduction (NorVW) are shown. Adapted from Torres et al. (2016).

2.2.1.2. Non-respiratory sources

For long time, NO formation in prokaryotes has been thought to occur only through
denitrification, DNRA, and other related respiratory pathways, such as anaerobic NH4*
oxidation (Zumft, 1997; Richardson and Watmough, 1999; Jetten, 2008; Martinez-
Espinosa et al., 2011; Maia and Moura, 2014). In these routes, NO is a common and
necessary substrate and product, working also as a signal molecule regulating the
genes necessary for its own metabolism. However, at present, it is widely recognized
that NO is also produced by non-respiratory routes, including oxidative stress
cytoprotection in E. coli, Bacillus subtilis, Bacillus anthracis or Staphylococcus aureus
(Nakano, 2002; Mukhopadhyay et al., 2004; Shatalin et al., 2008; Gusarov et al., 2009),

recovery from damage caused by radiation (Patel et al., 2009) or the biosynthesis of
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secondary metabolites, such as tryptophan nitration in Deinococcus radiodurans

(Buddha et al., 2004).

Recently, it has also been demonstrated that ammonia (NHs)-oxidizing bacteria
(AOB) also emit substantial amounts of NO. The currently accepted model for AOB
metabolism involves NHs oxidation to NO; via a single obligate intermediate,
hydroxylamine (NH,OH). However, recent studies have demonstrated that aerobic NHs
oxidation occurs via two obligate intermediates: NH,OH and NO (Caranto and

Lancaster, 2017).
2.2.1.2.1. Bacterial nitric oxide synthase

Several prokaryotes, such as Staphylococcus, Geobacillus, Bacillus, Rhodococcus,
Streptomyces, Deinococcusus and Natronomonas, contain a nitric oxide synthase
(bNOS) homologous to the mammalian NOS that catalyzes aerobic NO formation from
arginine using cellular redox equivalents (Gusarov et al., 2008). Contrary to the
eukaryotic NOS, bNOS normally lacks the reductase domain, with the exception of the
bNOS from Sorangium cellulosum (Gusarov et al., 2008; Agapie et al., 2009; reviewed
by Santolini, 2019). The reductase involved in electron transfer to the oxygenase
domain of bNOS is still unknown. The role of bNOS in bacterial physiology has been
recently reviewed by Hutfless et al. (2018). The main role of bNOS is to protect cells
against oxidative agents (Gusarov and Nudler, 2005; Shatalin et al., 2008) by two
different ways: (i) NO produced by bNOSs transiently inhibits the enzymatic reduction
of cysteine, preventing this cysteine to be a substrate of the Fenton reaction, in which
this cysteine, together with ferric ions and H,0;, produce hydroxyl radicals (OH-), that
react mainly with DNA generating modifications and breaking the DNA strands, (ii) NO
produced by bNOS induces the antioxidant catalase, that transforms H.O; in oxygen
and H;0. Consequently, NO production by bNOS is involved in the defense of
pathogenic organisms against the immune system oxidative attack, being essential for
the virulence of B. anthracis (Shatalin et al., 2008), and is also important during the
infection of plants by Streptomyces turgidiscabies (Johnson et al., 2008). In addition to
pathogenic bacteria, bNOS encoding genes are also present in the genome of

numerous non-pathogenic soil bacterial species (Gusarov et al., 2008).
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NO production by bNOS has also been shown to be involved in antibiotic
resistance (Gusarov et al., 2009). Chemical changes of these toxic compounds
provoked by NO inactivate them, and, additionally, mitigates the oxidative stress
caused by many bacteriocidal antibiotics, such as lactamic, aminoglycosides and

quinolones (Kohanski et al., 2007).

It is not known yet that bNOSs could have a similar function to eukaryotic NOSs
as growth inhibitors of other bacterial species present in the same medium (reviewed
by Stern and Zhu, 2014). Given the important role of bNOS in the resistance of
pathogens against antibiotics as well in the immune system activation, the inhibition of
this enzyme can constitute an effective antibacterial intervention (Gusarov et al.,

2009).

2.2.1.2.2. Molybdoenzymes: a new class of nitric oxide-forming

nitrite reductases

For years, NO formation from NO; was assumed to be produced, in addition to the
respiratory NiRs (NirK and NirS) from denitrifiers, by NirDB and NrfA from nitrate-
ammonifying bacteria. Currently, the largest non-respiratory source of NO2-dependent
NO is thought to be derived from a new class of NO-forming nitrite reductase
molybdoenzymes. Molybdenum (Mo) is essential to most of the living organisms from
archaea and bacteria to higher plants and mammals, being part of the active site of
enzymes that catalyse important redox reactions of the metabolism of carbon (C), N,
and sulphur (S). Presently, more than 50 Mo-containing enzymes are known, many of
which have been biochemically and structurally characterised, and several other are
foreseen to be “discovered” in the near future based on genomic analyses.
Noteworthy, the great majority of the Mo-enzymes are prokaryotic, whereas only a
restricted number are found in eukaryotes (for a review see Maia and Moura, 2015;

Maia et al., 2017).

As mention above, in prokaryotes, NOs™ is reduced by both assimilative and
disassimilative routes, for which these organisms contain three NR different enzymes
distributed in different subcellular locations. First, the membrane-bound respiratory
NR (Nar), associated with the generation of proton-motive force (PMF), second the

periplasmic NR (Nap), also involved in respiration or as an electron sink to eliminate
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the excess of reducing equivalents, and, finally, the assimilative cytoplasmic NR (Nas),
involved in NOs™ assimilation. Nar, Nap and Nas are Mo-enzymes, belonging to the
dimethyl sulfoxide reductase (DMSOR) family, which catalyze the reduction of NO3™ to
NO2. In spite of catalyzing the same reaction and having Mo in their active sites
coordinated by four sulfur atoms from two pyranopterin cofactor molecules both
present as a guanine dinucleotide (Mo [MGD];), the three NR types display significant
differences at the remainder of the Mo coordination sphere. In addition to significant
differences present around their active centres, these NRs have different biological
roles, subcellular location, different subunits composition and quaternary structure
(for a review see Maia and Moura, 2015). While NarGHI is a heterotrimer (afy)2,
NapAB is a dimer and Nas constitutes a single subunit, NasC. Similarly to NarGHI and
NapAB, NasC contains (Mo [MGD]z), a [4Fe-4S] centre and possibly another [2Fe-2S]
centre in the C-terminal region (Gates et al., 2011). Several studies have suggested that
the non-respiratory NO generation is due to the NR-catalysed NO; reduction, with the
majority of NO being formed by the respiratory membrane-bound Nar and a small
contribution (less than 3%) from the periplasmatic Nap (Gilberthorpe and Poole, 2008;
Vine et al., 2011; Rowley et al., 2012). Recent works in rhizobia species have proposed
the potential contribution of the cytoplasmic assimilative Nas as an NO source (for
details see Chapter 2.4.3.). NO formation in vivo by NRs could depend on several
factors, such as anaerobiosis, NOs deficiency or NO accumulation (Einsle and
Kroneck, 2004; Gilberthorpe and Poole, 2008; Rowley et al., 2012). However, the
ability of prokaryotes to produce NO by NRs seems to depend on the organism, and
possibly on the role of NO. For example, while NO generation in E. coli is estimated to
be below 1% of reduced NOs™ (Calmels et al., 1988; Vine and Cole, 2011; Rowley et al.,
2012), in S. Typhimurium can reach up to 20% (Rowley et al., 2012).

In addition to prokaryotic NRs, the Mo-enzyme aldehyde oxidoreductase (AOR)
can also contribute to the bacterial NO formation. AOR is an xantine oxidase (XO)
family member structurally similar to the mammalian XO and AO, but harbouring only
two [2Fe-2S] centres (no FAD) and holding a slightly different molybdopterin cofactor.
As the mammalian XO and AO enzymes, AOR was recently shown to catalyse NOy

reduction to NO (Maia and Moura, 2011). An updated knowledge on the in vitro and in
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vivo role of the Mo-enzymes XO and AO on the NO metabolism in humans has been

recently reviewed by Maia and Moura (2018).
2.2.2. NO detoxification

Bacteria use multiple systems to eliminate NO with a large variety of enzymes involved
in this process. Most of these systems work by trapping NO directly and transforming it
into a less reactive nitrogen oxide molecule, such as NOs, NH4* or N2O. However, other
systems function indirectly at the physiological level, promoting resistance to the toxic
effect of NO or repairing the damage caused. The information available on the proteins

implicated in NO detoxification in bacteria is detailed below.
2.2.2.1. Haemoglobins

Haemoglobins (Hbs) are Fe-containing proteins distributed across all three domains of
life (bacteria, archaea and eukaryotes) that, in addition to be essential for O transport,
they are also well-characterized systems for NO detoxification (reviewed recently by
Gell et al., 2018). Haemoglobins are the best studied and most important proteins for
aerobic NO detoxification in bacteria. In prokaryotes, three types of haemoglobins
have been identified: flavohaemoglobins (fHbs), single domain haemoglobins (sdHbs)
and truncated haemoglobins (tHbs) (reviewed by Poole, 2005; Stern and Zhu, 2014;
Gell, 2018).

All Hbs share a common three-dimensional structure and haem cofactor. They
have a conserved core topology, comprising 6-8 a-helices (labelled A-H) (Figure 2.4.).
The myoglobin (Mb) from muscle of the sperm and the red blood cell (RBC) Hb from
horse erythrocytes were the first Hbs whose structure was determined (Kendrew et al.,
1960; Perutz et al., 1960). These studies revealed the globin structural blueprint, and
firmly established the enduring paradigm that structure underlies function. Many Hbs
structures (>200) are today available in the protein data bank. Among them, position
F8 refers to the amino acid residue that is structurally equivalent to the eighth residue
in helix F of sperm whale Mb. This haem-coordinating histidine residue (HisF8) is the
only residue that is 100% conserved across the whole Hb superfamily (Kapp et al.,
1995; Freitas et al.,, 2004) (Figure 2.4.A.). Residues in non-helical segments are

referenced in relation to adjacent helices; thus, CD1 refers to the first residue of the
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linker joining a-helices C and D, and HC3 refers to the third residue following helix H,

on the carboxyl terminus (Figure 2.4.A.).

Globins can fold in two different structural ways: 3-on-3 and 2-on-2 (reviewed
by Gell, 2018). The ‘3-on-3’ structural class consists in the a-helical ‘sandwich’
composed by the A-G-H and B-E-F helices. The C and D helices are supporting
structures and are not always present. The ‘3-on-3’ fold is represented by Mb from
muscle of the sperm whale (Figure 2.4.A.). The fHbs and sdHbs present a globin
domain with a 3-on-3 a-helical fold similar to Mb (Tinajero-Trejo and Shepherd, 2013)
(Figures 2.4.B. and C.). The second structural class is the truncated Hb (trHb) class, also
called 2-on-2, 2-over-2, or 2/2 Hbs, based on the arrangement of the B-E and G-H
helical pairs (Figure 2.4.D.). In trHbs, the A, C, D, and F helices are much reduced or
absent. Whereas some Hbs function as monomers, other Hbs are assembled from
multiple globin subunits. Each globin polypeptide binds a single molecule of Fe-
protoporphyrin-IX (haem b) (Figure 2.4.E.). The haem molecule contains two charged
propionate groups that interact with water and/or polar amino acid side chains on the
surface of the globin, and the remainder of the haem molecule is largely hydrophobic
in nature and binds in the hydrophobic interior of the globin, surrounded by apolar
side chains. Each haem has a central Fe atom that is coordinated by four equatorial N
ligands, one from each of the four pyrrole rings of the porphyrin (Figure 2.4.E.). Haem
is bound to the protein via a coordinate covalent bond from an axial N ligand provided
by the imidazole side chain of HisF8, together with multiple non-covalent interactions
between the porphyrin and globin. Whilst the Fe of the haem makes a coordinate
covalent bond with diatomic gaseous ligands, such as Oz, CO, NO, HNO, NO; and H.S,
the globin fold provides the essential environment to achieve reversible and selective
ligand binding. The plane of the porphyrin divides the haem pocket into two regions,
the Fe-coordinating HisF8 side chain occupies the proximal haem pocket, leaving
diatomic ligands bind on the opposite face of the porphyrin, which is the distal haem
pocket. Both 3-on-3 Hbs and trHbs (2/2 Hbs) are found in bacteria, archaea and
eukaryotes. Sequence phylogeny indicates that 3-on-3 Hbs are divided into two
families, and five sub-families which represent functional groupings (reviewed by Gell,

2018). Many members of the plant and metazoan Hb subfamily bind O, with moderate
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affinity (Ko2 ~1-20 pM™) and have roles in O3 storage or transport. The fHb and sdHb
sub-families have high O, affinity (Ko2 = 10-1000 uM™?), they are found only in bacteria,
algae, and fungi and are nitric oxide dioxygenase (NOD) enzymes that protect against

nitrosative stress by converting toxic NO to NOs™ (reviewed in Gardner, 2012).

Sequence alignment of several Hbs, including non-symbiotic plant Hbs, fHbs,
sdHbs, and trHbs, shows conserved residues, among them, aromatic residues, such as
Phe, but also Trp, are common in the haem pocket. Particularly, PheCD1, which makes
ni-stacking interactions with pyrrole ring C, is the second-most highly conserved globin

residue after HisF8 (reviewed in Gell, 2018).

It has been known for long time that NO has extremely high affinity for Hbs
(Gibson and Roughton, 1957, 1965). Under physiological conditions, the major Hb/Mb
species in mammals are deoxy Hb/MbFe(ll) and Hb/Mb(0O;), both of which undergo
extremely rapid reaction with NO. Under anaerobic conditions, HbFe(ll) and MbFe(ll)
bind NO reversibly, but with extremely high affinity (Kno ~2x10'* M™1). Upon exposure
to O, the ferrous nitrosyl HbFe(lI)(NO) species convert to metHb (Hb3*) and NOs™ at a
rate governed by the slow dissociation of NO from Fe(Il) haems (Kno is 107 to 107 s7%)
(Herold and Rock, 2005). On the other hand, the reaction of NO with 0,-Mb?* or O»-
Hb%* to form Hb3* and NOs™ is extremely fast (bimolecular rate constant ~1 x 108
M=1s71) (Eich et al., 1996). Reaction products of 0,-Mb?* or O>-Hb?* in excess of NO are
exclusively Hb3*and NOs™ (Figure 2.5., reaction 1). The NO induced oxidation of O2-Hb?*
proceeds by an NO dioxygenation (NOD) mechanism that involves capture of NO in the
distal pocket of 02-Hb%*, where it reacts with bound O, to form an Fe(lll) cis-
peroxynitrite transition state, ONOO-Hb3*, that immediately isomerises to an
Hb3*+NOs complex (Yukl et al., 2009) (Figure 2.5., reaction 1). An alternative pathway
proceeding by reaction of non-coordinated O3 in the distal pocket of NO-Hb?*, termed
O3 nitrosylation, has been proposed (Hausladen et al., 1998) (Figure 2.5., reaction 2).
However, the NOD mechanism is consistent with kinetics of NO reactions with
vertebrate Hb/Mb and bacterial fHbs, and is likely to be a general mechanism for NO
reaction with Hb over a wide range of O, concentrations in vivo (for a review see

Gardner, 2005, 2012).
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2.2.2.1.1. Flavohaemoglobins

The best studied bacterial haemoglobins are fHbs, with E. coli Hmp as the main
representative (Vasudevan et al., 1991). Ralstonia eutropha (formerly Alcaligenes
eutrophus) fHb was the first X-ray structure determined (Bonamore and Boffi, 2008).
They contain three domains: an N-terminal globin domain, a central FAD-binding
domain and a C-terminal NADP-binding domain (Figure 2.4.B.). Residues of the haem
pocket implicated in NOD activity are highly conserved across fHbs, as are residues
surrounding the flavin cofactor that play roles in electron transfer from NADP
(Bonamore and Boffi, 2008). fHbs have also been identified in Salmonella enterica
(McLean et al., 2010), S. Typhimurium (Bang et al., 2006), R. entropha (Cramm et al.,
1994), S. aureus (Richardson et al., 2006), B. subtilis (Nakano, 2006), and
Saccharomyces cerevisiae (yeast) (Liu et al., 2000; Lewinska and Bartosz, 2006). By
performing gene knockout studies, it has been shown that fHbs protect their host
organisms from nitrosative stress. In a number of cases, resistance to nitrosative stress
conferred by fHb contributes to pathogen virulence (Bang et al., 2006; Richardson et

al., 2006; Svensson et al., 2006).

Regarding the molecular mechanism of fHbs for NO detoxification, two
pathways have been proposed depending on the O, availability. As mention above,
under aerobic conditions, they transform NO into NOs by a NOD activity. Under
anaerobic conditions, it has been shown that E. coli Hmp is able to reduce NO to N;O.
However, the rates of NO reduction are modest by comparison with better
characterised NO reductases in fungi and bacteria (Kim et al., 1999). This led to the
conclusion that Hmp does not provide physiologically relevant protection to anaerobic

cultures.
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Figure 2.5. NO reactions of haemoglobins. 1. NO dioxygenase activity. 2. NO binding to the
ferric Hbs. 3. NO-induced haem Fe reduction. 4. O, nitroxylase activity. Smagghe et al. (2008).

2.2.2.1.2. Single domain haemoglobins

sdHbs resemble fHbs but lack the oxidoreductase and FAD domains, containing only
one globin domain with one haem b group (Figure 2.4.C.). The first haemoglobin of this
type to be identified and sequenced was Vitreoscilla haemoglobin (Vgb), whose
presence increases under microaerobic conditions. The physiological role of Vgb from
Vitreoscilla stercoraria has not been conclusively demonstrated yet, but an NO
detoxification function for this Vgb expressed in a heterologous organism conferred
some protection against nitrosative stress (Wu et al.,, 2003). Vgb fused with a fHb
reductase domain has been extensively used in biotechnology applications to protect
against nitrosative stress (Kaur et al., 2002). In C. jejuni, a NOD function for a sdHb
(Cgb) has been demonstrated by gene deletion (Elvers et al., 2004), biochemistry (Lu et
al., 2007; Shepherd et al., 2010) and expression analyses (Elvers et al., 2004; Monk et
al., 2008). Studies carried out with Cgb have also revealed their importance in NO
resistance since a strain deficient in Cgb is hypersensitive to nitrosating agents, such as
S-nitrosoglutathione (GSNQO) or sodium nitroprusside (SNP), and compounds that
release NO, like spermine NONOate. In addition, cgb gene expression is induced
strongly and specifically by exposure to nitrosative stress (Elvers et al., 2004).
Currently, the mechanism of action is not known, since the redox system that recycles
ferrous haem has not been identified. The structure of cyanide-bound Cgb was solved

by using X-ray crystallography with a resolution of 1.35 A (Shepherd et al., 2010). Cgb
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has structural homology with Vgb from V. stercoraria (Tarricone et al., 1997), the N-
terminal globin domain of Hmp from E. coli (llari et al., 2002) and the sperm whale
myoglobin (Mb) (Arcovito et al.,, 2007) (reviewed by Tinajero-Trejo and Shepherd,
2013) (see Figure 2.4.C.). Although evidence that sdHbs function generally as NOD
enzymes is emerging, an important piece of the puzzle identifying the reductase for

these proteins in vivo remains to be solved.
2.2.2.1.3. Truncated haemoglobins

tHbs are widely spread and they are between 20-40 residues shorter than the sdHbs
(reviewed by Tinajero-Trejo et al., 2013). Like sdHbs, tHbs lack the flavoreductase
domain and they only have the globin domain (Figure 2.4.D.), but they differ from
sdHbs since, once translated, they are mannosylated and bound to the cell wall (Arya
et al., 2013). By using X-ray crystallography, the structure of dimeric cyanide-bound
tHb from C. jejuni showed the presence of four a-helices organized in ‘2-on-2’ fold
formed by the B-E and G-H helical pairs (Figure 2.4.D.). In this structural class, the A, C,
D, and F helices are reduced or missing (Nardini et al., 2006). Although some trHbs
supply Oz in pathogens, others are involved in NO stress tolerance. In Mycobacterium
tuberculosis, a species in which NO detoxification is a critical component for its
virulence (Chan et al., 1992; Yang et al., 2009), the fundamental mechanism to tolerate
NO is the truncated haemoglobin HbN (Pathania et al., 2002). In Mycobacterium bovis,
HbN protects aerobic respiration from NO, and in vitro this protein oxidizes NO to NOs"
(Ouellet et al., 2002). Additionally, HbN heterologous expression experiments in
Mycobacterium smegmatis and E. coli demonstrated the role of these haemoglobins in
protecting against NO (Pathania et al., 2002). C. jejuni tHb (Ctb) is constitutively
expressed under nitrosative stress conditions (Elvers et al., 2004). Nonetheless, Ctb did
not protect in the presence of NO or other RNS in C. jejuni (Wainwright et al., 2005).
The role of Ctb in protection from NO and RNS is not well known, however, it has been

demonstrated that it is lower than Cgb (reviewed by Tinajero-Trejo et al., 2013).

In addition to Mycobacterium (Ouellet et al., 2002; Arya et al., 2013) and
Campilobacter species, a role in nitrosative stress response has also been
demonstrated genetically for trHbs from Synechococcus (Scott et al., 2010),

Chlamydomonas reinhardtii (Hemschemeier et al., 2013; Johnson et al., 2014), and the
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antarcticmarine bacterium Pseudoalteromonas haloplanktis (Parrilli et al., 2010). In
vitro and physiological evidence suggests that the trHb from C. reinhardtii converts the
NO generated by nitrate reductase (NIT1) into NOs™ (Rice et al., 2015). The structure of
trHb from C. reinhardtii resembles other trHbs, but it also exhibits distinct features
associated with the coordination of the haem by a proximal histidine (H77) and a distal
lysine (K53) (Rice et al., 2015) (Figure 2.4.D.). Site-directed mutagenesis analyses have
recently demonstrated that the distal lysine (K53) coordination is related to the ability

of C. reinhardtii trHb to detoxify NO efficiently (Johnson et al., 2018).
2.2.2.2. Nitric oxide reductases

Under low O, conditions, the enzymes with greater relevance in NO detoxification are
the denitrifying nitric oxide reductases (Nors). These enzymes have a predominantly
physiological role on respiration than in conferring resistance to nitrosative stress,
since they are a component of the denitrification pathway. However, in some cases
they have a role in resistance to endogenous and exogenous nitrosative stress (Anjum
et al.,, 2002; Wang et al.,, 2011). Bacterial Nor is a membrane-bound enzyme that
catalyzes the reduction of NO to N,O on the outer site of the cytoplasmic membrane.
Currently, three Nor types have been characterized in bacteria: cNor, gNor and CuaNor
(reviewed by Hendriks et al., 2000; Zumft, 2005; de Vries and Pouvreau, 2007;
Richardson, 2011; Tosha and Shiro, 2017). In cNors, the catalytic subunit NorB receives
electrons from a cytochrome ¢ (NorC subunit), however, the gNor monomers directly

react with the quinones (Figure 2.6.).

cNor enzymes have been well characterized in P. denitrificans, P. stutzeri and
P. aeruginosa organisms, being cNor from P. stutzeri the first to be isolated (Kastrau et
al., 1994). The structural subunits, NorCB, are encoded by the norCB genes, which are
co-transcribed together with the norD and norQ accessory genes, and, eventually, with
the norE and norF genes (Zumft, 2005). In Thermales and Aquificales orders the norC
and norB genes are followed by a third gene (norH) that encodes a small membrane
protein, important for an efficient denitrification (Bricio et al., 2014). The catalytic
subunit of cNor enzymes, NorB, belongs to the haem-copper oxidases superfamily
(HCOs). NorB has 12 transmembrane helices and contains haem b and a binuclear

active center (haem bs and FeB) (Figure 2.5.A.) (Daskalakis et al., 2015). NorC, is a
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membrane-anchored protein that contains haem c¢ in a hydrophilic domain and
transfers electrons from the bci complex to NorB through cytochromes ¢ or
pseudoazurins (the structural properties of cNor have been extensively reviewed by
Hino et al.,, 2010; Shiro et al., 2012; Daskalakis et al., 2015; Tosha and Shiro, 2017;
Mabhinthichaichan et al., 2018). NorD and NorE are membrane-bound proteins involved
in the correct assembly of NorCB complex (Butland et al., 2001). Mutation of the norE
and norF genes decreases NO reductase activity in P. denitrificans and Rhodobacter
sphaeroides (de Boer et al., 1996; Hartsock and Shapleigh, 2010). Although these
proteins are not essential for Nor activity, they are important under conditions where
endogenous Nir activity generates a prolonged exposure to NO (Bergaust et al., 2014).
Recently, it has been shown that NorQ and NorD from P. denitrificans are implicated in
non-haem Fe (Feg) insertion cofactor into NorB (Kahle et al., 2018). Crystallography
studies of the P. aeruginosa cNOR demonstrated that NorB does not have any
transmembrane proton channel, unlike proton translocating HCOs, so this enzyme
does not act as a proton pump and, therefore, it is not directly involved in energy

conservation (Hino et al., 2010; Pisliakov et al., 2012; Shiro et al., 2012).

As discussed previously, gNors obtain electrons from ubiquinol and
menaquinol. The gNor structure is similar to the NorB subunit of cNors, differing in an
N-terminal extension with homology to the NorC subunit, but without a haem ¢
binding motif. Crystallization of the Geobacillus stearothermophilus gNor has shown to
have an aqueous channel from the cytoplasm that could act to translocate protons
(Matsumoto et al.,, 2012), so it is possible that quinol oxidation coupled to NO
reduction by the gNor is electrogenic. This enzyme is also present in Archaea, such as
haloarchaea class. The unique nor gene found in haloarchaea encodes for a single
subunit quinone-dependent respiratory Nor homologous to bacterial gNor
(Torregrosa-Crespo et al., 2017). An unusual gNor subgroup, the qCuaNor, present for
example in B. azotoformans, contains a NorB subunit in complex with another subunit
containing a Cua site (typical from HCOs), which makes this enzyme capable of
receiving electrons from the membrane-bound cytochrome csso (de Vries and

Pouvreau, 2007). However, in the Bacillus genus it was shown that gqCuaNor lacks
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menagquinone oxidase activity, so a nomenclature change from qCuaNor to CuaNor was

suggested (Al-Attar and de Vries, 2015).

In addition to Nors from denitrifiers, it has been recently demonstrated that the
anamox bacterium K. stuttgartiensis is able to use NO as its terminal electron acceptor,
and conserve energy and grow by coupling NO reduction to NH4* oxidation in the
absence of NO;. Under these conditions, NOs is not produced and the sole end
product is Nz. Using comparative transcriptomics and proteomics, it has been
demonstrated that when growing on NO-dependent NH4* oxidation, K. stuttgartiensis
down regulates the transcription of proteins responsible for NO generation, as well as

NO; oxidation (Hu et al., 2019).

A B C

Cytochrome ¢ Cytochrome ¢

Periplasm
Quinol - Quinol

Cytoplasm

Figure 2.6. Bacterial nitric oxide reductases. A. cNor. B. gNor. C. CuaNor. Adapted from Tosha
and Shiro (2017).

2.2.2.3. Flavorubredoxin

In addition to Nors, another NO reductase to be discovered was the flavorubredoxins
(Gardner et al., 2002) that receive their name because they are composed by a subunit
that contains a FMN group (NorW) and another with a non-haem Fe active centre
homologous to that present in the rubredoxins (NorV) (Gomes et al., 2000)
(Figure 2.3.). These proteins have an important role in NO detoxification by reducing
NO to N,O. However, they are structurally and mechanistically very different to Nors.
In various bacteria, the norVW operon encodes the catalytic subunit NorV and a NADH-

dependent NorV reductase, the flavoprotein NorW that transfers electrons from NADH
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to NorV thanks to its FMN motif (Gardner et al., 2002). The role of NorVW in NO
detoxification was first described in E. coli which despite lacking the denitrifying Nor
enzyme, it still possess NO reductase activity, which is Hmp independent and sensitive
to O; (Gardner and Gardner, 2002). E. coli strains lacking NorVW have a lower survival
in macrophages (Baptista et al., 2012). In S. Typhimurium it was shown that NorVW
has a coordinated role with Hmp and NrfA to resist NO under changing Oz conditions in
the environment (Mills et al., 2008). Moreover, it has been demonstrated in
S. Typhimurium a coordinated role for NorV and NrfA in NO detoxification in anoxic
conditions. It has been proposed that NrfA would metabolize NO before it enters into
the cell. In this way, intracellular NO would decrease, and the cytoplasmic NorVW
would reduce any NO still present inside the cell (Mills et al., 2008). The involvement
of NorVW in the infection process has been suggested. However, this hypothesis has
not yet been confirmed in vivo indicating that the role of NorVW, compared to Hmp,
during pathogenesis is less relevant. Orthologues of the flavorubredoxin NorV are
extensively distributed in both aerobic and anaerobic bacteria (reviewed by Cole,

2018).
2.2.2.4. NrfA

Another NO reductase mostly present in enteric bacteria is the periplasmic nitrite
reductase, NrfA, which can reduce NO to NH4*. As mention in Chapter 2.2.1.1.2., NrfA
is a periplasmic cytochrome c nitrite reductase that catalyzes NO; reduction to NH4*.
This process, depending on the circumstances, may result in an indirect decrease of
environmental NO by preventing NO,  decomposition (Einsle, 2011). NrfA reaction
mechanism is thought to occur in multiple stages involving electron transfer from its
five haem groups to the substrate, with NO and NH;OH formation as intermediaries.
Additionally, the free NO and NH;0H can be directly reduced by NrfA to NH4*, which
gives to this enzyme a protective role against NO. In fact, an E. coli nrfA mutant
showed a strong growth inhibition in the presence of NO (Poock et al., 2002; Mills et
al., 2008), as well as a significant decrease in NO reductase activity (Clarke et al., 2008).
In addition to enteric bacteria, a role for NrfA in NO resistance has also been
demonstrated in the e-proteobacteria C. jejuni and W. succinogenes (Pittman et al.,

2007; Kern et al., 2011).
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2.2.2.5. Hybrid cluster protein

In E. coli, a quadruple mutant lacking both nitrite reductases, NirBD and NrfAB, as well
as Hmp and NorV, was more sensitive to nitrosative stress than the parental strain,
and it was still moderately resistant to NO. However, this mutant retained the ability to
reduce NO (Vine and Cole, 2011). This observation allowed the authors to suggest that
enteric bacteria synthesise another NO reductase, the hybrid cluster protein (Hcp) that
is present in most bacteria that reduce NO3™ or NO2™ anaerobically to NH4*, but absent
in denitrifying a- or B- proteobacteria. The name “hybrid cluster protein” originated
from its unique structure. Although Hcp contains two Fe-S clusters, one of them is
neither a conventional [2Fe-2S] nor a [4Fe-4S] cluster, but a hybrid [4Fe-25-20] cluster.
Like NorV, Hcp is frequently encoded together with an oxidoreductase (Hcr) by the
hcp-hcr operon, which is expressed only during anaerobic growth. Hcp and Her might
form a short electron transfer chain where electrons are transfered from NADH via Hcr
to Hcp. Several reports have implicated Hcp in protecting anaerobic bacteria against
nitrosative stress. Transcriptomic studies have revealed that hcp expression is strongly
up-regulated in various bacteria under conditions of nitrosative stress (for a review see
Cole 2017, 2018). For example, in Desulfovibrio vulgaris, a strain lacking hcp was
hypersensitive to NO, and a deletion of this gene together with nsrR and hmp in
S. Typhimurium caused a delay in O and NO consumption (Figueiredo et al., 2013).
Wang and colleagues (2016) showed that E. coli Hcp is a high affinity NO reductase
since an hcp mutant showed high sensitivity to NO under anaerobic growth, as well as
inactivation of the Fe-S proteins, aconitase and fumarase, due to cytoplasmic NO
accumulation. Co-Purified Hcp and Hrc showed NO reduction activity in vitro. It has
also been demonstrated that deletion of hcr resulted in a reversibly inactivation of Hcp
by NO, so the primary role proposed for Hcr is to protect Hcp from nitrosylation by NO
(Wang et al., 2016). In addition to remove NO, it has also been suggested a specific
role of Hcp in NH20OH detoxification, the intermediate in the reduction by NrfA of NOy
and NO to NH4". In fact, purified Hcp from E. coli (Wolfe et al., 2002) and Rhodobacter
capsulatus (Cabello et al.,, 2004) showed NH,OH reductase activity, and hcp
overexpression allowed R. capsulatus in E. coli to grow with NH,OH (Cabello et al.,

2004). It has been recently reported that endogenous protein S-nitrosylation in E. coli
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depends principally upon the enzymatic activity of Hcp, employing NO produced by the

respiratory nitrate reductase NarGHI (Seth et al., 2018).
2.2.2.6. Other systems to detoxify NO

Although the majority of NO detoxifying proteins that have been described are directly
involved in the removal of NO or RNS, there are other important mechanisms involved
in NO resistance which do not eliminate NO directly. This is the case of YtfE (or the RIC
protein), a protein that acts repairing Fe-S groups of proteins, such as fumarase or
aconitase from NO damage. A ytfE mutant strain was hypersensitive to NO, and
purified YtfE has the ability to restore the functionality of damaged Fe-S groups
(Justino et al., 2005, 2007). It has been recently suggested that E. coli YtfE is involved in
a new pathway where Hcp combines with YtfE. In this pathway, YtfE repairs the
nitrosative damage to Fe-S proteins by recycling NO into the cytoplasm. This NO, that
accumulates in the cytoplasm in the absence of a functional Hcp, is reduced to N.O by

Hcp (Balasiny et al., 2018) (Figure 2.7.).

NarG Hcep
NapA NarG NorV
Nnoy —» N, —————> N0 ——> N, 0
(NrfA:NirB) (Hmp)
FeS/Fet+
YHE Proteins
Reversibly
Nitrosylated
Proteins

trans-Nitrosylation

S-Nitrosylated
Proteins

Figure 2.7. Proposed role of YrfE in restoring the functionality of damaged Fe and Fe-S
proteins. Balasiny et al. (2018).

In addition to YtfE, two other factors that also seem to repair the damage of the

Fe-S groups provoked by NO are DnrN in Neisseria gonorrhoeae and ScdA in S. aureus.
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ScdA is able to complement the deficiencies that are generated when deleting ytfE in
E. coli, which indicates that the repair of Fe-S groups is an important and widely

distributed mechanism of NO resistance (Overton et al., 2008).

NnrS is a haem-copper-dependent membrane-bound protein that has been
proposed to protect Fe-S cluster enzymes, since they were preferentially inhibited in a
strain lacking NnrS due to the formation of Fe-NO complexes. Then, NnrS is particularly
important for resistance to nitrosative stress under anaerobic conditions (Stern et al.,
2013). The role of NnrS in NO detoxification has recently been demonstrated in Ensifer
meliloti, both in free life and in symbiotic association with Medicago truncatula

(Blanquet et al., 2015).
2.3. Rhizobium-Legume symbiosis

2.3.1. Biological nitrogen fixation

N is a key element for all biological organisms because it constitutes 6% of living
matter. N is an essential component of proteins, nucleic acids and several cofactors,
and it is usually a limiting factor for plant growth and production, even in
environments with favourable conditions and enough water to sustain life (reviewed

by Martinez-Espinosa et al., 2011).

The earth’s N reserve (about 50% of the total N) is in the form of molecular N
gas (N2), constituting 78.03% (v/v) of the total atmosphere. The molecule of N;
possesses one of the most stable chemical bonds, a triple covalent bond that makes N>
a very little reactive molecule, practically inert under natural conditions. Its
dissociation energy is extremely high (945.41 KJ-mol?), it would be necessary to raise
the temperature several thousand degrees to exceed its high reaction energy
(Earnshaw and Greenwood, 1997). The main contribution of N to the biosphere from
the atmosphere occurs though the biological nitrogen fixation (BNF) process (around
60% of total N). Microorganisms, both eubacteria and archaea, are the living organisms
that have been described to perform BNF, they are called diazotrophs. Diazotrophs
realize BNF by reducing N2 to NH4* under free living or in symbiotic association with
legumes. Nitrogenase is the enzyme used almost universally to catalyse the reduction

of N2 to NH4*, it is able to function under physiological conditions of temperature and
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pressure, although in the absence of 0O, (Newton, 2007; Peters et al., 2011).
Additionally, the entry of N into the biosphere from the atmosphere may occur by non-
biological pathways, such as lightning, volcanoes and other environmental
phenomena, which are natural and contribute to maintain the balance of the N cycle.
In addition to N, fixation, the N cycle is constituted by other pathways with
assimilatory or respiratory porposes. Assimilative reactions include N fixation
(reviewed by Newton, 2007) and NOs assimilation (reduction of NOs to NHs*)
(Moreno-Vivian and Flores, 2007) (Figure 2.8.). Both routes produce NH4*, which is
incorporated into C skeletons in biosynthetic processes for the growth of organisms.
NH4* is also incorporated into the N cycle by direct fertilization or by the
ammonification process carried out by soil microorganisms, that convert organic N
compounds into NH4*. This molecule can be oxidized to NO3™ through the nitrification
process, which consists of oxidation from NHs* to NO; and from NO; to NOs". For
decades, it was thought that the oxidation of NH4* to NO3™ was carried out separately
by NHs* oxidizing bacteria or archea (BOA and AOA), and by NO; oxidizing bacteria
(BON). However, recent studies have demonstrated the existence of complete NH4* to
NOs oxidizing bacteria (comammox) in the genus Nitrospira (Kits et al., 2017)
(Figure 2.8.). Another NHs* oxidation process is the anaerobic oxidation of NHs*
(anamox), which produces N; by reducing NO; (Strous et al., 1999; Jetten et al., 2009)
(Figure 2.8.). Finally, the respiratory pathways from the N cycle occur in Oz limiting
conditions, where nitrogen oxides (NOx) are used as electron acceptors to produce
ATP. One relevant process is denitrification that consists in the reduction of NO3™ or
NO; to N2 with the formation of intermediate gases, such as NO and N;O (see section
2.2.1.1.1.; Zumft, 1997) (Figure 2.8.). Another respiratory process is the dissimilatory
NOs  reduction to NHs" (DNRA), that shares NOsz reduction to NO; step with

denitrification but reduces NO; to NH4* (Simon and Klotz, 2013) (Figure 2.8.).
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Figure 2.8. Schematic representation of the N biogeochemical cycle. Adapted from
Daims et al. (2016).

Anthropogenic activities, such as the invention of the Haber Bosch process,
have increased the presence of N in agricultural soils due to the application of
synthetic N fertilizers in the so-called "green revolution", causing an imbalance of the
N cycle equilibrium. In fact, around 90 to 130 millions of tons of N per year are
accumulated in form of NOs™ or NH4* that cannot be removed by denitrification neither
anammox, resulting in an increase of NOs™ concentrations in soils, waters or sediments,
leading serious environmental problems. In addition, to the large scale of synthetic
fertilizers production, the consumption of fossil fuels also causes a negative effect on

the global N cycle (Galloway et al., 2008).

Alterations in the N cycle have a negative impact on climate change, human
health and the functioning of ecosystems reducing biodiversity, especially in aquatic
systems and in soils where N concentration is increasing, causing eutrophication of
lakes and rivers, causing ‘dead’ of anoxic zones due to proliferation of algae, as well as
the contamination of surface water and its accumulation in groundwater (Howarth,

2004). At the level of public health, the consumption of these NOs-contaminated
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waters has been associated with the development of methaemoglobinemia, the cause
of the blue baby syndrome (Greer and Shannon, 2005), respiratory diseases and gastric
cancer associated with the endogenous formation of toxic N-nitrosated compounds by
bacteria in the gastrointestinal tract (van Grinsven et al., 2010). At an environmental
level, the most direct effect is the eutrophication of aquatic ecosystems, whose result
is an increase in primary production (photosynthesis), with consequences on the
composition, structure and dynamics of the ecosystem. On the other hand, NOs
accumulated in soils or water surface may return to the atmosphere in the form of NO
and N2O, greenhouse gases that contribute to the depletion of the ozone layer.
Besides, NO can be chemically oxidized to nitrogen dioxide (NO2), which in turn can be
hydrated to form nitrous and nitric acids (HNO; and HNOs), which fall to the earth as
components of acid rain (Zumft, 1997). N,O is a potent greenhouse gas (GHG) and one
of the main causes of ozone depletion, with a life in the atmosphere of 114 years and a
warming potential 300 times higher than CO, due to its radiative capacity
(Intergovernmental Panel on Climate Change, IPCC, 2014). In this context, it is essential
to develop agricultural practices that sustain high productivity while decreasing the
negative impact caused by the use of fertilizers. Microbial fertilizers become important
as an alternative to chemical fertilizers, as an environmentally friendly agricultural
practice. Legume crops are a key protein resource for human and animal foods. Thanks
to their capacity to establish a symbiotic relationship with (N2)-fixing rhizobia, it can
contribute to natural N soil enrichment while reducing the need for chemical
fertilization. Therefore, symbiotic N; fixation is considered a process with economic,
ecological and agricultural importance. In this process a mutualist association between
soil bacteria, commonly known as rhizobia, and plants of Leguminosae family is

stablished.

The Leguminosae (or Fabaceae) is a family of herbs, shrubs, vines or trees in
mainly terrestrial habitats, being part of most of the world’s kind of vegetation.
Legume family includes around 19,300 species within 750 genera and it is divided into
three sub-families: the Caesalpinioideae, Mimosoideae and Papilionoideae (reviewed
by Andrews and Andrews, 2017). Nevertheless, it has been proposed a new

classification of the legumes, which includes six sub-families founded on the plastid
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matK gene sequences from about 20% of all legume species across ~90% of all
identified genera. These sub-families are: Caesalpinioideae, Cercidoideae,
Detarioideae, Dialioideae, Duparquetioideae and Papilionoideae (The Legume
Phylogeny Working Group, LPWG, 2017). Leguminosae is the third family with the
greatest diversity of species, including species very important in human and animal
nutrition, as soybeans, beans, peas, lentils, peanuts or forages, as alfalfa and clover.
Soybean is the most widely grown legume, since it contains 40% protein, 21% in fat
and a high concentration of isoflavones in its seeds. In fact, soybean crops contribute
77% of the total N fixed in cultivated soils (16.4 Tg of fixed N3), and 11% of N;
biologically fixed on the planet (Herridge et al., 2008). Soybean is cultivated in 120-130
million hectares each year, being the most important protein content and oilseed crop
in the world. The three most important soybean producers are Argentina, Brazil, and
United States, where soybean crops are routinely inoculated with symbiotic N»-

fixing Bradyrhizobium spp.

Rhizobia are a- and B-Proteobacteria that belong to the genera Rhizobium,
Ensifer, Mesorhizobium, Bradyrhizobium, Allorhizobium, Azorhizobium, Blastobacter,
Methylobacterium, Devosia, Phyllobacterium, Ochrobactrum, Burkholderia and
Cupriavidus. Rhizobia induce nodules formation in the roots of the plants and some in
the stems, which are specialized structures where N; fixation takes place (reviewed by

Poole et al., 2018).

For the establishment of the symbiosis, there is an exchange of molecular
signals between both partners that leads to the formation of the nodule. In the
symbiosis, the plant supplies sucrose to the plant host cells containing rhizobia, where
it is transformed to dicarboxylic acids that are supplied to the bacteroids, the
differentiated forms of rhizobia, to produce the energy required to reduce N; to NH4*
by the nitrogenase enzyme. Then, NH4* is assimilated to amides or ureides and
transfered to the plant (reviewed by Graham and Vance, 2003; Udvardi and Poole,

2013; Poole et al., 2018; Schwember et al., 2019).
2.3.2. Nodulation process

The establishment of an effective symbiosis is a complex process in which the

exchange of specific signals between the symbionts is essential. The communication
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between the micro- and macrosymbiont begins with the release by the plant of several
compounds contained in their seed and root exudates, mainly flavonoids, aldonic acids
and betaines. Flavonoids induce nod genes in rhizobia that produce
lipochitooligosaccharides (Nod factors) (Figure 2.9.). Nod factors are key molecular
signals that bind to specific plant receptor kinases on the plasma membrane and
induce a Ca?*-signaling route, that initiates the transcription of genes implicated in
nodule development. Rhizobia attach to root hairs and are entrapped by root hair
curling, which results in the formation of an infection pocket (Figure 2.9.). Rhizobia
secrete a cellulase to bore a hole in the root hair through which they enter into a
plant-derived infection thread that separates rhizobia from plant cells (Robledo et al.,
2008). Infection threads ramify within the root cortical tissue and, eventually, unload
their bacteria within cortical cells though endocytosis. In this step, rhizobia are
liberated into the cytoplasm of the infected cortical cells, and they are surrounded by a
plant membrane, termed the symbiosome membrane. In this way, bacteria are
contained inside a vesicle, called symbiosome. Eventually, bacteria are differentiated
into a Nj-fixing form, known as bacteroids (reviewed by Udvardi and Poole, 2013;

Jones et al., 2007; Poole et al., 2018).
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Figure 2.9. Schematic illustration of nodule formation. Adapted from Jones et al. (2007).
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The formation of the nodule depends on the host plant, and can be grouped
into two types of nodules, according to their structure and morphology. The first type
are indeterminate nodules, present in pea, alfalfa or clover plants. This type of nodule
presents a persistent meristem and well-differentiated longitudinal sections according
to their degree of maturation. Indeterminate nodules have several zones: the distal
zone | includes the nodule meristem, in which new plant cells are synthesized; zone Il
contains infection threads full of bacteria; in the interzone among zone Il and llI,
bacteria are liberated from infection threads and surrounded by plant cells; zone |l
includes the mature, N)-fixing bacteroids; and in zone IV, bacteroids senesce. The
second type of nodules are determined, they are found in plants, such as soybeans,
beans or lotus, and have a globular shape. These nodules have a central zone formed
by infected and uninfected cells, then, an inner cortex of small cells with large
intercellular spaces, surrounded by a layer of tightly packed cells, the outer cortex
contains large cells laxely packed and large intercellular spaces, and, sometimes, they
are surrounded by a peridermis. Rhizobia inside the infected cells differentiate and
induce the formation of new enzymes (such as nitrogenase or the high-affinity
terminal oxidase cytochrome c oxidase cbbs). Rhizobia differenciation to bacteroides
also undergo morphological changes into larger and more extended cells. For all these
reasons, the term bacteroid is used to refer to the intracellular microsymbiont

(reviewed by Terpolilli et al., 2012; Poole et al., 2018).
2.3.3. Nitrogenase. Genes involved in N; fixation and their regulation

Symbiotic N fixation genes can be classified into: nod, nif, and fix genes. The nod
genes products are necessary in the early stages in nodule formation (see above). The
nif genes include nitrogenase structural genes, genes that are required for the
nitrogenase biosynthesis, and regulatory genes. The fix genes, together with nif genes,

are essential for N; fixation in symbiotic bacteria.

The structural nifH and nifDK genes encode the Mo-nitrogenase complex of all
known diazotrophs. This complex catalyzes the reduction of N; to NH3 with the

following stoichiometry:

N, + 8¢~ + 8H* + 16MgATP » 2NH; + H, + 16MgADP + 16P,
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This equation shows that nitrogenase activity requires high energy due to the

great stability of the N; triple bond.

Nitrogenases comprise two proteins, one being a reductase component, known
as the Fe-protein (NifH), that contains a single 4Fe-4S cluster and two ATP binding
sites. A second catalytic protein (NifDK), known as the MoFe-protein, VFe-protein or
FeFe-protein, houses an electron transfer P cluster, as well as the active-site
metal cofactor (FeMo-co, FeV-co, and FeFe-co) (Seefeldt et al., 2018). The Fe-protein,
with two bound ATP molecules, associates with one-half of the MoFe protein, and this
association initiates a series of events that result in the transfer of an electron from
the Fe-protein to FeMo-co, the hydrolysis of two ATP molecules to two ADP and two
Pi, release of phosphate, and, finally, the dissociation of the Fe-protein (oxidized and
with two bound ADP) from the MoFe-protein (reduced by one electron) (reviewed by
Rubio and Ludden, 2008; Sickerman et al., 2017) (Figure 2.10.). In all microbes studied,
the direct electron donor to nitrogenase is either a ferredoxin (Fd) or a flavodoxin
(FId). Fds coordinate Fe-S clusters, whereas Flds use a flavin mononucleotide (FMN) to
mediate electron transfer. The Fld, NifF, has been shown to be the sole electron donor
to nitrogenase in the y-proteobacterium, Klebsiella pneumoniae, but in other bacteria,
Fds or a combination of Fds and Flds have been implicated in electron transfer to
nitrogenase (reviewed by Poudel et al., 2018). The electron-transfer complex FixABCX
bifurcates electrons from NADH to generate reduced quinone and reduced Fd or Fld

(Ledbetter et al., 2017; Fixen et al., 2018).
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Figure 2.10. Nitrogenase enzyme. A. Structure of the nitrogenase complex that is formed
between the Fe protein and MoFe proteins of Azotobacter vinelandii. B. Schematic
representation of the nitrogenase complex reaction. The Fe protein dimer is represented in
light blue with the cube showing the [4Fe-4S] cluster in green to indicate the reduced form and
red to simbolized the oxidized form. The a and B subunits of the MoFe proteins are
represented in orange and pink, respectively, the yellow squares depict the P cluster and the
blue diamond shows the FeMo cofactor. Dixon and Kahn (2004).

2.3.3.1. Regulation of N; fixation

Microoxia is a requirement not only for nitrogenase activity, but for the whole
induction of N; fixation and the expression of genes related to symbiosis (nif and fix)
(Fischer, 1994). The detection and transduction of the "low O signal" is mediated by
proteins conserved and integrated in regulatory networks of each species of rhizobia
(see reviews Fischer, 1994; Dixon and Kahn, 2004; Terpolilli et al., 2012; Poole et al.,

2018; Rutten and Poole, 2019). In symbiotic diazotrophs, the transcription of nif and fix

55



Introduction

genes is controlled by the master regulator NifA, that acts in combination with the
sigma factor 0>* of the RNA polymerase (encoded by rpoN). The NifA protein shows a
typical three-domain structure. The N-terminal GAF domain is a ubiquitous signaling
motif found in signaling and sensory proteins from all three kingdoms of life (Ho et al.,
2000). The central domain interacts with the 0°*-RNA polymerase and possesses
ATPase activity, while the C-terminal domain shows a helix-turn-helix (HTH) motif
involved in DNA-binding. In non-symbiotic diazotrophs, including K. pneumoniae and
Azotobacter vinelandii, the GAF domain plays an important role in NifA repression by
NifL binding. This interaction between NifA and NifL integrates multiple regulatory
signals in K. pneumoniae. Expression of nifL is activated by NtrC in response to low N
availability. NifL regulation of NifA, thus, combines a N signal at the level of nifL
transcription and an O; signal at the protein level. No homolog of NifL is found in
rhizobial diazotrophs and the role of the GAF domain in these organisms is unknown.
In rhizobia, the activity of NifA is directly sensitive to O,. In addition, the nifA gene is
also subjected to transcriptional regulation, although the mechanisms vary depending
on the rhizobial strain. For example, in E. meliloti, nifA expression is activated by the
FixL) two-component regulatory system (TCS) in response to low O,. FixLJ system
comprises a haem-containing O-binding sensor protein, FixL, that initiates a
phosphorylation cascade under low O; tension, which activates the cognate
transcriptional regulatory protein FixJ. In B. diazoefficiens, the regulation of nifA and
fixK is split in two separate pathways, the redox-responsive TCS RegSR that activates
the fixR-nifA operon, and the FixLJ TCS that is responsible for the activation of fixK
(Bauer et al., 1998; Dixon and Kahn, 2004). Interestingly, not all rhizobia employ FixLJ
to activate expression of fixK and nifA. Particulary, in Rhizobium etli CFN42 and
Rhizobium leguminosarum bv. viciae VF39, FixL is an orphan hybrid histidine kinase
(hFixL) without predicted transmembrane segments. This gene is located on R. etli
plasmid pCFN42f in a region that contains copies of the fixK, fixNOQP and fixG genes,
which are reiterated in the symbiotic plasmid (Girard et al., 2000). R. etli hFixL initiates
the regulatory circuit of fix genes in coordination with FxkR, a novel response regulator
that belongs to the OmpR/PhoB family, and without the participation of FixJ
(Zamorano-Sanchez et al., 2012). Interestingly, E. meliloti SM11 encodes both the FixL-

FixJ-FixKk and the hFixL-FxkR-FixKa regulatory systems. Genetic and functional
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characterization of the regulatory module composed of hFixL and FxkR in E. meliloti
SM11, demonstrated that this regulatory circuitry limits N, fixation and its absence
results in an increase of the fix and nif genes expression, that are regulated by FixLJ
(Reyes-Gonzdlez et al., 2016). Rhizobia generally display only one nifA copy, but one
exception has been described for Mesorhizobium loti, which contains two nifA genes,
nifAl and nifA2, both located in the symbiotic island (Nukui et al., 2006). Another
example of the presence of two nifA genes has emerged with the analysis of the
genome sequence of the non-photosynthetic Bradyrhizobium sp. DOA9 strain (Okazaki
et al., 2015). In this bacterium, both NifA proteins are exchangeable during symbiosis
for the activation of nif genes, but not during free-living growth (Wongdee et al.,

2018).

In B. diazoefficiens, the FixL protein, unlike other rhizobia, does not have a
transmembrane section and is, therefore, a soluble protein (Gilles-Gonzalez et al.,
1994; Rodgers, 1999). Only a moderate decrease in the concentration of O3, to 5%, is
sufficient for FixL autophosphorylation and the consequent phosphorylation of FixJ.
B. diazoefficiens FixL) activates transcription of the CRP/FNR type regulators FixK, and
FixK1. FixKa is considered a key protein in the expression of the genes responsible for
N, fixation and denitrification, since a fixk, mutant strain is not able to fix Nz in
symbiosis with soybean plants and does not grow anoxically with NO3™ as the final
electron acceptor (Nellen-Anthamatten et al., 1998). In addition to the transcriptional
control of the fixK; gene by FixJ, this gene is subjected to negative regulation by the
FixK, protein itself (reviewed by Fernandez et al., 2016). FixK; also has a complex post-
transcriptional regulation. First, it has a single cysteine in position 183 that is subjected
to oxidization to sulfonic or sulfinic acid (Mesa et al., 2009). Secondly, FixK, has a
regulation by proteolysis, through general degradation mediated by the chaperone
protease system CIpAP1 (Bonnet et al., 2013), and specific proteolysis at the C-terminal
end of the protein (reviewed by Ferndndez et al., 2016). FixK, proteolysis could be a
mechanism to regulate protein levels in the cell, since despite the evident induction of
fixK> gene expression under microoxic conditions, FixK, protein levels remain constant
regardless of growth conditions (Nellen-Anthamatten et al., 1998; Mesa et al., 2009). It

should be noted that this observation was recently verified by the use of an integrated
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study of transcriptomics, proteomics and immunodetection using antibodies
(Fernandez et al., 2019), and it has been suggested the existence of a more general
post-transcriptional control mechanism in microoxic conditions for a group of 91

genes/proteins, not only in the case of FixKj.

Under microoxic conditions, FixK, controls a large regulon including genes
involved in the synthesis of the high-affinity cytochrome oxidase cbbs (fixNOQP,
fixGHIS) denitrification genes (nap, nirK, nos, nnrR), rooN; (which codes for the factor
0°*) and fixKi,, among others (Nellen-Anthamatten et al., 1998; Mesa et al., 2008).
Substantial part of the regulon of FixKi also belongs, but regulated opposite, to the
NifA regulon, thus, interconnecting the cascades of FixLJ/FixK,-FixKi and NifA.
Moreover, expression of the NifA dependent genes requires the o°* factor, that is
controlled by FixK; (Bauer et al., 1998). This interconnection could allow an adequate
activation of the essential genes for N; fixation. When the concentration of O; falls to
micro-oxic levels, lower than 0.5%, the accumulation of active NifA is able to overcome
the repression of FixKi, in this way a fine adjustment of the N; fixation genes

expression is achieved (Mesa et al., 2008).

In B. diazoefficiens, nifA and up to 250 other genes are controlled by the TCS
redox sensor RegSR (Lindemann et al., 2007). RegSR belongs to redox responsive TCS
family described in bacteria. In B. diazoefficiens, RegR (the response regulator) induces
expression of the fixR-nifA operon (responsible for NifA synthesis) (Barrios et al., 1995;
Barrios et al., 1998; Bauer et al., 1998) under all O, conditions. When the O;
concentration decreases to very low levels (<0.5%), NifA together with RNAP-
containing RpoN (0°*) improves its own synthesis. In B. diazoefficiens, RpoN is encoded
by rpoN: and rpoN; genes (Kullik et al., 1991). The FixLJ-FixKs-FixK; and RegSR-NifA

cascades are connected by rpoN; because this gene is controlled by FixKa.
2.3.4. Oxygen control in the nodule

Because nitrogenase is inactivated at atmospheric O; concentrations, within the
nodule, the O, tension must be maintained at levels of 5 to 30 nM (Appleby, 1984),
extremely low compared to the O; concentration in the atmosphere (250 uM). The

sensitivity of nitrogenase to O; is conferred by the surface exposure of the [4Fe-4S]
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group, which is linked to the two subunits of the NifH dimer. As mention above, a low

concentration of Oy is the main signal for the activation of the nif and fix genes.

The low O3 concentration in the nodule is subject to a delicate balance, since O3
is needed to synthesize all the ATP that nitrogenase activity demands, but it must not
reach levels that inactivate this enzyme. These antagonistic needs are solved thanks to
the function of three systems mainly: i) the variable oxygen diffusion barrier in the
nodule endodermis; ii) the presence of leghaemoglobin (Lb); iii) the expression of the
cbbs terminal oxidase. The oxygen diffusion barrier maintains the microaerobic
environment within the infected zone of the nodules. It is composed by a complex
structure that occludes the intercellular space in the middle part of the cortex, limiting
O, permeability. It involves several morphological and metabolic mechanisms in
different areas of the nodule, such as the presence of occlusions in the intercellular
spaces of the middle cortex, an osmotic mechanism in the internal cortex, and a
precision oxygen diffusion control mechanism that occurs in the infection zone
(reviewed by Minchin, 1997, 2008). Lb is a high O affinity plant carrier, which buffers
free Oz around 7-11 nM. This protein is the most abundant protein in nodules
(~300 uM) and in very active nodules its concentration is 2-3 mM (Davies et al., 1999).
Lb is itself present at a concentration several orders of magnitude higher than free O3
(Ott et al., 2005). Most O, within nodules is therefore bound by Lb, which transports O,
through the cytosol of infected cells to the membranes of the symbiosomes at steady-
state concentrations to ensure bacteroids respiration, while protects nitrogenase
activity (reviewed by Downie, 2005). A strong correlation between the Lb content and
N, fixation activity of nodules has been demonstrated (Dakora, 1995). The cbbs oxidase
has high affinity by O2 (Km = 7 nM) and is encoded by the fixNOQP genes (see the
regulation of its expression above), which allows microaerobic respiration of the

bacteroid during N> fixation (reviewed by Preisig et al., 1996; Delgado et al., 1998).
2.4. NO metabolism in the Rhizobium-Legume symbiosis

2.4.1. Ensifer meliloti-Medicago truncatula

E. meliloti is a symbiotic Ny-fixing soil bacterium which associates with plants of the

genera Medicago, Melilotus and Trigonella. M. truncatula is a model legume because
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of its advantageous features, such as diploid genetics, small genome (~500 Mbp), ease
of transformation, brief life cycle and high-levels of natural diversity (Cook, 1999).
E. meliloti 1021 is the model strain for investigating the interaction between the model
symbiotic system E. meliloti-M. truncatula, whose molecular, biochemical and genetic
characterization has been widely studied (Jones et al., 2007; Young et al., 2011).
E. meliloti 1021 genome sequence is composed of three replicons: a 3.65 Mb
chromosome and two megaplasmids, pSymA (1.35 Mb) and pSymB (1.68 Mb) (Galibert
et al., 2001). pSymA includes genes that are implicated in symbiosis and genes likely
responsible for N and C metabolism, transport, stress and resistance responses that
confer E. meliloti a benefit for the symbiotic interaction (Barnett et al., 2001). pSymA
also contains genes for denitrification: napEFDABC, nirK, norECBQD and nosRZDFYLX
genes (Barnett et al., 2001). E. meliloti denitrification genes are induced under
microoxic and symbiotic conditions (Becker et al., 2004). This bacterium is a partial
denitrifier since it is unable to grow under anaerobic conditions with NOs™ or NO2™ as
terminal electron acceptors, despite having and expressing the entire set of
denitrification genes. However, it was shown that E. meliloti napA, nirK, norC and nosZ
structural genes are functional under specific growth conditions (initial O
concentrations of 2% and initial cell density of 0.20-0.25) (Torres et al., 2011, 2014b).
By using a robotized incubation system, it has been confirmed the inability of
E. meliloti to reduce NO3™ or NOz” to N20 or N2 under anaerobic conditions. On the
contrary, E. meliloti was able to grow during anaerobic respiration by reducing
externally provided N>O to N2 (Bueno et al., 2015). Recently, it has been shown that
overexpression of napEFDABC genes (Nap+) confers to E. meliloti the capacity to grow
through anaerobic NO;s respiration. These results suggest that the inability of
E. meliloti to grow under anaerobic conditions using NOs3™ as electron acceptor can be
attributed to a limitation in the expression of the periplasmic nitrate reductase (Torres

et al., 2018).
2.4.1.1. NO in M. truncatula nodules

NO is produced during E. meliloti-M. truncatula symbiosis. Although the role of NO
during the symbiotic interaction is not fully understood, it has been shown that NO can

have a positive role during the infection steps, while it can inhibit the bacterial
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nitrogenase enzyme responsible for N; fixation, and the plant glutamine synthetase
involved in N assimilation in mature nodules (Trinchant and Rigaud, 1982; del Giudice
et al,, 2011; Melo et al., 2011; Blanquet et al., 2015). NO has also been shown to be a
signal for nodule senescence (Cam et al.,, 2012; reviewed by Bruand and Meilhoc,
2019). Hence, to maintain efficient infection and N; fixation, the level of NO inside
legume root nodules must be finely tuned. NO levels in the nodules result from a
balance between NO synthesis and consumption, two processes which rely on both
partners (Hichri et al., 2016). In the root nodules, both the bacterial and plant partners
are responsible for NO production (reviewed by Hichri et al., 2015; Berger et al., 2018).
From the plant side, NO is synthesized by the plant nitrate reductase (NR),
nitrite (NO2’): NO reductase activity associated with the mitochondrial electron
transport chain (ETC), and the NO synthase (NOS)-like activity (for a review see
Chamizo-Ampudia et al., 2017; Astier et al., 2018) (Figure 2.11.).

In addition to plant sources, E. meliloti napA and nirK denitrification genes were
reported to be involved in NO formation, at least in mature nodules (Horchani et al.,
2011). In this context, NO-detoxification systems in nodules are essential for keeping a
low steady-state intracellular NO concentration to maintain an efficient symbiosis.
From the plant side, non-symbiotic and symbiotic plant haemoglobins have been
proved to be implicated in NO detoxification in nodules (reviewed by Berger et al.,
2018). From the bacterial perspective, the bacterial NO reductase, that catalyzes the
reduction of NO into N;O in the denitrification pathway, is also involved in NO
consumption in M. truncatula nodules (Blanquet et al., 2015). In addition to Nor, a
combined role for E. meliloti flavohaemoglobin (Hmp), and NnrS: and NnrS; proteins in
NO degradation has been reported in M. truncatula nodules. In fact, E. meliloti mutans
in those systems increased NO levels in the nodules and they affected the
maintenance of an efficient symbiosis with M. truncatula (Blanquet et al., 2015).
Although E. meliloti denitrification remains the main enzymatic way to produce NO,
recent studies have suggested that the NOs™ assimilatory pathway involving the nitrate
reductase (NarB) and nitrite reductase (NirB) participates indirectly to NO synthesis by

cooperating with the denitrification pathway (Ruiz et al., 2019).
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Figure 2.11. Illlustration of NO and N,;O metabolism in root nodules from G. max-
B. diazoefficiens, M. truncatula-E. meliloti and P. vulgaris-R. etli symbiosis. Adapted from
Torres et al. (2016).

2.4.2. Rhizobium etli- Phaseolus vulgaris

R. etliis a N»-fixing soil bacterium that stablishes symbiotic associations with Phaseolus
vulgaris L., or common bean. In addition to being the main source of protein for
hundreds of millions of people (Broughton et al., 2003), P. vulgaris is a model specie
for the research of the symbiotic association of common bean with N»-fixing bacteria
from the genus Rhizobium. The genome of R. etli CFN42 contains a chromosome and
six large plasmids (pCFN42a to pCFN42f) whose sizes range from 184.4 to 642.45 kb
(Gonzélez et al., 2006). Plasmid d corresponds to the symbiotic plasmid (pSym) and
includes several genes implicated in nodulation and Ny-fixation processes. Plasmid
pCFN42f contains a gene cluster that includes the nirK and norCBQD denitrification
genes (Girard et al., 2000; Gonzalez et al., 2006). This bacterium does not have nap,
nar and nos denitrification genes and is incapable of respiring NO3™ or carrying out a
complete denitrification pathway. The presence of NirK and Nor-coding regions in

R. etli suggests an NO-detoxifying function for these enzymes, avoiding accumulation
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of NO inside free-living cells or in the nodules (Figure 2.11.). In vivo assays showed that
NirK is necessary for NO, reduction to NO and that Nor is essential to degrade NO
under free-living conditions (Bueno et al., 2005; Gomez-Hernandez et al.,, 2011).
Moreover, in common bean nodules, NirK contributes to NO formation and Nor to NO
removal in response to NOs', as levels of LONO complexes in nodules exposed to NO3”
raised in nodules produced by a R. etli norC mutant and decreased in those from a nirk
mutant, compared to LbNO levels from wild-type (WT) nodules (Gémez-Hernandez et
al.,, 2011). Interestingly, the presence of NOs in the plant nutrient solution reduced
nitrogenase-specific activity in WT and norC nodules. Nevertheless, the inhibition of
nitrogenase activity by NOs” was not detected in nirK nodules, probably due to the low
levels of cytotoxic NO in those nodules (Gédmez-Hernandez et al., 2011). These results
showed the ability of common bean nodules to produce NO from NOs included in the
nutrient solution. R. etli genome contains a gene (RHE_CH01780) encoding for a
putative assimilatory nitrate reductase, which is annotated as narB. Recently, it has
been demonstrated that, under free-living microoxic conditions, NO,  produced by
NarB from assimilatory NOs™ reduction is detoxified by NirK and cNor denitrifying
enzymes to produce NO and N;O, respectively (Hidalgo-Garcia et al., 2019). Thus, NarB
(from the bacterial side) and the plant nitrate reductase (NR) (from the plant side)
should be considered as candidates to reduce NO3 to NO3, acting as source of NOs™-
dependent NO production in common bean nodules. The contribution of these

enzymes to NO production in P. vulgaris nodules is currently under investigation.
2.4.3. Bradyrhizobium diazoefficiens-soybean
2.4.3.1. B. diazoefficiens as a model of rhizobial denitrification

B. diazoefficiens is the most widely used species in commercial inoculants for soybean
crops. B. diazoefficiens occupies two distinct niches: the soil in free life and the root
nodules in symbiotic association with Glycine max (soybean), Macroptilium
atropurpureum (siratro), Vigna unguiculata (cowpea) and Vigna radiata (green
soybean) (Gottfert et al.,, 1990). B. diazoefficiens USDA 110, which was originally
isolated from soybean nodules in Florida (United States) in 1957, has been universally
used for research into its molecular genetics, physiology and ecology. The genome of

B. diazoefficiens USDA 110 is composed of a single circular chromosome about
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9.1 million pairs of bases in length, it does not contain plasmids, but it has a region of
410 kb groups of genes involved in biological N; fixation that has been called symbiotic
island (Kaneko et al., 2002). Until 2013, B. diazoefficiens USDA 110 was classified
within the species Bradyrhizobium japonicum, whose type strain is USDA 6, however,
morphophysiological, genetic and genomic differences between both resulted in the

reclassification as B. diazoefficiens USDA 110 (Delamuta et al., 2013).

B. diazoefficiens is the only rhizobia species that, in addition to fixing N, has
the ability to grow under anoxic conditions by reducing NOs through the
denitrification pathway, a process widely studied in this bacterium both in free-living
conditions and in symbiosis (reviewed by Bedmar et al., 2013). B. diazoefficiens
possesses the complete set of napEDABC (Delgado et al., 2003), nirK (Velasco et al.,
2001), norCBQD (Mesa et al., 2002) and nosRZDFYLX (Velasco et al., 2004)
denitrification genes, which encode the periplasmic nitrate reductase (Nap), copper
nitrite reductase (NirK), nitric oxide reductase type c (cNor) and nitrous oxide
reductase (Nos), respectively (for a detailed description of Nap, NirK, Nor and Nos

enzymes see Chapters 2.2.1.1.1.,2.2.1.1.1.1,, 2.2.2.2. and 2.2.1.1.1.1., respectively).

Phenotypic characterization of a B. diazoefficiens napA mutant revealed its
inability to grow anaerobically and to express periplasmic NR activity (Delgado et al.,
2003). The sequencing of the B. diazoefficiens genome (Kaneko et al., 2002) has
confirmed that it does not possess nar genes responsible for the synthesis of the
membrane-bound respiratory nitrate reductase. Therefore, Nap is the only enzyme
responsible for NOs  respiration and initiates denitrification in B. diazoefficiens
(Delgado et al., 2003). A B. diazoefficiens nirK deficient strain was unable to grow in
anaerobiosis with NOs’, lacking respiratory nitrite reductase activity and accumulating
NO;y in the medium (Velasco et al., 2001). The B. diazoefficiens soluble cytochrome csso
is the intermediary in the electronic transport between the bci complex and the
respiratory nitrite reductase NirK (Bueno et al., 2008). B. diazoefficiens mutant strains
defective in the norC or norB genes are unable to grow under denitrifying conditions.
Under these conditions, these mutants accumulate NO (Mesa et al., 2002). Finally,
mutant strains of B. diazoefficiens for the nosR and nosZ genes were able to grow

under denitrifying conditions, however, they accumulated large amounts of N;O
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(Velasco et al., 2004). The involvement of the periplasmic cyrochrome csso (CycA) in
the activity of the nitrous oxide reductase has been recently reported (Jiménez-Leiva

et al., 2019).
2.4.3.2. NO metabolism in soybean nodules

By using transcriptional fusions and analysing B-galactosidase activity in the nodules in
situ, expression of B. diazoefficiens denitrification genes in soybean nodules has been
reported (Mesa et al.,, 2004). In plants depending exclusively on N; fixation, B-
galactosidase activity from a nirK-lacZ, norC-lacZ, or nosZ-lacZ fusions was detected in
bacteroids isolated from root nodules. Levels of B-galactosidase activity were similar in
both bacteroids and nodule sections from plants that were solely N>-dependent or
grown in the presence of 4 mM KNOs. These findings suggest that Oz, and not NOgs, is
the main factor controlling expression of the denitrification genes in soybean nodules
(Mesa et al., 2004). In fact, some environmental stresses, such as flooding, that causes
a reduction in the O; concentration in the nodule, significantly increased the
expression and activity of denitrification enzymes in soybean nodules, being more

significant the increased of the periplasmic nitrate reductase (Sanchez et al., 2010).

Inoculation of soybean plants with B. diazoefficiens denitrification mutants did
not affect symbiotic N; fixation when plants growth was exclusively dependent on BNF
(Mesa et al., 2004). However, when KNO3; was added to the medium, the number and
dry weight of the nodules in plants inoculated with a nirK or a norC mutant strains
were lower than those observed in plants inoculated with the WT strain (Mesa et al.,
2004). Under these growth conditions, it has been suggested that denitrification
enzymes play a role in nodule formation rather than in nodule function (Mesa et al.,
2004). However, when plants were subjected to flooding conditions, inoculation with
the nirk mutant had a slight advantage for N fixation over the WT or the norC mutant
(Sanchez et al.,, 2011b). These findings allowed Sanchez and colleagues (2011b) to
suggest that NO formed by NirK in soybean nodules, in response to flooding, has a
negative effect on nitrogenase activity. In this context, it has been shown that NOs and
flooding induce NO formation in soybean nodules (Meakin et al., 2007; Sanchez et al.,
2010), causing a strong inhibition of nitrogenase activity and expression (Kato et al.,

2010; Sanchez et al.,, 2010). In nodules, NO can also bind Lb, contributing to the
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formation of nitrosyl-leghaemoglobin (LbNO) complexes, that have a major role in
detoxifying either NO2 or NO (Sanchez et al., 2010). Recently, it has been shown that
NOs and flooding can also increase the production of the potent greenhouse gas N,O
by soybean nodules (Tortosa et al., 2015). Denitrification in the bacteroids has been
proposed as the main process responsible for NO and N;O production in soybean
nodules, since levels of gases emitted are significantly reduced in nodules produced by
a B. diazoefficiens napA null strain, where denitrification is blocked (Sdnchez et al.,
2010). However, basal levels of NO and N,O were still detected in nodules from a napA
mutant (Sanchez et al., 2010; Tortosa et al., 2015). These observations suggested that,
besides denitrification, other mechanisms give rise to NO and N2O in nodules. In
addition to denitrification, a coordinated NOs  assimilation and NO detoxification
system encoded by the narK-bjgb-flo-nasC operon has been proposed recently to be
also involved in NO homeostasis within B. diazoefficiens free-living cells (Figure 2.12.).
This cluster codes for the assimilatory nitrate reductase (NasC), a NOs3;/NOy
transporter (NarK), a FAD-dependent NAD(P)H oxidoreductase (Flp) and a putative
single domain haemoglobin (Bjgb). Bjgb mitigates the NO produced by NasC as by-
product of NO3/NO; assimilation (Cabrera et al., 2016) (Figure 2.12.). Thus, a role for
Bjgb in protecting B. diazoefficiens free-living cells from nitrosative stress has been
proposed (Cabrera et al., 2016). However, the capacity of Bjgb to bind NO in vitro is
unknown. As reported in free-living cells, Bjgb may also be involved in NO
detoxification inside the nodules and, consequently, to protect nitrogenase against
NO. However, the function of B. diazoefficiens Bjgb in soybean nodules remains to be

investigated.
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Figure 2.12. NOs assimilation and NO detoxification in B. diazoefficiens. A. Organisation of
regulatory and structural genes for the assimilatory pathway in B. diazoefficiens.
B. Biochemical pathway for the coordinated NOs assimilation and NO detoxification system,
and denitrification in B. diazoefficiens. Adapted from Cabrera et al. (2016).
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3. OBJETIVOS

B. diazoefficiens es la Unica bacteria del orden Rhizobiales que es capaz no sélo de
establecer simbiosis fijadoras de N, con plantas de soja, sino también de llevar a cabo
una desnitrificacion completa tanto en vida libre como en simbiosis. Ademas, esta
bacteria puede crecer en vida libre con NO3* como Unica fuente de N a través del
proceso de asimilacién. Por ello, B. diazoefficiens se considera un modelo para estudiar
la interrelacidn entre fijacion de Nj, desnitrificacidon y asimilacion de NOs’, procesos

clave del ciclo del N.

Estudios previos, llevados a cabo en el Grupo del Metabolismo del Nitrégeno
del Departamento de Microbiologia del Suelo y Sistemas Simbidticos de la Estacidn
Experimental del Zaidin, han demostrado que la hipoxia y el NO3 inducen la formacién
de NO en nédulos de soja, siendo la desnitrificacion de los bacteroides el principal
proceso implicado en la sintesis de NO (Sdnchez et al., 2010). Estos estudios revelaron
que el NO inhibe la actividad de la nitrogenasa, enzima clave en la fijacion simbidtica
de Ny, y la expresidn del gen nifH, responsable de su sintesis (Sanchez et al., 2010). Por
tanto, la presencia de sistemas de destoxificacion de NO en nddulos es clave para una
simbiosis eficiente. La enzima desnitrificante 6xido nitrico reductasa (Nor) de los
bacteroides es la principal implicada en la eliminacién de NO en ndédulos de soja en
respuesta a NOs y encharcamiento (Sdnchez et al.,, 2010). Ademas de la
desnitrificacion, se ha demostrado en B. diazoefficiens la existencia de un sistema
coordinado de asimilacién de NOs y destoxificacion de NO codificado por el operdn
narK-bjgb-flp-nasC (Cabrera et al., 2016). Esta unidad transcripcional codifica para un
transportador de NOs/NO; (NarK), una hemoglobina de dominio Unico (Bjgb), una
flavoproteina dependiente de NAD(P)H (Flp) y una nitrato reductasa asimilativa (NasC).
Cerca de estos genes se encuentra otro operdn que incluye un gen que codifica para
una nitrito reductasa asimilativa (NirA) y genes para un regulador de respuesta a NO3
/NO2 (NasST) (Cabrera et al., 2016) (Figura 2.12.). La proteina Bjgb presenta homologia
con el dominio N-terminal que contiene hemo de la flavohemoglobina (Hmp) de E. coli,
asi como con el dominio Unico de las hemoglobinas de V. stercoraria y C. jejuni
(Sanchez et al., 2011a). La Flp es una proteina reductora dependiente de NAD(P)H que

posee un motivo flavin mononucledtido (FMN) similar al dominio de unién FAD/NAD
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de la Hmp de E. coli. Resultados previos a esta Tesis Doctoral han propuesto que Bjgb y
Flp podrian eliminar el NO producido por la enzima NasC como producto de la
asimilacién de NOs/NO; (Cabrera et al., 2016). De hecho, Cabrera y colaboradores
demostraron que Bjgb y Flp tienen un papel importante en la proteccion de células de
B. diazoefficiens en vida libre frente al estrés nitrosativo. Se ha sugerido que Bjgb vy Flp
podrian formar un sistema de dos componentes que destoxificaria el NO generado
como producto de la reduccién de NOs™ en condiciones de vida libre o en el interior de
los nddulos de soja. Sin embargo, al inicio de esta Tesis Doctoral se desconocia el papel
in vitro de las proteinas Bjgb y Flp en la destoxificacidon del NO, asi como la implicacion
de la hemoglobina Bjgb y de las enzimas de asimilacion de NOs™ (NasC y NirA) en la
interaccion simbidtica con soja y en la homeostasis de NO en los nddulos. De acuerdo a
los antecedentes presentados, para la realizacion de esta Tesis Doctoral se

establecieron los siguientes objetivos:

1. Determinar la funcion in vitro de la hemoglobina de dominio Unico (Bjgb) vy la
flavoproteina (Flp) de Bradyrhizobium diazoefficiens en la destoxificacion de

oxido nitrico (NO).

2. Analizar el papel de la hemoglobina de dominio Unico (Bjgb) de B. diazoefficiens
en la fijacion simbidtica de nitrogeno (N2) y en la homeostasis del NO en

nddulos de soja.

3. Establecer la funcién de la nitrato reductasa asimilativa (NasC) y la nitrito

reductasa asimilativa (NirA) de B. diazoefficiens en la fijacion simbidtica de Na.

1. To determine the function in vitro of the single domain haemoglobin (Bjgb) and
the flavoprotein (Flp) from Bradyrhizobium diazoefficiens in nitric oxide (NO)

detoxification.

2. To analyze the role of the single domain haemoglobin (Bjgb) from
B. diazoefficiens in symbiotic nitrogen (N.) fixation and NO homeostasis in

soybean nodules.

3. To establish the function of the assimilatory nitrate reductase (NasC) and nitrite

reductase (NirA) from B. diazoefficiens in symbiotic N; fixation.
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4. MATERIALES Y METODOS

4.1. Materiales

4.1.1. Cepas bacterianas

Las cepas de B. diazoefficiens y E. coli usadas en esta tesis, junto con sus caracteristicas

mas importantes, se muestran a continuacion (Tabla 4.1.).

Tabla 4.1. Cepas bacterianas.

Cepa

E. coli

DH5a

$17.1

BL21 (DE3)

B. diazoefficiens

USDA 110

110spcad

4001

4003

4011

GRPA1

GRC131
H1

USDA 110-(pBBR1MCS-2)

Descripcion relevante

supE44, AlacU169, 80, lacZAM, 5hsdR171,
recAl, endAl, gyrA96, thil, relAl

Sm', Spc'; thi, pro, recA, hsdR, hsdM,
RP4Tc::Mu, Km::Tn7

F ompT hsdSg (re” mg’) gal dcm (DE3)

Cm'; cepa silvestre

Cm’, Spc’; cepa silvestre

Cm’; Ablr2807 (bjgb)

Cm’; Ablr2809 (nasC)

Cm’; Abll4571 (nirA)

Cm' Spc" Sm’; napA::Q (napA)
Cm', Km"; norC::aphll-PSP (norC)
Cm', Spc’, Km"; nifH::Tn5 (nifH)

Cm", Km'; USDA 110 con pBBR1MCS-2

Referencia

Bethesda
Research
Laboratories Inc.,
Gaithersburg,
Maryland,

Simon et al.
(1983)

Novagen®

Departamento de
Agricultura,
Beltsville,
Maryland,
Estados Unidos
Regensburgery
Hennecke (1983)
Cabrera et al.
(2016)
Cabrera et al.
(2016)
Cabrera et al.
(2016)
Delgado et al.
(2003)

Mesa et al. (2002)
Hahn et al. (1984)

Este trabajo
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Cepa

4001-(pBBR1MCS-2)
4001-4023

4001-4027
4001-2499

4001-2499-(pBBR1MCS-2)
4001-2499-4023
4001-2499-4027

GRC131
GRC131-(pBBR1MCS-5)
GRC131-4028

GRC131-4029
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Descripcidn relevante

Cm’, Km"; 4001 con pBBR1MCS-2
Cm", Km'; 4001 con pDB4023

Cm", Km'; 4001 con pDB4027
Cm', Tc'; 4001::PnorC-lacZ

Cm", Tc', Km"; 4001-2499 con pBBR1MCS-2
Cm", Tc", Km"; 4001-2499 con pDB4023
Cm', Tc', Km'; 4001-2499 con pDB4027
Cm', Km"; norC::aphll-PSP (norC)

Cm'’, Km', Gm"; GRC131 con pBBR1MCS-5
Cm'’, Km', Gm"; GRC131 con pDB4028

Cm', Km'", Gm"; GRC131 con pDB4029

Referencia

Este trabajo
Este trabajo

Este trabajo

Cabrera et al.
(2016)

Este trabajo
Este trabajo
Este trabajo
Mesa et al. (2002)
Este trabajo
Este trabajo

Este trabajo
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4.1.2. Plasmidos

En la Tabla 4.2. se describen los plasmidos empleados durante el desarrollo de esta

tesis.

Tabla 4.2. Plasmidos.

Plasmido

pBBR1MCS-2

pBBR1MCS-5

pBluescript
KS (+)

pET-24a(+)

pDB4008

pDB4010

pDB4023

pDB4024

pDB4025

pDB4027

pDB4028

pDB4029

Descripcidn relevante

Km?"; lacZ mob®, vector de clonacion

Gm’"; lacZ mob?*, vector de clonacion

Ap"; lacZ, ori f1, vector de clonacién

Km"; Vector de expresién

Km"; [pET-24a(+)] con un fragmento que contiene los genes
completos bjgb (blr2807) vy flp (blr2808) de B. diazoefficiens

Km"; [pET-24a(+)] con un fragmento que contiene el gen
completo flp de B. diazoefficiens

Km"; (pBBR1IMCS-2) con un fragmento que contiene el gen
completo bjgb de B. diazoefficiens

Ap"; [pBS (KS)] con un fragmento que contiene el gen
completo bjgb de B. diazoefficiens procedente de pDB4023

Ap"; [pBS (KS)] con un fragmento que contiene el gen
completo bjgb de B. diazoefficiens mutado en la posicidon 52
(lisina-52) por QuickChange

Km"; (pBBR1IMCS-2) con un fragmento que contiene el gen
completo bjgb de B. diazoefficiens mutado en la posicién 52
(lisina-52) por QuickChange, procedente de pDB4025

Gm'; (pBBR1MCS-5) con un fragmento que contiene el gen
completo bjgb de B. diazoefficiens procedente de pDB4023

Gm"; (pBBR1MCS-5) con un fragmento que contiene el gen
completo bjgb de B. diazoefficiens mutado en la posicidon 52
(lisina-52) por QuickChange, procedente de pDB4027

Referencia

Kovach et al.
(1994)
Kovach et al.
(1994)

Stratagene®

Novagen®

Este trabajo

Este trabajo

Este trabajo

Este trabajo

Este trabajo

Este trabajo

Este trabajo

Este trabajo
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4.1.3. Oligonucleétidos

En la siguiente tabla se presentan los oligonucleétidos empleados durante el desarrollo

de esta tesis.

Tabla 4.3. Oligonucledtidos.

Nombre

oligonucledtido Secuencia de ADN (5’ - 3’)

Complementacion con el gen bjgb de B. diazoefficiens

blr2807_For GAGAAGCTTTCGCAACGACGCGGACAAAGG!Y

blr2807_Rev GAGGGATCCACGATGACCAGCGGTTCACTC

Construccion de los plasmidos de expresion de Bjgb-Hiss y Flp-Hises

CACACGCTAGCAGAGGATCGCATCACCATCACCATCACGGATC

blr2807-8_His_For (1)
CATCGAGGGAAGGACGCCCGAACAGATTACCCTCATCCAG

blr2807-8_His _Rev GCAAAGCTTTCAAGCCGCCTTGGAAGGACGCGCHY

blr2808_His_For CACACGCTAGCATGGCGCTCAGGCGCAGGCHY)
blr2808_His_Rev GCAAAGCTTCCTTCCCTCGATAGCCGCCTTGGAAGGACGCH)
Mutagénesis puntual dirigida (QuickChange™) del gen bjgb de B. diazoefficiens

blr2807(K52A)_For CATGACCGAGCAGCGCAAGGCGCTGATGGGCATGCTCGCC?)

blr2807(K52A)_Rev GGCGAGCATGCCCATCAGCGCCTTGCGCTGCTCGGTCATG)

qRT-PCR

fixN4_For CGGGATCCCGACTCCTATCCGGTCGAGGAC
fixN4_Rev CGGAATTCCGGGTCATGGATTTGGAGATGG
nifH_For CGGCAGACCGACAAGGAA

nifH_Rev ATCAGTTGAGTGCCAAGCTTCTT

narK_For TATCGGCTTCTCGGTCTGG

narK_Rev GCTGGTCGGTGGTGTAATG

norC_3_For GCAGATGCCGCAGTTCAAC

norC_3_Rev TGATCGTGCTCACCCATTG

16S_qgRT_For GCAGGCTTAACACATGCAAGTC
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Referencia

Este trabajo

Este trabajo

Este trabajo

Este trabajo
Este trabajo

Este trabajo

Este trabajo

Este trabajo

Mesa et al.
(2005)

Mesa et al.
(2005)

Sanchez et al.
(2010)

Sanchez et al.
(2010)

Este trabajo

Este trabajo
Torres et al.
(2014a)

Torres et al.
(2014a)

Torres et al.
(2017)
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Nomb

c.,m re . Secuencia de ADN (5’ - 3’) Referencia
oligonucleétido
16S_qgRT_Rev AGGTACGTTCCCACGCGTTACTC T°r(r2%‘°‘1‘;t) al.
Otros
pTXB1-1 GGGAATTGTGAGCGGATAAC Sigma
PET28a-1_rev CAGCTTCCTTTCGGGCTTTG Sigma
M13_For GTAAAACGACGGCCAGT Sigma
M13_Rev AACAGCTATGACCATGATTACG Sigma

(' Subrayada se indica la secuencia de los sitios de restriccién afiadida a la secuencia de

los oligonucledtidos.

(2) En negrita se sefialan las bases que se modificaron en la secuencia original del gen

bjgb de B. diazoefficiens para introducir la mutacidn.
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4.1.4. Medios de cultivo

La composiciéon, elaboracién y utilidad de los diferentes medios empleados para el

desarrollo experimental de esta tesis se detallan en la siguiente tabla (Tabla 4.4.).

Tabla 4.4. Medios de cultivo.

Medio de
cultivo

E. coli

LB
(Luria-Bertani)

B. diazoefficiens

PSY
(Peptone- Salts-
Yeast extract)

Bergersen

BSN3

Composicién

NaCl, 5 g; triptona, 10 g; extracto de

> 8
enrasarall.pH7

levadura, H,O desionizada,

KH,POs, 0,3 g; NaHPO, 0,3 g;
CaCl,-2H,0, 0,05 g; MgS04-7H,0, 0,1 g;
extracto de levadura, 1 g; peptona,
3g; **solucion (100x) de elementos
traza, 10 ml; *L-arabinosa, 0,1%; H,O

desionizada, enrasara 11. pH 7

K;HPO,4, 0,23 g; MgS04-7H,0, 0,1 g;
glicerol, 4 ml; glutamato sédico, 1,1 g;
**solucion (100x) de elementos traza,
10 ml; H,0 desionizada, enrasar a 1 1.
pH 7

Medio Bergersen en el que se
sustituye el glicerol por 10 mM de
succinato y el glutamato sédico por

10 mM de KNOs

Utilidad

Medio de
cultivo de rutina
para E. coli

Medio de
cultivo de rutina
para
B. diazoefficiens

Medio minimo
para
B. diazoefficiens

Medio
empleado para
el cultivo en
condiciones
microodxicas de
asimilacion de
nitrato

Referencia

Miller (1972)

Regensburgery
Hennecke
(1983)

Bergersen
(1977)

Cabrera et al.
(2016)

Para la preparacién de medios de cultivo sélidos, se afadié 15 g de agar

bacterioldgico por litro de medio, tras haber medido el pH.

La esterilizacion de todos los medios de cultivo se llevd a cabo en un autoclave

a 121°C durante 20 min. La arabinosa se adicioné al medio PSY, al igual que los

antibidticos, cuando fue necesario, siempre después del autoclavado.
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*L-arabinosa: se prepara al 10% y se esteriliza por filtracion con un filtro Minisart®

NML (Sartorius) de 0,2 um de tamafio de poro. Se conserva a 4°C.

**Solucion concentrada de elementos traza (100x): H3BOs, 1 g; ZnSO4-7H20, 0,1 g;
CuS04-5H,0, 0,05 g; MnCl,, 0,05 g Na;Mo04:2H,0, 0,01 g; FeCls, 0,1 g; H.0

desionizada, 1 1.
4.1.5. Antibidticos

La adicién de antibidticos a los medios de cultivo se realizé6 a partir de soluciones
concentradas de los mismos en H,O desionizada y posterior esterilizacion con unidades
de filtracién Minisart® NML (Sartorius) de 0,2 um de tamafno de poro. Las soluciones
de tetraciclina y de cloramfenicol no se esterilizaron por filtracion debido a que se
utilizd alcohol o una mezcla hidroalcohdlica para disolver dichos antibidticos. La

concentracion final de los diferentes antibidticos se indica en |a Tabla 4.5.

Tabla 4.5. Antibidticos.

Cultivos de B. diazoefficiens Cultivos de
E. coli (lig. y
Nombre Liquido (pg/ml) | Sélido (ng/ml) sol.) (ug/ml)
Espectinomicina Spc 100 200 25
Tetraciclina* Tc 25 50 10
Sulfato de kanamicina | Km 100 200 25
Ampicilina Ap - - 200
Cloramfenicol** Cm 20 20 50
Gentamicina Gm 100 100 30

*La solucion concentrada de Tc se prepard en metanol:agua (1:1) o metanol absoluto
dependiendo de la concentracion de la misma (1 o 10 mg/ml, respectivamente).

**Para la solucion concentrada de Cm se utilizé etanol.
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4.1.6. Soluciones, tampones y reactivos

Las soluciones, tampones y reactivos utilizados en esta tesis se detallan en la siguiente

tabla (Tabla 4.6.).

Tabla 4.6. Soluciones, tampones y reactivos.

Solucién Composicién Uso

Métodos microbioldgicos

Tampon de lavado Tris-HCI 40 mM; KCI 150 mM. pH 7

Tampén de lavado adicionado con AEBSF* | Fraccionamiento de
Tampén de 1 mM; DNAsal 20 pg/ml las células de
fraccionamiento *4-[2-Aminoethyl] benzenesulfonyl B. diazoefficiens
fluoride hydrochloride

Meétodos analiticos

NazHPO4'2H20 60 mM; NaH2PO4'HzO
3 40 mM; KCl 10 mM; MgS041 mM. pH 7.
Tampén Z , - o
El dia que se va a utilizar se afiade

-mercaptoetanol 50 mM L,
B P Determinacion de

2-nitrofenil-B-D-galactopirandsido, P

Solucion de ONPG B g, P actividad
4 mg/ml de tampén fosfato B-galactosidasa
A: NaHPO4-2H,0 (0,1 mM), 1,245 g/70 ml;

Tampon fosfato B: NaH;P04-H,0 (0,1 mM), 0,689 g/50 ml.

Mezclar 61 mlde Ay 39 ml de B

H,O destilada 1,31 ml; Tris-HCI 1,5 M
(pH 8,8) 1,25 ml; acrilamida 30% (37,5:1)

Gel de resolucion 2,34 ml; SDS 10% 50 ul; APS* 10%
SDS-PAGE 14% (preparado fresco) 31,25 pl; TEMED 6,6 M
2,5 ul

*Persulfato amdnico (NH4)25,0s)

H,O destilada 0,91 ml; Tris-HCl 0,5 M
(pH 6,8) 0,375 ml; acrilamida 30% (37,5:1)

Gel de empaquetado 0,2 ml; SDS 10% 15 ul; APS* 10% SDS-PAGE
SDS-PAGE 4% (preparado fresco) 30 ul; TEMED 6,6 M
1,25 ul

*Persulfato amodnico (NH,4),S,0s)
Tampoén de desarrollo Glicina 14,41 g/|; Tris-Base 3,03 g/l;
SDS-PAGE SDS 1 g/I. pH 8,3

Tris-HCl 125 mM (pH 6,8); SDS 4%;
DTT 0,1 M; glicerol 20%;
azul de bromofenol 0,02%

Tampon de carga
SDS-PAGE
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Solucion

Tampon de
transferencia

Solucion de Coomassie

Solucion de desteiiido

Composicidn

Tris 30 g/l; glicina 14,4 g/lI; metanol
200 ml. pH 8,3

Coomassie Brilliant Blue R250 1 g;
metanol 400 ml; acido acético 100 ml;

H,0O destilada 500 ml

Metanol 250 ml; acido acético 100 ml;
H,0 destilada 650 ml

Métodos de biologia molecular

Tampon TE
Solucion TENS

Solucion de
neutralizado

Solucion ARNasa A

Solucién de lavado

Solucion MAXI

Solucion de lisis

Solucion de
neutralizado

Tampon A

H.O0 destilada-DEPC

Tampon de carga de
ADN o ARN 6x

Tampon TBE 0,5x

Tris-HCl 10 mM; EDTA 1 mM. pH 8

NaOH 0,1 M; SDS 0,5%;

ARNasaA en TE 1 pl

Acetato sddico 3 M. Equilibrado con acido
acético glacial a pH 5,2

2 mg/ml de ARNasa A en Tris-HCl 10 mM
(pH 7,4); NaCl 0,1 M; glicerol 20%.

Hervir durante 10 min para eliminar
ADNasas

NaCl 1 M; Sarcosil 1%

Tris-HCl 25 mM; glucosa 50 mM;
EDTA 10 mM. pH 8

NaOH 0,2 M; SDS 1%

Acetato sddico 3 M. Equilibrado con acido
acético glacial a pH 4,8

NaOAc 20 mM (pH 5,5); EDTA 1 mM
(pH 8); H,0 desionizada-DEPC*.

*Anadir DEPC 0,1% y dejar en agitacidn
durante una noche. Autoclavar al dia
siguiente

H,O desionizada, DEPC 0,1%.

Se deja en agitacién durante 24 h y se
autoclava posteriormente

Sacarosa 40%; azul de bromofenol 0,025%

Tris-HCI 45 mM; borato 45 mM;
EDTA1 mM. pH 8

Uso

Transferencia de
proteinas desde el gel
de poliacrilamida a la

membrana de
nitrocelulosa

Deteccion de
proteinas en gel de
poliacrilamida con

Coomassie

Obtencién de ADN
plasmidico de
E. coli
(miniprep TENS)

Obtencién de ADN
plasmidico de
B. diazoefficiens

Aislamiento de ARN
total de nédulos de
soja

Electroforesis en geles
de agarosa

Electroforesis en geles
de agarosa para ADN
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Solucion Composicidn Uso

. . Electroforesis en geles
Tampon TAE 1x Tris-acetato 40 mM; EDTA 1 mM. pH 8
de agarosa para ARN

Acetato potdsico 30 mM;

Tampon TFB1 MnCl;:4H,0 50 mM; RbCl 100 mM;
CaCl3:2H,0 10 mM; glicerol 15%. pH 5,8. Preparacion de
MOPS 10 mM; RbCl 10 mM; células competentes
B CaCl3:2H,0 75 mM; glicerol 15%. pH 6,8. de E. coli
Tampon TFB2

Cubrir con papel de aluminio para
proteger de la luz y conservar a 4°C
Sobreexpresion y purificacion de las proteinas Bjgb-Hise y Flp-Hiss
Todos los tampones empleados para la purificacion de proteinas se filtraron usando filtros de

nitrato de celulosa de 0,45 um de tamafio de poro (Sartorius), acoplados a una bomba de
vacio. Se conservaron a 4°C.

Na;HPOs 20 mM; NaH2P042H,0 20 mM;

Tampoén Al o
NaCl 150 mM; imidazol 25 mM. pH 7,5
, NazHPO4 20 mM; NaH2PO4'2HzO 20 mM;
Tampén Bl L
NaCl 150 mM; imidazol 500 mM. pH 7,5 L .
Purificacidn Bjgb-Hise
B HEPES 50 mM; EDTA 1 mM; glicerol 10%.
Tampodn A2
pH 7
3 NaCl 1 M; HEPES 50 mM; EDTA 1 mM;
Tampon B2

glicerol 10%. pH 7

Tris 20 mM; NaCl 150 mM; DTT 2 mM
Tampon C (preparado fresco); imidazol 25 mM;
glicerol 10%. pH 7
Tris 20 mM; NaCl 150 mM; DTT 2 mM
Tampon D (preparado fresco); imidazol 500 mM; | Purificacidn Flp-Hise
glicerol 10%. pH 7
Tris 20 mM; NaCl 150 mM; DTT 2 mM
Tampon de dialisis (preparado fresco); EDTA1 mM;
glicerol 10%. pH 7

Determinaciones analiticas y enzimdticas en nédulos de soja

NazHPO4'2H20/NaH2PO4'H20 50 mM
Medio de extraccion de | (pH 7,4); KsFe(CN)s 0,02%; NaHCO3 0,1%
Lb Cubrir con papel de aluminio y conservar a

4°C hasta su empleo Contenido de Lb en

los nédulos
A: Na;HPO4-2H,0 (50 mM),0,8003 g/90 ml;

B: NaH,PO4-H,0 (50 mM), 0,1725 g/25 ml.
Mezclar 81 mlde Ay 19 mlde B. pH 7,4

Tampon
NazH P04/N8H2P04
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Solucion

Tampon de extraccion
de bacteroides

Mezcla NR

Sulfanilamida

NNEDA

Solucion de fenol-
nitroprusiato

Solucion de hipoclorito

Composicidn

Tampodn Tris-HCI 50 mM, pH 7,5 (conservar
a 4°C hasta su empleo); manitol 250 mM
(afiadir en el momento de uso)

Tampodn Tris-HCI 20 mM; KNOs 20 mM;
metil violdgeno 0,4 mM. pH 7,5

Sulfanilamida, 10 g en 200 ml de HCI
concentrado (12 N). Enrasar a 1 | con H,0
desionizada.

Cubrir con papel de aluminio para
proteger de la luz y conservar a 4°C

Acido N-naftil-etilén-diamino, 200 mg/I
(0,77 mM).

Cubrir con papel de aluminio para
proteger de la luz y conservar a 4°C

34 mg de nitroprusiato sddico en 70 ml de
H,O desionizada. Afadir 7 g de fenol.
Ajustar el volumen a 100 ml.
Conservar en oscuridad a 4°C

2,96 g NaOH; 29,74 g Na;HPO4 12H,0 en
140 ml de H,0 desionizada. Aiadir 16,6 ml
de NaOCl 12%. Ajustar a pH 12 con NaOH y
el volumen a 200 ml con H,0 desionizada.
Conservar en oscuridad a temperatura
ambiente

4.1.7. Preparacién de una solucién saturada de NO

Uso

Aislamiento de
bacteroides de los
nodulos

Actividad nitrato
reductasa de los
bacteroides

Determinacion de
NOy

Contenido de NHs*en
los bacteroides

Para preparar una solucidon saturada de NO (con una concentracion de 5 mM

aproximadamente), se siguid el protocolo que se detalla a continuacion, desarrollado

en el grupo de investigacién del Dr. Andrew J. Gates (University of East Anglia,

Norwich, Reino Unido):

1.- Afadir 4 ml de tampodn de dialisis sin DTT (Tabla 4.6.) a un bote de cristal de 5 ml.

2.- Cerrar el bote con un tapdon de goma perforable y sellar el tapén con pelicula

autosellante.

3.- Gasear con N; durante 20 min para eliminar todo el O,.
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4.- En una campana de extraccion de gases, adicionar al tampadn de didlisis 6 ml de NO

gas con una jeringa Hamilton[a], contenido en un matraz con hidréoxido de sodio

(NaOH)[b]. La solucién de NaOH se emplea para lavar el NO antes de inyectarlo en el

tampodn de didlisis.

5.- Agitar vigorosamente durante 5 min el bote para asegurar que el tampdn de didlisis

se satura con NO.

6.- Cuantificar la concentracion de NO presente en la muestra, empleando un

analizador de NO (Nitric Oxide Analyzer-NOA 280i. Sievers).

(el para inyectar el NO se usa una jeringa Hamilton hermética, antes de su uso esta
jeringa se lava 5-7 veces con H,O desionizada libre de O; para eliminar todo el O, de la
misma. Para ello, se afiaden 4 ml de H,O a un bote de cristal (5 ml), el cual se cierra
con un tapdén de goma perforable y se sella con pelicula autosellante, a continuacion,
el bote se gasea con N; durante 20 min vy, por ultimo, se realizan los lavados de la
jeringa. Inmediatamente después de estos lavados, se cierra la llave que cierra

herméticamente la jeringa para impedir la entrada de O, en la misma.

] para preparar la solucion de NaOH 0,1 M para el lavado de NO, se llena un matraz
de 100 ml al maximo de su capacidad (120 ml aproximadamente) con una solucién de
NaOH 0,1 M. El matraz se cierra con un tapén de goma perforable y se sella con
pelicula autosellante. Posteriormente, se gasea con N, durante 30-50 min para
eliminar todo el O, del mismo. Por ultimo, se inyecta NO gas puro en el matraz, de
modo que la atmdsfera de éste se reemplaza por NO puro. Se sella de nuevo el tapdén
de goma perforable con pelicula autosellante y se coloca el matraz en posicién

invertida en un soporte seguro.
4.2. Métodos microbioldgicos

4.2.1. Conservacion de cepas bacterianas

La conservacion de las diferentes cepas se realizé segin la metodologia establecida en
nuestro grupo de investigacion. Para ello, se emplearon criotubos que contenian
alicuotas de cultivos en fase logaritmica de crecimiento, a dichos criotubos se adiciond

glicerol estéril (con una concentracion final del 50%). Para la preparacién de los
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cultivos se inocularon 10 ml de LB, para E. coli, o 20 ml de PSY, para B. diazoefficiens, a
los que se afadid sus correspondientes antibidticos y se inocularon con una sola
colonia aislada que procedia de una placa fresca. Los cultivos se incubaron a 37°C
durante una noche para E. coli o a 30°C durante 4 o 5 dias para B. diazoefficiens.
Posteriormente, los cultivos se centrifugaron y lavaron una vez con medio sin
antibiotico. Los pellets se resuspendieron con 2,25 ml del medio correspondiente sin
antibidtico y, finalmente, se alicuotaron en tres criotubos. De los tres criotubos
preparados, uno se conservo a -20°C para uso individual y dos a -80°C para la coleccién

del grupo.

Para el transporte y envio de cepas bacterianas a otros laboratorios se
inocularon criotubos con medio de cultivo sélido en pico de flauta, LB o PSY para E. coli

o B. diazoefficiens, respectivamente, suplementado con los antibidticos adecuados.
4.2.2. Cultivo de células de B. diazoefficiens
4.2.2.1. Cultivos en medio sélido y liquido

Los cultivos de células de B. diazoefficiens en medio sélido se iniciaron a partir de los
criotubos conservados de las cepas. Las placas de medio PSY sélido con los antibidticos
convenientes se estrian con asa de siembra con la de cepa de B. diazoefficiens
adecuada. Las células se incuban aerébicamente a 30°C durante 4-7 dias. Los
precultivos liquidos se obtuvieron a partir de estos cultivos sélidos. Para ello, se
inocularon con colonias aisladas de cultivos sélidos en matraces de 250 ml que
contenian 50 ml de medio PSY liquido con sus antibidticos adecuados. Las células se
incubaron aerébicamente a 30°C, en un agitador orbital (170 r.p.m.), durante 4-5 dias,

hasta alcanzar una densidad éptica a 600 nm (DOsoonm) ~1.

Para la inoculacidon de los cultivos en medio minimo se procedié de la siguiente
forma: los precultivos liquidos se centrifugaron y los pellets resultantes se lavaron dos
veces con el medio de destino. A continuacidn, los pellets se resuspendieron en 1/20
del volumen inical, obteniéndose una suspension de células concentradas. Se midid la
DOsoonm de las diluciones 1:20 de las suspensiones celulares concentradas. Los cultivos
se inocularon a una DOeoonm inicial de 0,1 a 0,3 para ser posteriormente incubados en

las condiciones necesarias para cada experimento.
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4.2.2.2. Cultivos aerdbicos

Los cultivos aerdbicos se iniciaron a partir de precultivos liquidos en PSY. Para ello, se
inocularon matraces de 250 ml con 50 ml de medio BSN3. Estos cultivos se inocularon
a una DOsoonm inicial de 0,35 y se incubaron con agitacién (170 r.p.m.) a 30°C durante
2 dias hasta alcanzar la fase exponencial. Estos cultivos se emplearon para la

inoculacién de las semillas de soja.
4.2.2.3. Cultivos microaerdbicos

Para el cultivo microaerdbico de B. diazoefficiens se emplearon tubos de 17 ml o
matraces de 250 o 500 ml provistos de tapdn de goma perforable y conservando la
proporcién 1:5 entre medio y fase gaseosa. La atmdsfera gaseosa del recipiente se
sustituyd al inicio de la incubacidon por una mezcla gaseosa de 2% de Oz en Ny, el
tiempo de gaseo dependié del volumen de la atmdsfera del recipiente. Para evitar
posibles contaminaciones durante el gaseo, se usaron filtros Minisart NML (Sartorius)
de 0,2 um de tamaiio de poro. Estos cultivos se inocularon a una DOggonm inicial
de 0,1-0,3 y se incubaron con agitaciéon (170 r.p.m.) a 30°C durante 1-4 dias hasta
alcanzar la fase exponencial. Estos cultivos se emplearon para andlisis de pruebas

enzimaticas.

4.2.3. Obtencién de la fraccién soluble (citosol) y particulada (membranas) de

B. diazoefficiens

Los cultivos celulares de B. diazoefficiens se centrifugaron a 8.000 x g (10 min, 4°C) y se
lavaron dos veces con tampdén de lavado (Tabla 4.6.). El pellet resultante se
resuspendié en 2 ml de tampdn de lisado (Tabla 4.6.). Para la obtencién de citosol y
membranas de B. diazoefficiens se empled una prensa de French (SLM), con la que se
rompieron las células por diferencia de presidn, siguiendo la metodologia indicada por

Fernandez-Lépez et al. (1994):

1.- Antes de la rotura de las células, la célula de la prensa se preenfria manteniéndola
en una camara frigorifica. Se procede al ensamblaje de la célula de la prensa, que

consta de pistén, émbolo, tapa, llave y grifo.
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2.- Posteriormente, se aplica la suspensidn celular en la célula de la prensa y se lleva a
cabo el lisado de las bacterias aplicando una presion constante de 120 MPa y dejando

salir la suspensién lentamente por el grifo. Este proceso se repite tres veces.

3.- Se centrifuga el extracto de células resultante de la prensa a 8.000 x g (10 min, 4°C)
para sedimentar las células que no se hayan roto. Se recoge el sobrenadante y se

recentrifuga a 250.000 x g (1 h, 4°C).

4.- El sobrenadante resultante se consideré como la fraccidon soluble (citosol) y el
sedimento translicido como la fraccidn particulada (membranas). El sedimento se
resuspendid en 100 pl de tampdn Tris-HCI 50 mM (pH 7,5) con ayuda de un asa de

pldstico.
4.3. Métodos analiticos

4.3.1. Determinacion de la producciéon de éxido nitroso (N20)

La produccién de N.O se midi6 mediante cromatografia gaseosa. Para ello, se
prepararon tubos, cerrados herméticamente, que contenian cultivos celulares (seccidon
4.2.2.) (Cabrera et al., 2016) o nddulos (apartado 4.9.7) (Tortosa et al., 2015).
Inmediatamente después de preparar dichos tubos, se adiciond al espacio de cabeza
de cada tubo acetileno 10% (v/v) para inhibir la actividad de la enzima dxido nitroso

reductasa (Yoshinari y Knowles, 1976). En este momento comenzd la incubacién
(tiempo 0). Transcurrido el tiempo de incubacion! adecuado, se tomaron alicuotas de

1 ml del espacio gaseoso de cada tubo y se inyectaron en un cromatdgrafo de gases HP
modelo 4890D equipado con un detector de captura de electrones y una columna
metdlica empaquetada con PorapaK Q 80/100 MESH. Las temperaturas del inyector,
columna y detector fueron de 125, 60 y 375°C, respectivamente. Como gas portador se
empled N3 a un flujo de 28 ml/min. Los picos de N2O se identificaron por comparacion
con el correspondiente patrén, cuya concentracion era del 2% (v/v) de N;O. La
concentracion de N2O en las muestras se calculé tomando como referencia la curva
patrén, construida con voliumenes conocidos de N»O. Para calcular la concentracién
total de N,O presente en el vial que contenia el cultivo o los nddulos, se estrapold la
concentracion del espacio de cabeza con la solubilidad del N;O en el medio vy la

temperatura, aplicando la ley de Henry (Sander, 1999).
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Los valores de produccién de N2O por cultivos celulares se expresaron como:

KM de N0 producidos.

La preparacion de los tubos con nddulos y sus calculos se detallan en el

apartado 4.9.7.

(11 Los cultivos celulares se incubaron a 30°C y con agitacién (170 r.p.m.) durante 96 hy
se tomaron muestras gasosas de los mismos a las 24, 48, 72 y 96 h de incubacién. Los
nodulos se incubaron a 30°C y sin agitacion durante 6 h y se tomaron muestras a las

4y 6 hdeincubacién.
4.3.2. Determinacion de actividad B-galactosidasa

La actividad B-galactosidasa se determind con un protocolo modificado al descrito en

Sambrook y Russell (2001), el cual se detalla a continuacion:

1.- Tomar alicuotas de 3 ml de cultivo de B. diazoefficiens (DOsoonm = 0,3-0,5) en tubos
de microcentrifuga. Centrifugar a 13.000 r.p.m. durante 5 min, eliminar el
sobrenadante y resuspender el pellet en 300 pl de medio de cultivo nuevo (200 ul se
emplean para la reaccion y 100 pl para determinar la DOsoonm), Obteniendo de esta

forma cultivo concentrado.

2.- Medir la DOgoonm del cultivo concentrado, a partir del cual se determina la actividad
B-galactosidasa. Para ello, hay que diluir los 100 ul anteriores convenientemente con
H,O destilada y, a continuacién, medir su DOsoonm. Considerar las diluciones realizadas

y rectificarlas en la DOgoonm.

3.- Adicionar a cada tubo de reaccién, que contiene 200 pl de cultivo (concentrado),
400 pl de tampdn Z (Tabla 4.6.), 100 ul de cloroformo y 50 ul de SDS al 0,1% en
tampodn Z. Agitar en vértex durante 15 s. La solucién debe ponerse turbia y
blanquecina. Incubar a 30°C durante 5 a 10 min para templar la reaccién y separar las

dos fases.

4.- Para iniciar la reaccion, anadir a cada tubo 150 pl de la solucién de ONPG (2-
nitrofenil-B-D-galactopirandsido) (Tabla 4.6.). Comenzar el cronometraje de la
reaccion, mezclar ligeramente e incubar los tubos a 30°C hasta que aparezca un color

amarillo moderado.

90



Materiales y métodos

5.- Para detener la reaccién, adicionar a cada tubo 350 ul de Na;COs; 1 M. Anotar el
tiempo de incubacién transcurrido entre la adicién del ONPG (inicio de la reaccién) y la

adicion del Na,COs (fin de la reaccidn).

6.- Centrifugar los tubos de reaccién a 13.000 r.p.m. durante 5 min. Sin arrastrar restos
celulales, transferir 300 pl de cada tubo a diferentes pocillos de una placa ELISA y

medir a DOa20nm.

La actividad B-galactosidasa se expresa en unidades Miller (UM), de acuerdo

con la férmula siguiente:

UM — {1000 X D0420nm}
{t(minutos) x V(ml) X DOgoonm}

Donde:
DOa20nm = valor de DO de la reaccidn a 420 nm
DOsoonm = valor de DO a 600 nm de la alicuota de cultivo concentrada que se
prepara al inicio del experimento
t=tiempo de incubacion
V= volumen de cultivo (200 pl para este protocolo. Debido a que el cultivo tenia
una DOeoonm Muy baja, se tomd una alicuota de 3 ml cultivo y se concentrd por

centrifugacion)

La actividad PB-galactosidasa también se puede expresar considerando la

concentracion de proteina con la siguiente formula:

UM = {1000 X DO420nm}
o {0,0045 X t(minutos) X V(ml) X [prot.](mg/ml)}

0,0045 = absorbancia de 1 nmol de ONPG

4.3.3. Determinacién de proteina

La concentracion de proteina en células enteras, extractos celulares, soluciones de

proteina pura y bacteroides, se determind mediante el empleo del reactivo de
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Bradford 5x (Bio-Rad), segun las especificaciones de la casa comercial. Para células
enteras y bacteroides es necesario llevar a cabo, previamente a la determinacion de

proteina, el siguiente tratamiento de lisis:

1.- Adadir 1 volumen de NaOH 1 M a 1 volumen de cultivo. Agitar en vortex y hervir
durante 20 min. Centrifugar a 12.000 r.p.m., durante 5 min, y a temperatura ambiente,
para eliminar los restos celulares. Tomar alicuotas de 25 a 50 pl del extracto resultante
y completar con H,O destilada hasta 500 pl. Desde este paso, el protocolo es igual para

todo tipo de muestras.

2.- Tomar alicuotas de las muestras convenientemente diluidas y completar con H,0O

destilada hasta un volumen final de 800 pl.
3.- Aiadir 200 ul de reactivo de Bradford 5x (Bio-Rad) y agitar en vértex.
4.- Incubar la mezcla anterior entre 2 y 60 min.

5.- Medir la absorbancia de cada muestra a DOsgsnm frente a un blanco, preparado con

800 pl de H20 y 200 ul del reactivo de Bradford 5x (Bio-Rad).

La concentracién de proteina en las muestras se calculé por interpolacion de los
valores de absorbancia obtenidos para cada muestra respecto a una curva patrén, la

cual se prepara con cantidades conocidas de albimina sérica bovina (Sigma).
4.3.4. Deteccidn de citocromos tipo ¢ en membranas de B. diazoefficiens

Para la deteccidn de proteinas de membrana de B. diazoefficiens que contienen grupos
hemo c, se siguid la técnica de deteccion de actividad peroxidasa, intrinseca a estos

citocromos, descrita en Vargas et al. (1993) y Delgado et al. (2003).
4.3.4.1. Electroforesis en geles de poliacrilamida (SDS-PAGE)

Para la realizacidon de geles de poliacrilamida y electroforesis de proteinas se utilizo el
material incluido en el sistema Mini-Protean Tetra Handcast (Bio-Rad). Se emplearon
geles de 1 mm de grosor con una concentraciéon de poliacrilamida del 14% para el gel
de resolucion y del 4% para el de empaquetado (Tabla 4.6.). Los geles se prepararon
entre los cristales, previamente montados sobre sus soportes, sobre los que se vertié
4,5 ml de la solucién del 14% de poliacrilamida inmediatamente después de adicionar

el persulfato amdnico (APS) y tetrametilendiamina (TEMED). Para nivelar el gel se
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adiciond sobre el mismo 1 ml de isopropanol. Pasados 45 min aproximadamente, se
elimind el isopropanol, se lavd con H,0 y se vertié 1 ml de la solucidn de poliacrilamida
al 4% justo después de adicionar el APS y TEMED. Por ultimo, se colocé el peine para

hacer los pocillos, teniendo la precaucion de no introducir burbujas.

Para el montaje del sistema de electroforesis, se encajaron dos geles
enfrentados en el casete formando un vaso. A continuacidn, el sistema se introdujo en
la cubeta de electroforesis y se rellené con tampén de desarrollo (Tabla 4.6.), tanto el

vaso creado por los cristales como la cubeta.

En cada carril se cargaron 10 pg de proteinas de membrana mezclados con
tampodn de carga (Tabla 4.6.). En uno de los carriles del gel se cargaron 5 pul de

marcador de peso molecular PageRuler Plus Prestained Protein Ladder (Thermo).

La electroforesis se desarrolléd a 20 mA (4°C) hasta que el frente alcanzé el final

del gel.
4.3.4.2. Transferencia a membranas de nitrocelulosa

Para la deteccion de citocromos ¢, las proteinas del gel de poliacrilamida se
transfirieron a una membrana de nitrocelulosa. Antes de comenzar la transferencia, la
membrana se lavé durante 5 min en tampdn de transferencia (Tabla 4.6.). También se
empaparon en tampdn de transferencia dos esponjas del sistema de electroforesis
Miniprotean Il (Bio-Rad) y dos papeles Whatman 3MM (del mismo tamafio que las
esponjas). A continuacion, se preparo un sandwich formado por una esponja, un papel
Whatman, el gel de poliacrilamida, la membrana de nitrocelulosa, otro papel Whatman
y otra esponja. La composicidn anterior se empaquetd y se situd en la cubeta de
electroforesis (rellena con tampdn de transferencia, Tabla 4.6.), considerando que las
proteinas migraran hacia el polo positivo. La trasferencia se realizé a 10 mA durante

3 h (4°C).
4.3.4.3. Deteccidn de citocromos tipo ¢

La deteccidn de los citocromos ¢ adheridos a la membrana de nitrocelulosa se realizé
incubando dicha membrana durante 3 min con 600 pl de la mezcla de reactivos
SuperSignal West Pico Chemiluminescent Substrate (Thermo). Seguidamente, para la

deteccion de la emisidn de luz, se colocd una pelicula fotografica (Hyperfilm B-max,
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Amersham) sobre la membrana de nitrocelulosa durante 10 min. Por ultimo, la pelicula
se reveld con liquidos revelador y fijador (Tetenal), siguiendo las instrucciones del
producto. La pelicula se escaned y se analizd con el programa Imagelab (Bio-Rad)

(Tabla 4.10.).
4.3.5. Deteccidn del hemo b en la proteina pura Bjgb

Para la deteccidn del grupo hemo b de la proteina pura Bjgb (protocolo de purificacién
detallado en el apartado 4.5.), se desarrollé una metodologia modificada a la descrita

en Thomas et al. (1976).
4.3.5.1. Electroforesis en geles de poliacrilamida (SDS-PAGE)

Para la preparaciéon de los geles de poliacrilamida y electroforesis de proteinas se
empled el material incluido en el sistema Mini-Protean Tetra Handcast (Bio-Rad),

segln se detalla en la seccién 4.3.4.1.

En el carril que contenia la muestra de proteina Bjgb pura se cargaron 10 ug de
proteina pura mezclados con tampdn de carga (Tabla 4.6.) sin DTT. En otro carril del
gel se cargaron 5 pl de marcador de peso molecular PageRuler Plus Prestained Protein

Ladder (Thermo).
4.3.5.2. Deteccidn de hemo b

En primer lugar, para la visualizacion del grupo hemo b, se prepard en fresco una
solucién de 3,3’,5,5’-Tetrametilbencidina (TMBZ) 6,3 mM en metanol. A continuacidn,
se mezclaron 3 partes de la solucién TMBZ con 7 partes de acetato de sddico 0,25 M,
pH 5. El gel se sumergié en esta mezcla a temperatura ambiente y en oscuridad.
Después de 1 hora, durante la cual la mezcla se agité cada 10-15 min, se afadié
perodxido de hidrégeno (H202) a una concentracién final de 30 mM. La tincion comenzé
a detectarse pasados 3 min e incrementd en intensidad en los 30 min siguientes. En
este momento, el gel se sumergid durante al menos 1 hora en una mezcla
isopropanol:acetato sodico (0,25 M, pH 5), en una relacion 3:7. Esta mezcla se renovod
dos veces para eliminar el TMBZ precipitado y para mejorar la intensidad de la tincidn.

Por ultimo, se tomd una fotografia del gel.

Para eliminar el TMBZ del gel de poliacrilamida, se incubd entre 1y 3 h en una

solucién de sulfito de sodio (Na;S03) a una concentracién final de 70 mM, la solucién
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se mezcld cada 10-15 min. Seguidamente, se reemplazé la solucién de Na;SOs por una
solucién de isopropanol 30% (v/v). La solucién de isopropanol se renovo 2-3 veces para
asegurar la retirada del Na;SOs, que puede interferir en la tincién de proteinas.
Finalmente, para visualizar las proteinas, el gel de poliacrilamida se tifd con Azul de
Coomassie. Para ello, el gel de poliacrilamida se incubd en una solucién de Coomassie
(Tabla 4.6.) durante 15 min. Posteriormente, se lavé con una solucién de destefiido
(Tabla 4.6.) durante 2 h y, por ultimo, con H,0 destilada. Para el revelado de los geles
se utilizé el sistema GelDoc XR (Bio-Rad) y el software de analisis de imagen Quantity

One (Bio-Rad) e Imagelab (Bio-Rad) (Tabla 4.10.).
4.4, Métodos de biologia molecular

4.4.1. Obtencion de ADN total de B. diazoefficiens
4.4.1.1. Lisados por calor

Para la seleccién por PCR de los diferentes candidatos, tanto de cepas de E. coli como
de B. diazoefficiens, se obtuvieron preparaciones de ADN total mediante lisados
celulares por calor. Para ello, se usé el procedimiento que se describe a continuacién,

desarrollado en nuestro grupo de investigacion:

1.- Preparar tubos de microcentrifuga con 200 ul de H;O ultrapura. Resuspender una
cantidad pequeiia de células procedentes de cultivos sélidos o 25 ul de cultivo liquido

en fase estacionaria de crecimiento.
2.- Hervir cada tubo durante 10 min a 100°C.

Antes de su empleo, los extractos celulares obtenidos se han de enfriar en
hielo. Se utiliza un volumen de lisado celular equivalente al 10% de la mezcla de

reaccion de PCR. Las muestras se pueden preservar durante una semana a 4°C.
4.4.1.2. Método comercial

Para obtener mayor pureza de ADN total de B. diazoefficiens de la obtenida por los
lisados por calor, se utilizd el kit de Realpure® Spin Plantas y Hongos (Real). El
protocolo empleado fue el descrito por el fabricante. Todas las soluciones usadas estan

incluidas en el kit.
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1.- Centrifugar a 8.000 x g (10 min, 4°C) 50 ml de cultivo de B. diazoefficiens crecido

hasta fase exponencial. Eliminar el sobrenadante.

2.- Resuspender el sedimento celular en 1 ml de tampdn de extraccién, adicionar

200 pl de solucion PVP y homogeneizar con vortex.

3.- Afadir 200 pl de solucidn SDS y homogeneizar con vértex. Centrifugar la muestra a
13.000 r.p.m. durante 5 min y transferir el sobrenadante a un nuevo tubo de

microcentrifuga.

4.- Adicionar 200 pl de solucidon de precipitado e incubar durante 3 min en hielo.
Centrifugar la muestra a 13.000 r.p.m. durante 5 min y pasar el sobrenadante a un

tubo nuevo de microcentrifuga.

5.- Aiiadir un volumen de solucién de lisis con proteinasa K, mezclar e incubar a 70°C
durante 10 min. Adicionar 300 pl de isopropanol y transferir la mezcla a una columna

proporcionada por el kit. Centrifugar a 12.000 r.p.m. y descartar el eluyente.

6.- Adicionar 500 ul de solucién de desinhibicidn, centrifugar y descartar el liquido
eluyente. Lavar dos veces con 500 pl de solucién de lavado. Por ultimo, centrifugar la

columna sin afiadir nada a 13.000 r.p.m. durante 2 min.

7.- Eluir el ADN con 50 ul de H,0 ultrapura precalentada a 70°C, dejar que se hidrate la
columna durante 1 min y después centrifugar a 13.000 r.p.m. durante 1 min.

Finalmente, se cuantifica la concentracién de ADN con un Nanodrop (apartado 4.4.8.).
4.4.2. Obtencién de ADN plasmidico de E. coli (“minipreps”)
4.4.2.1. Método TENS

La extraccién de ADN plasmidico de E. coli para la seleccidn de candidatos correctos
durante la clonacién de fragmentos de ADN en plasmidos, se llevd a cabo como se

describe a continuacion:

1.- Preparar 3 ml de medio LB suplementado con los antibidticos adecuados. A
continuacion, inocular el medio anterior con la cepa de E. coli. Incubar a 37°C durante

una noche.

2.- Centrifugar el cultivo celular a 13.000 r.p.m. durante 5 min. Eliminar el

sobrenadante.
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3.- Resuspender el sedimento celular en 300 ul de solucién TENS (Tabla 4.6.), adicionar
150 pl de acido acético 3 M a pH 5,2 (solucion de neutralizado; Tabla 4.6.) e

inmediatamente agitar en vértex durante 5 s.

4.- Centrifugar la muestra a 13.000 r.p.m. durante 10 min y pasar el sobrenadante a un

nuevo tubo de microcentrifuga.

5.- Adicionar 1 ml de etanol absoluto frio, mezclar y centrifugar durante 5 min.

Descartar el sobrenadante y lavar con 200 pl de etanol al 70% (frio).

6.- Secar el sedimento obtenido durante 10 min al vacio. Resuspender en 100 ul de

H,0 ultrapura y afiadir 1 pl de solucion ARNasa (Tabla 4.6.).

Estas preparaciones de ADN se utilizaron para digestiones de ADN por
endonucleasas de restriccidn y en las reacciones de amplificacién por PCR. La muestra

gue se aiadié correspondia al 10% del volumen final de la reaccion.
4.4.2.2. Método comercial

Se requiere mayor pureza en las preparaciones de ADN plasmidico cuando éste se
destina a secuenciaciéon o se utiliza para clonajes posteriores, también cuando el
método TENS no permite obtener el ADN suficientemente puro o a concentraciones
necesarias para la seleccidn de candidatos en determinados clonajes. En estos casos se
emplea el método comercial QlAprep® Spin Miniprep Kit (Qiagen), siguiendo las

instrucciones de la casa comercial. Las soluciones utilizadas vienen incluidas en el kit.

1.- Inocular, con la cepa de E. coli, 3 ml de medio LB suplementado con los

correspondientes antibidticos. Incubar a 37°C durante una noche.

2.- Centrifugar el cultivo celular a 13.000 r.p.m. durante 1 min. Eliminar el

sobrenadante.

3.- Resuspender el pellet en 250 pl de solucidn P1. Seguidamente, adicionar 250 ul de

solucién P2, y, por ultimo, 350 pul de solucién N3. Mezclar por inversién.

4.- Centrifugar a 13.000 r.p.m. durante 10 min. Pasar el sobrenadante a una columna
proporcionada por el kit. Centrifugar a 13.000 r.p.m. durante 1 min y descartar el

liquido eluyente.
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5.- Afiadir 500 pl de solucion PB a la columna. Centrifugar a 13.000 r.p.m durante 1 min
y eliminar el eluyente. Adicionar 750 pl de solucién PE a la columna. Centrifugar a
13.000 r.p.m. durante 1 min y descartar el eluyente. Por ultimo, centrifugar la columna

sin anadir nada a 13.000 r.p.m. durante 1 min para eliminar los restos de etanol.

6.- Hidratar el ADN con 50 pl de H;0 ultrapura durante 1 min. Eluir el ADN, en un tubo

de microcentrifuga nuevo, por centrifugacién a 13.000 r.p.m. durante 1 min.
7.- Cuantificar la concentracion de ADN con el Nanodrop (apartado 4.4.8.).
4.4.3. Obtencion de ADN plasmidico de B. diazoefficiens

Para comprobar la presencia de plasmidos que se introducen en B. diazoefficiens

mediante conjugacién con E. coli, se aisl6 ADN plasmidico segun el siguiente protocolo:

1.- Preparar matraces con 20 ml de medio PSY suplementado con los antibidticos
adecuados. Inocular dicho medio con la cepa de B. diazoefficiens. Incubar a 30°C hasta

que alcance la fase exponencial tardia de crecimiento.
2.- Centrifugar 5 ml de cultivo celular y descartar el sobrenadante.

3.- Resuspender el sedimento celular en 500 pl de soluciéon de lavado (Tabla 4.6.).

Lavar dos veces con esta solucion.

4.- Resuspender el sedimento en 200 pl de solucion MAXI (Tabla 4.6.). Afadir 400 ul de
solucion de lisis (Tabla 4.6.). Mezclar por inversién de los tubos. Esperar entre 10 y

15 min hasta que se alcance una lisis adecuada.

5.- Adicionar 200 pl de solucidn de neutralizado (Tabla 4.6.) y mezclar por inversidn.
Incubar en hielo durante 15 min. Centrifugar a 13.000 r.p.m. durante 3 min, pasar el
sobrenadante a un tubo nuevo y afadir un volumen de isopropanol. Centrifugar a

13.000 r.p.m. durante 15 min y eliminar el sobrenadante.

6.- Afadir 1 ml de etanol al 70%. Centrifugar a 14.000 r.p.m. durante 2 min. Descartar

el sobrenadante y secar el precipitado al vacio.

7.- Resuspender el precipitado en 20 ul de H,0 ultrapura.
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4.4.4. Aislamiento de ARN total de nédulos de soja

La extraccion de ARN total de los nédulos se llevé a cabo siguiendo la metodologia

descrita por Pessi et al. (2007):
Preparacion previa:

- El dia anterior del aislamiento, preparar un tubo de centrifuga (50 ml) RNasa free
(Labcon) con bolas de carburo de wolframio (3 mm; Quiagen) sumergidas en ~25 ml

de cloroformo.

- Colocar tubos de microcentrigufa (1,5 ml) en una gradilla usando pinzas previamente

lavadas con cloroformo, y colocar la gradilla a -20°C para preenfriar los tubos.

- Para cada extraccion de ARN, preparar tubos de centrifuga (15 ml) RNasa free

(Labcon) con las siguientes soluciones:

F1.1: 160 pl SDS 10%; 2 ml tampdn A; 3,5 ml fenol acido
F1.2: 3,5 ml fenol acido

F2: 3 ml (fenol/cloroformo/alcohol isoamilico)

F3: 2,5 ml cloroformo

F4: tubo vacio

Mantener todos los tubos, exepto el F1.1, en hielo.

1.- Coger una bola de carburo de wolframio con unas pinzas previamente lavadas en
cloroformo. Secar la bola al aire (~5-10 s) e introducirla en un tubo de microcentrigufa

(2 ml). Una vez preparados los tubos necesarios, conservarlos en hielo.
Preparar 2 tubos de microcentrigufa (2 ml) para cada extraccidon de ARN.

2.- Transferir los nédulos (que estaban almacenados a -80°C) a los tubos de
microcentrigufa (2 ml) con unas pinzas, lavadas previamente con cloroformo. En cada
tubo de microcentrigufa, los nédulos (10 nddulos aproximadamente) deben ocupar un
1/4 del volumen del tubo. Cerrar los tubos, congelarlos rapidamente en nitrégeno
liquido e introducirlos en los bloques del Tissuelyzer Mixer Mill MM 301 (Retsch

GmbH, Haan, Germany).
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3.- Homogeneizar los nédulos en el Tissuelyzer, a 30 Hercios durante 50 s (repetir este
proceso tres veces). Congelar rdpidamente los tubos en nitrégeno liquido entre cada
pase por el Tissuelyzer. El orden de los tubos debe invertirse en los bloques del
TissueLyzer después del primer pase. Comprobar si el tejido nodular esta

suficientemente homogeneizado (color rosa-verdoso).

4.- Transferir los tubos, que contienen los nédulos lisados, a hielo. Sacar la bola de
cada tubo con pinzas, previamente esterilizadas con cloroformo. Afadir 750 ul de
tampon A (Tabla 4.6.) a cada tubo de microcentrigufa que contiene los nédulos lisados,
cerrar los tubos e invertirlos con cuidado 3 veces. Verter la solucién de los nédulos
lisados de dos tubos de microcentrigufa a un tubo que contiene la solucién F1.1

precalentada (65°C durante 7-10 min).

5.- Agitar mediante vértex 30 s, incubar 2 min a 65°C, agitar 1 min, incubar durante
5 min. Centrifugar la suspensién durante 5 min a 9.000 r.p.m. (4°C) y transferir la fase

acuosa (superior) a un tubo con solucién F1.2 (fenol acido).

Este paso es importante para la separacién del ARN en la fase acuosa y proteinas y
ADN en la fase organica e interfase. Asegurarse que no se altera la interfase. Es

preferible dejar parte de la fase acuosa en el tubo.

6.- Agitar mediante vértex (30 s) y centrifugar la suspension a 9.000 r.p.m durante
5min a 4°C. Transferir con cuidado la fase acuosa a un tubo con solucién F2
(fenol/cloroformo/alcohol isoamilico). Agitar mediante vértex (30 s). Centrifugar la

suspension a 9.000 r.p.m durante 5 min a 4°C.

7.- Transferir con cuidado la fase acuosa a un tubo con solucién F3 (cloroformo). Agitar

mediante vértex (30 s). Centrifugar la suspension a 9.000 r.p.m durante 5 min a 4°C.
8.- Transferir con cuidado la fase acuosa (superior) a un tubo vacio (F4).

9.- Extraer 10 pl de ARN y mantener en hielo. Esta muestra de ARN se usara para

comprobar la integridad del ARN en un gel de agarosa (2%).

10.- Adicionar el 10% de NaOAc 3 M (pH 5,5) y 2 volumenes de etanol frio al 96%

(almacenado a -20°C) a la muestra de ARN. Mezclar por inversion.
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11.- Distribuir la muestra de ARN en tubos de microcentrigufa (1,5 ml) preenfriados a

-20°C. Precipitar el ARN a -80°C durante una noche.
Precipitaciéon del ARN:

1.- Centrifugar los tubos de microcentrigufa (1,5 ml), que contienen la muestra de

ARN, a 13.000 r.p.m. durante 30 min a 4°C.

2.- Descartar con cuidado el sobrenadante. Para lavar los pellets de ARN, afiadir 1 ml
de etanol al 80% (H,0-DEPC) a cada tubo y centrifugar a 13.000 r.p.m. durante 15 min
a 4°C.

3.- Eliminar con cuidado el etanol con una punta azul (de 1 ml). Tener cuidado de no
eliminar el pellet blanco que contiene el ARN. Dar un centrifugado breve (spin) y

eliminar el etanol residual con una punta amarilla (de 200 pl).
4.- Dejar los tubos abiertos para secar al aire los pellets de ARN durante ~10 min.

Es necesario que el pellet esté completamente seco, de lo contrario podria contener
etanol, que inhibe las reacciones enzimaticas posteriores. Sin embargo, el pellet no

debe secarse en exceso, de lo contrario sera dificil redisolverlo.
5.- Resuspender los pellets de ARN en 100 pl de H;O libre de ARNasas (Sigma).

6.- Medir la concentraciéon de ARN (seccién 4.4.8.). ldealmente, la concentracidon de

ARN que se deberia obtener es > 1 ug/ul.
7.- Alicuotar las siguientes muestras de ARN para usos posteriores:
- Para electroforesis en gel de agarosa (2%): ~1,5 ug de ARN total
- Para PCR control (-ADNasa): 500 ng de ARN total
4.4.5. Tratamiento con ADNasa

Para eliminar el ADN contaminante en las muestras de ARN, se llevd a cabo un

tratamiento con ADNasa, segln las instrucciones de la casa comercial:
1.- Preparar la mezcla de reaccion:
- 10 ul de tampdn de reaccidén 10x

- 2 pl de inhibidor de ARNasas (40 U/ul. Roche)
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-4 pl de ADNasa | (1 U/pl. Invitrogen)
- X ul de muestra de ARN (hasta 60 pg como maximo)
- Hasta 100 pl de H,0 ultrapura libre de ARNasas (Sigma)

2.- Incubar la reacciéon a 37°C durante 1 h. Transferir al hielo para la posterior

purificacién de ARN.
A4.A5.1. Purificacion de ARN

Las muestras de ARN se purificaron con el kit comercial RNeasy® Mini Kit (Quiagen). Se
siguieron las intrucciones facilitadas por el fabricante. Las soluciones y las columnas

usadas vienen incluidas en el kit.
Consideraciones previas:

- Afadir B-Mercaptoetanol al tampdn RLT (10 pl B-Mercaptoetanol / 1 ml RLT) antes de

SU uso.
- Todos los pasos de centrifugacion se realizan a temperatura ambiente.

- Dado que la capacidad maxima de unidn de las columnas (Qiagen RNA easy columns)
es de 100 pg de ARN, se recomienda no sobrecargar las columnas, ya que esto puede
provocar la pérdida de ARN y afectar a la pureza de las muestras de ARN. Dependiendo
de la cantidad de material de partida, se cargaran las soluciones de ARN en 2 columnas
independientes (100 pg de ARN) o alternativamente se cargardn las muestras una

después de otra en una Unica columna (<100 pg de ARN).

1.- Anadir 350 pl de tampdn RLT a 100 ul de la reaccion de digestion con ADNasa.

Mezclar por pipeteo.
2.- Adicionar 250 pl de etanol (96-100%) a la solucién de ARN. Mezclar por pipeteo.

3.- Transferir 700 ul de la mezcla anterior a una columna (Qiagen RNA easy column),
colocada en un tubo de microcentrifuga de 2 ml. Cerrar el tubo y centrifugar durante

15 s a 13.000 r.p.m. Descartar el eluido.

4.- Transferir la columna a un tubo de microcentrifuga nuevo (2 ml). Afadir 500 pl de
tampon RPE (contiene etanol) a la columna. Cerrar el tubo y centrifugar durante 15 s a

13.000 r.p.m. para lavar la columna. Eliminar el eluido.
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5.- Adicionar otros 500 pl de tampon RPE a la columna. Cerrar el tubo y centrifugar

durante 2 min a 13.000 r.p.m. para secar la membrana de gel de silice de la columna.

6.- Para eliminar el etanol restante, se lleva a cabo un paso de centrifugacion adicional.
Colocar la columna en un tubo de microcentrifuga nuevo (2 ml). Centrifugar a

13.000 r.p.m. durante 1 min.

7.- Eluir el ARN de la columna, en un tubo de microcentrigufa nuevo, con 30 ul de H,0O
ultrapura libre de ARNasas (Sigma). Cerrar el tubo y centrifugar durante 1 min a
13.000 r.p.m. Pipetear el eluido y cargar de nuevo sobre la columna. Centrifugar 1 min
a 13.000 r.p.m. Este ultimo paso permitird obtener mayor cantidad de ARN de la

columna.

8.- Desechar la columna y rapidamente colocar el tubo que contiene el ARN purificado

en hielo.
9.- Cuantificar la concentraciéon de ARN en el Nanodrop (apartado 4.4.8.).
10.- Alicuotar las siguientes muestras de ARN para usos posteriores:
- Para electroforesis en gel de agarosa (2%): ~1,5 pg de ARN total
- Para PCR control (+ADNasa): 500 ng de ARN total

11.- Alicuotar las muestras de ARN (con 20 ug de ARN por alicuota) para evitar ciclos
de congelacién y descongelacién. Congelar las alicuotas con nitrégeno liquido vy

conservarlas a -80°C.

12.- Comprobar la integridad del ARN mediante electroforesis en gel de agarosa (2%)

(seccién 4.4.12.).

13.- Comprobar la presencia de ADN en las muestras de ARN mediante una reaccién de
PCR con ADN polimerasa Dream Tag. La PCR se realiza igual que una PCR de rutina
(apartado 4.4.10.), sustituyendo el ADN molde por ARN (500 ng). Como control
positivo de la reaccion se emplea ADN gendmico de B. diazoefficiens 110spc4 (50 ng) y
como control negativo H>O ultrapura. Los oligonucledtidos usados para esta
comprobaciéon fueron fixN4_For y fixN4_Rev (Tabla 4.3.). La ausencia de ADN en las

muestras de ARN debe ser total.
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4.4.6. Reverso transcripcion

El ADN complementario (ADNc) se obtuvo desde ARN total mediante reacciéon de
reverso transcripcion. Para esta reaccion se utilizd la enzima SuperScript® Il Reverse
Transcriptase (200 U/ul. Invitrogen). Las reacciones de reverso transcripcion se
llevaron a cabo en un termociclador de tapa calefactable Mastercycler 5333
(Eppendorf). La metodologia empleada, bien establecida en nuestro grupo de

investigacion, fue la siguiente:

1.- La mezcla de reaccién, que se prepara en un tubo de PCR, contiene: 2 ug de ARN
total, 4 pl del oligonucledtido aleatorio (75 ng/ul), 5 ul de dNTPs (10 mM) y hasta 37 pl
de HO ultrapura libre de ARNasas (Sigma). Mezclar por pipeteo. Incubar a 65°C

durante 5 min. Transferir a hielo.

2.- Adicionar a la mezcla de reaccion anterior: 12 pl de tampdn de reaccidn 5%, 6 pl de
solucién de DTT 0,1 M y 2 pl de inhibidor de ARNasas (40 U/ul. Roche). Mezclar por

pipeteo. Incubar a 25°C durante 2 min.

3.- Afadir a la mezcla de reaccidén anterior 3 ul de reverso transcriptasa. Mezclar por

pipeteo. Incubar a 25°C durante 10 min, 42°C durante 50 min y 70°C durante 15 min.

4.- Eliminar el ARN de la muestra por lisis alcalina adicionando por reaccién 20 ul de
NaOH 1 M. Mezclar por pipeteo e incubar a 65°C durante 30 min. Seguidamente,
neutralizar el pH afiadiendo 20 pl de HClI 1 M por reaccién y mezclar por pipeteo.
Purificar el ADNc de igual manera que se purifican los productos de PCR
(seccién 4.4.13.). Adicionar alicuotas de 5 pl de acido acético 3 M (pH 5,2), hasta que el

indicador de pH del tampdn PB vire a amarillo.
5.- Cuantificar la concentracién de ADN con el Nanodrop (apartado 4.4.8.).
4.4.7. PCR cuantitativa a tiempo real (qRT-PCR)

Mediante la técnica de gRT-PCR se amplifica el ADNc (obtenido por reverso
transcripcion del ARN, seccion 4.4.6.) y, simultdneamente, se cuantifica de forma
relativa el producto de la amplificacidon. Esta técnica se llevd a cabo en el sistema

iQTM5 Optical System (Bio-Rad, Foster City, CA, United States).
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Las reacciones de gRT-PCR se prepararon en placas de 96 pocillos de 0,1 ml de
volumen, siguiendo las especificaciones de la iQ™ SYBR Green Supermix. Cada pocillo
contenia la mezcla para una reaccién. Cada reaccidn se ensayé por triplicado en un

volumen total de 19 pl, que contenia:
- 9,5 ul iQ™ SYBR Green Supermix (Bio-Rad)

- 4,5 ul de mezcla de oligonucleétidos For y Rev (2 UM de concentracion final de

cada oligonucledtido)

- 5 ul de ADNc a 2 ng/ul (10 ng total), 0,2 ng/ul (1 ng total) 6 0,02 ng/ul (0,1 ng

total)

El programa de PCR incluia una desnaturalizacion inicial y activacién de la ADN
polimerasa durante 5 min a 95°C, seguido de 40 ciclos de 15 s a 95°C,45sa 60°Cy 45 s
a 72°C. La especificidad de la amplificacion se verific6 mediante el andlisis de las curvas

de melting (70°C durante 10 min).

Los cambios relativos en la expresidon génica se calcularon seglin la metodologia
de Pfaffl (2001). Los niveles de expresion de los genes de interés se normalizaron

frente a la expresion del gen constitutivo 16S rRNA (Torres et al., 2017).
4.4.8. Determinacién de la concentracién de ADN y ARN

La concentracién de ADN y ARN se estimé con el equipo NanoDrop ND-1000 (Thermo)
mediante espectrofotometria, determinando la absorbancia a 260 nm de soluciones
acuosas. En primer lugar, se elige el tipo de acido nucleico que se va a medir, ARN o
ADN de cadena doble o sencilla. Posteriormente, se limpia el pedestal y se deposita
sobre éste una gota de H;0 ultrapura para ajustar el equipo. Seguidamente, se realiza
el blanco colocando sobre el pedestal una gota de entre 1y 2 ul de la solucién donde
esté diluido el acido nucleico de la muestra y se selecciona el botén que corresponde al
blanco. Una vez obtenida la linea base, se deposita sobre el pedestal de 1 a 2 ul de
muestra y se pulsa el botdn de medida. Después de que el equipo realice la medida, se
obtiene el espectro de absorbancia a 260 y 280 nm (Azs0 ¥ A2s0), junto a los datos de
concentraciéon en ng/ul y los ratios 260/280 y 260/230. Estos ratios indican el grado de
pureza de la muestra. El ratio 260/280 deber ser ~1,8 en muestras de ADN y ~2 en

muestras de ARN, si son inferiores indican una posible contaminacién por proteinas o
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disolventes organicos. El ratio 260/230 debe estar comprendido entre 1,8 y 2,2,
valores que no estén en este intervalo indican la presencia de contaminantes co-

purificados con la muestra.
4.4.9. Digestion de ADN con endonucleasas de restriccion

En el proceso de clonaje de fragmentos de ADN en vectores y verificacion de las
diferentes construcciones, es necesario realizar digestiones de ADN con endonucleasas
de restricciéon. El perfil de digestion obtenido se compara con el perfil tedrico de

clonaje, el cual se simula con el software Clone Manager.

Para las digestiones de ADN se utilizaron las enzimas endonucleasas de

restriccion FastDigest (Thermo), siguiendo las especificaciones del fabricante.

La reaccion de restriccidon se prepard en tubos de microcentrifuga con hasta
1 ug de ADN plasmidico 6 0,2 ug de ADN de PCR, 1 ul de tampdn de reaccién, 0,5 ul de
endonucleasa y H;0 ultrapura hasta un volumen final de 10 pl. Si se realizan reacciones
con varias endonucleasas, el volumen de las enzimas se ajusta para que no supere el
10% del volumen de la reaccidn. Las reacciones se incuban a 37°C durante el tiempo
requerido. Cuando el fragmento digerido se emplea para su clonacién, las

endonucleasas deben inactivarse térmicamente (Tabla 4.7.).

La siguiente tabla (Tabla 4.7.) incluye todas las endonucleasas utilizadas

durante este trabajo junto con sus caracteristicas mas importantes.
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Tabla 4.7. Endonucleasas de restriccion.

Tiempo de reaccion (min)

Nombre Diana Inactivacidn
Plasmidos 1 pg PCRO,2 pg

BamHI G/GATCC 5 5 5 min/80°C
EcoRlI G/AATTC 5 20 5 min/80°C
EcoRV GAT/ATC 5 5

Hindlll A/AGCTT 5 20 10 min/80°C
Nhel G/CTAGC 15 5 5 min/65°C
Sall G/TCGAC 5 260 10 min/65°C
Xbal T/CTAGA 5 5 20 min/65°C
Xhol C/TCGAG 5 5 5 min/80°C

Se muestra la secuencia diana indicando el sitio de corte en la hebra 5’ - 3’.

4.4.10. Amplificaciéon de ADN por reaccién en cadena de la polimerasa (PCR)
Mediante la técnica de PCR se amplificd ADN, el cual su usé con varios objetivos:

- Obtencién de fragmentos de ADN para su clonacién en vectores.

Verificacién de construcciones de plasmidos.
- Comprobacién de cepas recombinantes.
- Comprobacion de ausencia de contaminacion de ADN en muestras de ARN.

- Obtencidon de mutaciones puntuales dirigidas.

En funcién de la finalidad con la que se lleva a cabo la amplificacién de ADN, se

usaron ADN polimerasas diferentes:

- Dream Taq (Thermo): para PCR de rutina de comprobaciéon de clones,
verificacion de especificidad de oligonucleétidos y comprobaciéon de
contaminacién de ADN en muestras de ARN.

- Phusion (Thermo): para reacciones de PCR en las que se precisa maxima
fidelidad de la secuencia de ADN amplificada y amplicones de mayor tamafio,
gue se emplearan para su clonaje en vectores.

- Pfu (Thermo): para determinados casos en los que no se obtiene el resultado

deseado con la Phusion ADN polimerasa, en sustitucién de ésta.
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La composicion de la mezcla de reaccidn de PCR (para una reaccion de 20 pl)
para cada una de las ADN polimerasas, se muestra en la tabla siguiente (Tabla 4.8.). La
composicion de las diferentes reacciones de PCR se calculé siguiendo las

especificaciones de cada polimerasa.

Tabla 4.8. Mezclas de reaccion de PCR para Dream Taq, Phusion y Pfu ADN polimerasas.

Componente Dream Taq | Phusion Pfu
Tampon 2 ul 4l 2 ul

dNTPs (10 mM cada uno) 0,4 ul 0,4 ul 0,4 ul
Oligonucledtido For (10 uM) | 1,6 ul 1,6 ul 2 ul
Oligonucledtido Rev (10 uM) | 1,6 pl 1,6 ul 2ul

ADN polimerasa (5 U/pl) 0,1l 0,1l 0,1 ul

ADN molde 50-100ng | 20 ng 100 ng
DMSO (opcional) 1 ul - -

H,0 ultrapura Hasta 20 pl | Hasta 20 ul | Hasta 20 pl

Las reacciones de PCR se llevaron a cabo en termocicladores de tapa
calefactable Mastercycler 5333 (Eppendorf), GeneAmp 2400 (PerkinElmer) y Px2
(Thermo). El programa de PCR se disefié siguiendo las especificaciones cada
polimerasa. En la Tabla 4.9. se muestran los programas de PCR adecuados para cada

polimerasa:

Tabla 4.9. Programas de PCR para Dream Taq, Phusion y Pfu ADN polimerasas.

Etapa Ciclos Dream Taq Phusion Pfu
Desnaturalizacion 1 95°C -3 min 98°C — 5 min 95°C — 3 min
Desnaturalizacion 95°C—-30s 98°C—-10s 95°C—-30s
Anillamiento 30 (Tm-5°C)—-30s Tm-30s (Tm-5°C)—-30s
Extension 72°C—1 min/kb | 72°C-30s/kb | 72°C — 2 min/kb
Extension 1 72°C-10min | 72°C—10min | 72°C-10 min
Almacenamiento oo 4°C 4°C 4°C
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4.4.11. Mutacién puntual dirigida (QuickChange™)

La técnica QuickChange Site-Directed Mutagenesis (Stratagene) se empled para
introducir una mutacién puntual mediante intercambio de una lisina (lisina-52, K52)

por alanina en el triplete AAG del gen bjgb del plasmido molde pDB4024 (Tabla 4.2.).
Para ello:

1. Diseflar una pareja de oligonucleétidos complementarios antiparalelos
[blr2807(K52A)_For y blr2807(K52A) Rev; Tabla 4.3.], que contengan en su zona
central el nucledtido que se quiere sustituir.

2. Amplificar mediante PCR el ADN del pldasmido en estado circular que contiene la
secuencia en la que se desea efectuar la mutacién. Para la reaccién de PCR se usé
la Pfu ADN polimerasa (seccion 4.4.10.).

3. Digerir enzimaticamente los productos de PCR con Dpnl (1 ul, 10 U/ul, New
England Biolabs®). Esta enzima sélo digiere el ADN sintetizado por E. coli y no el
mutagenizado sintetizado de novo en la reaccién de PCR.

4. Verificar por electroforesis en gel de agarosa (apartado 4.4.12.) utilizando 5 pl de
los amplicones digeridos y no digeridos con Dpnl.

5. Transformar células competentes de E. coli DH5a (seccion 4.4.16.2.) con 5 ul de
ADN digerido y sembrar en placas de LB suplementado con los antibioticos
adecuados.

6. Seleccionar colonias, aislar su ADN plasmidico y comprobar mediante
secuenciacion (apartados 4.4.2. y 4.4.14., respectivamente) si la mutacién puntual
dirigida estd presente. Para la secuenciacién se emplearon oligonucleétidos
especificos (M13_For y M13_Rev; Tabla 4.3.). Se descartaron posibles mutaciones
aleatorias no deseadas.

7. Después de la secuenciacion, se escogié un plasmido con la mutacién puntual
deseada (pDB4025; Tabla 4.2.), el cual se utilizd6 como base para experimentos

posteriores.
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4.4.12. Electroforesis de ADN y ARN en geles de agarosa

Para la preparacién y realizacién de electroforesis en geles de agarosa se siguio el

protocolo descrito en Sambrook y Russell (2001).

Para separar y visualizar fragmentos de ADN procedentes de PCR, miniprep o
digestion, se utilizé la electroforesis horizontal en geles de agarosa preparados en TBE
0,5x (Tabla 4.6.). La concentracién de agarosa fue del 0,7% para electroforesis de
rutina o 1% para diferenciar fragmentos inferiores a 500 pb. El sistema empleado fue
Mini-Sub Cell GT (Bio-Rad) con TBE 0,5x (Tabla 4.6.) como tampén de desarrollo para la
realizacion de la electroforesis. Las muestras se mezclaron con tampdn de carga 6x
(Tabla 4.6.) y, a continuacidn, se cargaron en el gel de agarosa. La electroforesis se

desarrollé a 100 V, hasta que el frente alcanzo el dltimo cuarto de la longitud del gel.

Para comprobar la integridad de muestras de ARN total se utilizd el mismo tipo
de electroforesis en geles de agarosa al 2% en TAE 1x (preparado con H,0 destilada-
DEPC) (Tabla 4.6.). Las muestras de ARN se mezclaron con el mismo tampdn de carga
6x (Tabla 4.6.) empleado para las muestras de ADN y, seguidamente, se cargaron en el
gel de agarosa. Se usé TAE 1x (Tabla 4.6.) como tampdn de desarrollo. La electroforesis

se desarrolld a 80 V durante 30-45 min.

Para visualizar las muestras de ADN o ARN, el tampdn de carga contenia GelRed
(Biotium) al 2%. El GelRed es un fluoréforo intercalante de acidos nucleicos que emite
luz a 605 nm cuando estd unido a los acidos nucleicos y se excita por luz ultravioleta a
250 nm. El revelado de los geles se realizdé en el sistema GelDoc XR (Bio-Rad) y el
software de analisis de imagen utilizado fue Quantity One (Bio-Rad) e Imagelab (Bio-

Rad) (Tabla 4.10.).
4.4.13. Purificacién de fragmentos de PCR

Cuando el fragmento de ADN procedente de una PCR se va a digerir con
endonucleasas de restriccion o clonar directamente en un vector, es preciso purificar
el ADN para eliminar restos de tampodn, oligonucleétidos, dNTPs o el ADN molde de la

reaccion de PCR.
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Si se obtiene un Unico producto como resultado de la reaccion de PCR, éste se
puede purificar empleando el kit QIAquick PCR Purification (Qiagen). Se siguen las

especificaciones del fabricante y las soluciones usadas vienen incluidas en el kit.

1.- Afadir 5 volimenes de tampén PB al producto de PCR, mezclar y verificar que la

mezcla permanece amarilla, debido a un indicador de pH que contiene el tampdn.

2.- Verter la mezcla en una columna proporcionada por el kit y centrifugar a

13.000 r.p.m. durante 1 min. Descartar el eluyente.

3.- Lavar la columna con 750 pl de tampdn PE, centrifugar a 13.000 r.p.m. durante
1 min y eliminar el eluyente. Centrifugar de nuevo la columna a 13.000 r.p.m. durante

1 min para eliminar restos de etanol.

4.- Anadir 30 pl de tampdn EB o H,0 ultrapura, dejar hidratar el ADN de la columna
durante 1 min. Eluir el producto, en un nuevo tubo de microcentrifuga, por

centrifugacién a 13.000 r.p.m. durante 1 min.
5.- Determinar la concentracion de ADN con el Nanodrop (seccién 4.4.8.).
4.4.14. Secuenciaciéon de ADN

Para la comprobacién del correcto clonaje o mutagénesis en los diferentes plasmidos,
se secuencio la regién de interés de éstos por el método Sanger. Esta técnica se llevé a
cabo en el Instituto de Parasitologia y Biomedicina Lépez Neyra (Granada). Las mezclas
de secuenciacidon se prepararon siguiendo las instrucciones del servicio. Para ello, en
un tubo de microcentrifuga de 500 ul se anadieron entre 400 y 800 ng de ADN
plasmidico, o entre 10 y 80 ng de producto de PCR, 6,4 pmoles de un Unico
oligonucleétido desde el que se inicia la lectura de secuenciacion y se completé hasta
12 ul con H20 ultrapura. Los resultados recibidos del servicio de secuenciacion se

analizaron con programas informaticos como Clone Manager.
4.4.15. Ligacién de fragmentos de restriccidon en vectores de clonacién
4.4.15.1. Ligacion en vectores de clonacién

Para la ligacidon entre un fragmento de ADN y un vector, ambos digeridos con enzimas
de restriccion compatibles, se usé una proporcién de vector:inserto de al menos

1:3 (moles). La suma de la cantidad de ADN vector y la cantidad de ADN inserto (x + y)
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debe ser de al menos 100 ng. La reaccion de ligacidn se prepard segun un protocolo
modificado al descrito en Sambrook y Russell (2001). Se afade en un tubo de

microcentrigufa:
- x ul de ADN vector
-y pl de ADN inserto
-1 pl de ligasa (T4 DNA ligase, 1 U/ul. Roche)
-1 pl de tampdn de ligasa 10x
- H20 ultrapura hasta un volumen final de 10 pl

Una vez que se prepara la reaccidn, se mezcla suavemente y se centrifuga
(1 pulso). Por ultimo, se incuba a temperatura ambiente durante 1 h o a 4°C durante

toda la noche.
4.4.15.2. Desfosforilacion de vectores de clonacidn

El tratamiento con fosfatasa alcalina se empled para desfosforilar un vector digerido,
con el fin de impedir la religacién y la ligacién entre dos moléculas del vector digerido.
Para ello, se siguid una metodologia adaptada a la descrita en Sambrook y Russell
(2001). Con el vector digerido previamente (apartado 4.4.9.) con las endonucleasas de

restriccion apropiadas, se prepara la reaccion de desfosforilacién:
- Hasta 1 ug de vector digerido
-1 ul de tampodn de la fosfatasa alcalina 10x

- 0,5 pl de fosfatasa alcalina de camardén (Shrimp Alkaline Phosphatase, SAP,

1 U/ul. Thermo)
- H,0 ultrapura hasta un volumen final de 10 pl

Seguidamente, se mezcla suavemente y se centrifuga (1 pulso). Se incuba la
reaccion a 37°C durante 30 min para extremos 5’ protuberantes o 60 min para
extremos 3’ protuberantes o romos. Finalmente, se detiene la reaccién por

inactivacion térmica, incubando durante 15 min a 65°C.
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4.4.16. Transferencia de ADN a células de E. coli
4.4.16.1. Preparacion de células competentes con cloruro de rubidio (RbCl)

La células competentes de E. coli se prepararon siguiendo la técnica descrita por

Hanahan (1983), como se indica a continuacion:

1.- Inocular un matraz de 500 ml, que contiene 100 ml de medio LB precalentado a
37°C, con 5 ml de un cultivo de células de E. coli crecido durante la noche anterior.
Incubar a 37°C, con agitacién (170 r.p.m.), hasta que el cultivo alcance una DOgoonm de
0,4-0,6 (fase logaritmica). Colocar el cultivo en hielo durante 15 min para detener el

crecimiento celular.

2.- Centrifugar el cultivo celular en tubos estériles a 8.000 x g (10 min, 4°C). Eliminar el

sobrenadante.

3.- Resuspender suavemente el sedimento de células en 30 ml de solucién TFB1
(Tabla 4.6.) estéril y fria a 4°C. Incubar la suspension celular en hielo durante 15 min.

Centrifugar a 8.000 x g (10 min, 4°C). Desechar el sobrenadante.

4.- Resuspender el sedimento celular obtenido en 4 ml de solucién TFB2 (Tabla 4.6.)
fria. Alicuotar en tubos de microcentrifuga preenfriados a 4°C, afadir 100 ul de

suspension de células por tubo. Conservar las alicuotas a -80°C.

Las células competentes son muy delicadas, por ello hay que tener en cuenta
una serie de precauciones para evitar la lisis celular: todos los pasos se realizan en frio

y sin estrés mecanico, se debe pipetear con suavidad y sin utilizar el vértex.
4.4.16.2. Transformacién de células competentes de E. coli

La transformacion de células competentes con ADN plasmidico se realizé siguiendo la

metodologia descrita por Rodriguez y Tait (1983), modificada como se detalla:
1.- Descongelar en hielo alicuotas de 100 ul de células competentes (10 a 15 min).

2.- Afiadir 50-100 ng de ADN de ligacién o 25 ng de plasmido puro con el que se vaya a

transformar. Mezclar suavemente e incubar en hielo durante 30 min.

3.- Calentar a 42°C (choque térmico) durante 45 s. Incubar en hielo otros 5 min.
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4.- Adicionar 4 voliumenes de medio LB e incubar a 37°C con agitacién (170 r.p.m.)
durante 1 h. Preparar placas Petri con medio LB suplementado con los antibiéticos
convenientes. Si se realiza una seleccion por color se afiade al medio 40 pl de 5-Bromo-
4-cloro-3-indolil-B-D-galactopirandsido (X-Gal) a una concentraciéon de 20 mg/ml,
diluido en dimetilformamida, y 4 pl de 1-Isopropil-B-D-1-tiogalactopirandsido (IPTG) a

una concentracion de 200 mg/ml.

5.- Sembrar las placas con las células transformadas e incubar a 37°C durante una

noche.

4.4.17. Transferencia de ADN a células de B. diazoefficiens mediante

conjugacion

La transferencia de ADN a células de B. diazoefficiens se llevd a cabo mediante
conjugacién biparental desde la cepa donadora de E. coli S17.1, que contiene el
pldsmido que se pretende transferir, siguiendo la metodologia que se describe a

continuacion, bien establecida en nuestro grupo de investigacién:

1.- Cultivar la cepa de B. diazoefficiens (cepa receptora) en un matraz con 50 ml de PSY
suplementado con los correspondientes antibidticos hasta que alcance la fase

exponencial tardia de crecimiento (4-5 dias).

Preparar un cultivo de la cepa donadora (E. coli S17.1) en un tubo con 3 ml de medio
LB con los antibidticos adecuados, incubar durante una noche.

2.- Previamente a la conjugacion, refrescar el cultivo de la cepa donadora en un tubo
con 3 ml de LB con los antibiéticos convenientes, para ello, se inocula dicho medio con
150 ul del cultivo preparado el dia anterior. Cultivar hasta alcanzar la fase logaritmica
(DOsoonm entre 0,6-0,8), aproximadamente 3 h después.

3.- Centrifugar 5 ml de la cepa receptora (B. diazoefficiens) y 1 ml de la cepa donadora
(E. coli S17.1). Descartar el sobrenadante. Lavar dos veces con 1 ml de medio PSY.

4.- Resuspender el sedimento de células en 100 ul de PSY. La suspensién resultante se
coloca en el centro de la placa de PSY sin antibidticos. Una vez que la gota se haya

secado, incubar durante 48 h a 30°C.
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5.- Preparar dos placas de PSY con los antibidticos correspondientes para el cribado de
los transconjugantes. Para evitar el crecimiento de las células de E. coli, adicionar al
medio PSY de las placas cloranfenicol 20 pg/ml.

6.- Con ayuda del asa de siembra, recoger la masa celular de la gota y resuspender en
1 ml PSY sin antibiéticos, dentro de un tubo de microcentrifuga.

7.- Sembrar 30 y 200 pl de la suspensidn celular obtenida mediante conjugacién en
cada una de las placas de PSY con los antibidticos adecuados. Incubar a 30°C hasta que
aparezcan colonias (8-10 dias).

8.- Una vez que se obtienen colonias, se siembran en estria en placas con los mismos

antibidticos para su comprobacion posterior.
4.5. Sobreexpresién y purificacién de las proteinas Bjgb-Hise y Flp-Hise

La expresidon y posterior purificacion de las proteinas Bjgb y Flp se llevaron a cabo a
partir de los plasmidos pDB4008 y pDB4010 (Tabla 4.2.), respectivamente. En cada uno
de estos plasmidos, la region codificante del gen bjgb o flp estd fusionada en fase en su
extremo 5 o 3’, respectivamente, a la secuencia de la etiqueta de seis histidinas
(procedente de uno de los oligonucledtidos empleados para la amplificacién del gen de
interés o del vector, respectivamente), que posibilita su purificacién posterior
mediante cromatografia de afinidad, como proteina recombinante Bjgb-Hiss o FIp-Hise.
En la cromatografia de afinidad, la proteina queda retenida a la columna a través de la
formacién de un enlace de coordinacién entre los iones metalicos niquel
(inmovilizados en la columna) y los residuos de histidina de la proteina,

posteriormente, la proteina se eluye como proteina pura.

El plasmido de expresion empleado, pET24a(+), permite la sobreexpresion de la

proteina bajo el control del promotor de T7 y se induce en presencia de IPTG.
4.5.1. Induccién de las células para purificacion

Para la produccién de las proteinas Bjgb y Flp, se utilizd la cepa de E. coli BL21 (DE3)
(Tabla 4.1.), la cual contiene el gen de la ARN polimerasa T7 del fago ADE3. Las células
competentes de E. coli BL21 (DE3) se transformaron (apartado 4.4.16.2.) con el
pldsmido pDB4008 o pDB4010 (Tabla 4.2.). A partir de las placas sembradas con células

de esta cepa de E. coli transformadas, se prepararon criotubos que contenian alicuotas
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de cultivo en fase logaritmica de crecimiento vy glicerol para su conservacion a -20°C
(seccion 4.2.1.). El protocolo para la induccién de las células para purificacion se ha

desarrollado en esta Tesis Doctoral y consiste en:

1.- Preparar placas Petri con medio sélido LB suplementado con antibidtico. Sembrar
con la cepa adecuada de E. coli BL21 (DE3), que contiene el plasmido de expresién

pDB4008 o pDB4010. Incubar las células a 37°C durante una noche.

2.- Desde los cultivos sdlidos anteriores, inocular un tubo de 20 ml que contiene 10 ml
de LB liquido, suplementado con antibidtico, con una sola colonia aislada. Incubar las

células aerdbicamente a 37°C durante una noche en un agitador orbital (170 r.p.m).

3.- Desde los cultivos liquidos anteriores, inocular un matraz de 250 ml que contiene
100 ml de LB liquido, suplementado con el antibiético conveniente, con 2 ml del
cultivo preparado el dia anterior. Incubar las células aerébicamente a 37°C durante

una noche en un agitador orbital (170 r.p.m).

4.- Desde los cultivos liquidos anteriores, inocular un matraz de 2,5 | que contiene 1 |
de LB liquido, suplementado con antibiético, con 20 ml del cultivo preparado el dia
anterior. Incubar las células aerébicamente a 37°C en un agitador orbital (170 r.p.m)

hasta alcanzar una DOgoonm ~0,5.

5.- Tomar 5 ml del cultivo y recoger células mediante centrifugacion a 5.100 r.p.m.
durante 5 min (4°C) para su posterior comprobacion en geles de poliacrilamida (SDS-

PAGE) (apartado 4.5.4.).

6.- Inducir la expresién de la proteina a purificar mediante la adicidon de 1 ml de IPTGL!
a1l M (Cf =1 mM). Para inducir la expresién de proteinas que contienen citocromos,
adicionalmente, se aflade 1 ml de clorhidrato de acido §-aminolevulinico! a 500 mM
(Cf =500 uM) y 250 pl de citrato férricol® a 40 mm (Cf = 10 uM), como precursores de

la sintesis de citocromos.

al gy IPTG, clorhidrato de dcido 6-aminolevulinico y el citrato férrico se prepararon en

fresco. Se disolvieron en H20 desionizada y se esterilizaron con una unidad de filtracion

Minisart® NML (Sartorius) de 0,2 um de tamafio de poro.
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7.- Incubar las células aerébicamente a 30°C en un agitador orbital (170 r.p.m) durante
una noche. Las células se incuban a 30°C porque éstas se tienen que adaptar a las

condiciones bajo las cuales la induccidn de la proteina-Hiss por IPTG tiene lugar.

8.- Tomar 5 ml del cultivo y recoger células mediante centrifugacién a 5.100 r.p.m.
durante 5 min (4°C) para su comprobacion en geles de poliacrilamida (SDS-PAGE)

(seccién 4.5.4).

9.- Recoger las células, después de ~20 h de incubacién, mediante centrifugacion a
5.100 r.p.m. (20 min, 4°C). Si la purificacidon de proteina no se va a realizar el mismo
dia, congelar el pellet sumergiéndolo en nitrégeno liquido. Conservarlo a -80°C hasta

Su uso.
4.5.2. Fraccionamiento celular

El protocolo para el fraccionamiento celular se ha puesto a punto en esta Tesis

Doctoral y consiste en:
1.- Descongelar lentamente el pellet de células inducidas procedentes de 1 | de cultivo.

2.- Resuspender el sedimento celular en 15 ml de tampdn Al o tampdn C (Tabla 4.6.),

segun la proteina que se vaya a purificar.

3.- Lisar las células aplicando una presién constante de 1.000 psi con una prensa de

French (SLM Aminco, Jessup). Repetir este proceso 3 veces.

4.- Suplementar el lisado de células con DNasal (bovine pancreas, Sigma), RNasa A
(bovine pancreas, Sigma) e inhibidor de proteasas (complete ULTRA Tablets, EDTA-

free, Roche), siguiendo las especificaciones de la casa comercial.

5.- Centrifugar el extracto celular a 43.000 r.p.m. durante 45 min (4°C) para sedimentar

las células que no se hayan lisado y residuos celulares insolubles.

6.- Tomar 20 ul de lisado de células para analizarlo mediante electroforesis en gel de

poliacrilamida (SDS-PAGE) (apartado 4.5.4.).
4.5.3. Purificacion de las proteinas Bjgb-Hise y Flp-Hiss

La purificacion de las proteinas Bjgb y Flp se llevé a cabo mediante cromatografia

liquida, empleando un equipo de cromatografia AKTA pure (consultar las
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especificaciones del fabricante para su correcto uso). A continuacién, se presentan los

dos protocolos (para las proteinas Bjgb y Flp) desarrollados en esta Tesis Doctoral:
a) Purificacion de la proteina Bjgb-Hiss

La proteina Bjgb-Hise se purific6 mediante cromatografia de afinidad por iones
metalicos inmovilizados (IMAC), seguida de una cromatografia de intercambio idnico.

Todo el proceso de purificacion se llevé a cabo a temperatura ambiente.
a.1) Cromatografia de afinidad:

En primer lugar, se prepara la columna de afinidad (5 ml) (Ni**-IMAC column; HiTrap
Chelating HP, GE Healthcare Life Sciences). Para ello, se carga la columna con
1 volumen de columna (CV) (5 ml) de sulfato de niquel (NiSO4) 0,2 M[a], se lava con
10 CV de tampdn de elucién B1 (Tabla 4.6.) para eliminar el exceso de NiSO4 que no se
ha unido a la matriz y se equilibra con 10 CV de tampdn de unidn Al (Tabla 4.6.). Todos

estos pasos previos se llevan a cabo a un flujo de 5 ml/min.

(@l Esta solucién se filtra usando un filtro de nitrato de celulosa de 0,45 um de tamafio

de poro (Sartorius), acoplado a una bomba de vacio.
Una vez preparada la columna se procede segun se detalla a continuacion:

1. Filtrar el lisado de células con una unidad de filtracion Minisart® NML
(Sartorius) de 0,2 um de tamafo de poro.

2. Conectar la columna de afinidad al equipo AKTA pure y cargar el lisado de
células en dicha columna a un flujo de 5 ml/min.

3. Lavar la columna con 10 CV de tampdn Al (Tabla 4.6.), a un flujo de 5 ml/min,
para eluir las proteinas que no se han unido a la columna.

4. Generar un gradiente lineal de imidazol (Sigma-Aldrich) de 25 a 500 mM con
10 CV de una mezcla de tampén Al y B1 (a un flujo de 1 ml/min). Este paso se
realiza para eluir la proteina de interés, que esta unida al niquel de la columna
por la cola de histidina.

5. Comprobar la presencia de la proteina pura y su pureza en las diferentes
fracciones del eluido mediante electroforesis SDS-PAGE (seccion 4.5.4.). Para

ello, se toma una alicuota de 20 pl de cada fraccidén del eluido en la que se haya
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identificado la presencia de proteina a partir del cromatograma generado por
el sistema.

Mezclar las fracciones que contienen la proteina pura. ldentificar dichas
fracciones con el cromatograma generado por el sistema durante la

cromatografia de afinidad.

a.2) Cromatografia de intercambio idnico:

Antes de comenzar, se equilibra la columna (5 ml) (HiTrap Q HP anion-exchange

column; GE Healthcare Life Sciences) con 10 CV de tampdn de unién A2 (Tabla 4.6.), a

un flujo de 5 ml/min. Posteriormente:

7.

10.

11.

12.

13.

Diluir 10 veces la muestra anterior (procedente del punto 6) con el tampdn de
union A2 (Tabla 4.6.), que se utilizara para la cromatografia de intercambio
idbnico. Con esta cromatografia se eliminard el imidazol e impurezas
procedentes de la cromatografia de afinidad.

Conectar la columna de intercambio idnico al equipo AKTA pure y cargar la
muestra, previamente preparada en el punto 7, en dicha columna a un flujo de
5 ml/min.

Lavar la columna con 10 CV de tampdn de unidn A2 (Tabla 4.6.) a un flujo de
5 ml/min.

Generar un gradiente entre 0 y 1 M de NaCl con 10 CV de una mezcla de
tampén A2 y B2 (a un flujo de 0,5 ml/min). Este paso se realiza para eluir la
proteina de interés (con carga negativa), que estd unida a los cationes sodio
(Na*) de la columna por interaccién con éstos.

Comprobar el grado de pureza de la proteina en las diferentes fracciones del
eluido mediante electroforesis SDS-PAGE (apartado 4.5.4.). Para ello, tomar
una alicuota de 20 ul de cada fraccidn del eluido en la que se haya identificado
la presencia de proteina a partir del cromatograma generado por el sistema.
Mezclar las fracciones que contienen la proteina pura. ldentificar dichas
fracciones con el cromatograma generado por el sistema durante la
cromatografia de intercambio iénico.

Intercambiar el tampdén en el que estd la proteina purificada (tampdn de

elucion B2, Tabla 4.6.) por el tampdn de unién A2 (sin cloruro de sodio, NaCl)
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14.

15.
16.

17.

(Tabla 4.6.). Para ello, concentrar la muestra de proteina pura por
centrifugacién con un filtro para centrifuga Millipore Amicon™ acoplado a un
tubo de centrifuga (ver especificaciones del fabricante). Concentrar la muestra
hasta un volumen final de 2 ml. Finalmente, mezclar los 2 ml de muestra de
proteina concentrada con 4 ml de tampdn A2.

Comprobar el grado de pureza de la proteina en el eluido mediante
electroforesis SDS-PAGE (seccién 4.5.4.).

Determinar la concentracién de proteina pura en el eluido (apartado 4.3.3.).
Realizar un espectro completo ultravioleta-visible (UV/Vis) de la proteina pura.
Para ello, 1 ml de muestra de proteina pura diluida se deposita en una cubeta
de cuarzo de 0,1 mm de longitud de paso, a continuacion, la cubeta se
introduce en el espectro para medir la absorbancia de la muestra.

Con los datos de absorbancia obtenidos de la muestra de proteina pura
mediante UV/Vis, se representan graficamente las unidades de absorbancia
(eje y) frente a la longitud de onda (eje x).

Preparar alicuotas de la proteina pura de 500 pl en tubos de microcentrifuga.
Congelar dichas alicuotas sumergiéndolas en nitrégeno liquido. Almacenarlas a

-80°C hasta su uso.

Una vez que finaliza la purificacién, afadir a las columnas de afinidad e

intercambio idnico etanol 20% para su conservacion a 4°C.

b) Purificacion de la proteina Flp-Hiss

Esta proteina se purificd mediante cromatografia de afinidad por iones metalicos

inmovilizados (IMAC) (a temperatura ambiente), seguida de una didlisis (a 4°C).

b.1) Cromatografia de afinidad:

En primer lugar, se prepara la columna. Se carga la columna de afinidad (5 ml) (Ni?*-

IMAC column; HiTrap Chelating HP, GE Healthcare Life Sciences) con 1 CV de NiSO4

0,2 M[a], se lava con 10 CV de tampdn de elucion D (Tabla 4.6.) para eliminar el exceso

de NiSO4 y se equilibra con 10 CV de tampdn de unidén C (Tabla 4.6.). Todos los pasos

se realizan a un flujo de 5 ml/min.

120



Materiales y métodos

@] Esta solucién se filtra usando un filtro de nitrato de celulosa de 0,45 um de tamafio

de poro (Sartorius), acoplado a una bomba de vacio.

Una vez preparada la columna se procede segun se detalla a continuacion:

1.

Filtrar el lisado de células con una unidad de filtracion Minisart® NML
(Sartorius) de 0,2 um de tamanio de poro.

Conectar la columna de afinidad al equipo AKTA pure y cargar el lisado de
células en dicha columna a un flujo de 5 ml/min.

Lavar la columna con 10 CV de tampdn C (Tabla 4.6.), a un flujo de 5 ml/min,
para eluir las proteinas que no se han unido a la columna.

Generar un gradiente lineal de imidazol (Sigma-Aldrich) de 25 a 500 mM con
10 CV de una mezcla de tampdn Cy D, a un flujo de 1 ml/min. Este paso se lleva
a cabo para eluir la proteina de interés, que estd unida al niquel de la columna
por la cola de histidina.

Comprobar el grado de pureza de la proteina en las diferentes fracciones del
eluido mediante electroforesis SDS-PAGE (seccién 4.5.4.). Para ello, tomar una
alicuota de 20 pl de cada fraccidn del eluido en la que se haya identificado la
presencia de proteina a partir del cromatograma generado por el sistema.
Mezclar las fracciones que contienen la proteina pura. ldentificar dichas
fracciones con el cromatograma generado por el sistema durante la

cromatografia de afinidad.

b.2) Didlisis:

Para retirar de la muestra final de proteina pura el imidazol, procedente de la
cromatografia de afinidad, y restos de contaminantes proteicos, se intercambia
mediante didlisis el tampdn en el que estd la proteina purificada (tampdn de
elucién D, Tabla 4.6.) por el tampdn de didlisis (Tabla 4.6.). Para la dialisis se usé

un casete con una membrana con un tamafio de poro de 10 kDa (Slide-A-Lyzer®

Dyalisis Cassettes -Thermo Scientific).
(7.1) Preparar 4 | de tampon de didlisis y enfriar a 4°C.

(7.2) Sumergir el casete de dialisis en el tampdn de dialisis durante 5 min.
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10.

11.

(7.3) Centrifugar a 13.000 r.p.m durante 10 min (4°C) la muestra de proteina
para comprobar que no ha precipitado.

(7.4) Inyectar la muestra de proteina, con ayuda de una aguja acoplada a una
jeringa, en el casete de dialisis. Seguir indicaciones del fabricante.

(7.5) Dejar el casete sumergido en el tampdn de dialisis durante una noche
con agitacién suave.

(7.6) Extraer del casete la muestra de proteina dializada. Seguir indicaciones
del fabricante.

(7.7) Comprobar mediante centrifugacion a 13.000 r.p.m durante 10 min
(4°C) si la proteina ha precipitado.

Comprobar el grado de pureza de la proteina mediante electroforesis SDS-

PAGE (apartado 4.5.4.).

Determinar la concentracién de proteina pura (seccién 4.3.3.).

Realizar un espectro de absorbancia completo (UV/Vis) de la proteina pura.

Para ello, 1 ml de muestra de proteina pura se deposita en una cubeta de

cuarzo de 0,1 mm de longitud de paso, a continuacion, la cubeta se introduce

en el espectro para medir la absorbancia de la muestra.

Con los datos de absorbancia obtenidos de la muestra de proteina pura

mediante UV/Vis, se representan graficamente las unidades de absorbancia

(eje y) frente a la longitud de onda (eje x).

Preparar alicuotas de la proteina pura de 500 pl en tubos de microcentrifuga.

Congelar dichas alicuotas sumergiéndolas en nitrégeno liquido. Almacenarlas a

-80°C hasta su uso.

Para el lavado de las bombas peristalticas del cromatégrafo (previo y posterior

a las purificaciones), asi como para la recogida de los eluidos, se siguieron las

indicaciones del fabricante del equipo de cromatografia liquida AKTA pure.
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4.5.4, Electroforesis y visualizacién de proteina en geles de poliacrilamida (SDS-

PAGE)
4.5.4.1. Preparacion de las muestras

- Andlisis de la fraccion soluble procedente del proceso de sobreexpresion de proteina:
se toma una alicuota de 1 ml de células, se centrifuga a 13.000 r.p.m. durante 5 min
(temperatura ambiente) y, seguidamente, se resuspende cada unidad de densidad
Optica en 100 ul de tampdn de carga (Tabla 4.6.), para que la proteina sea equiparable

en cada muestra analizada.

- Andlisis de la fraccion soluble en todas las etapas de purificacion de proteina: se

tomaron 20 ul de cada fraccidn y se mezclaron con tampdn de carga (Tabla 4.6.).

Todas las muestras se calentaron a 95°C durante 5 min y, a continuacién, se
centrifugaron a 13.000 r.p.m. durante 5 min (temperatura ambiente) antes de

cargarlas en el gel.
4.5.4.2. Electroforesis de proteina en geles de poliacrilamida

Para la preparacion de los geles de poliacrilamida se utilizé el material incluido en el
sistema Mini-Protean Tetra Handcast (Bio-Rad) (apartado 4.3.4.1.). Los geles
empleados eran de 1 mm de grosor y la concentracién de poliacrilamida fue del 14%

para el gel de resolucidn y del 4% para el de empaquetado (Tabla 4.6.).

En cada carril se cargaron 10 ul de cada muestra. En un carril se cargaron 5 ul

de marcador de peso molecular PageRuler Plus Prestained Protein Ladder (Thermo).

La electroforesis se desarrollé a un voltaje constante de 180 V, a temperatura

ambiente, hasta que el frente alcanzé el final del gel.

4.5.4.3. Visualizacidon de proteinas en geles de poliacrilamida con azul de

Coomassie

Después de la electroforesis, las proteinas se detectaron mediante tincion con Azul de
Coomassie. Para ello, el gel de poliacrilamida se incubd en solucion de Coomassie
(Tabla 4.6.) durante 15 min. Posteriormente, el gel se lavd con una solucién de

desteiido (Tabla 4.6.) durante 2 h y, por ultimo, con H,O destilada. Para el revelado de
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los geles se utilizo el sistema GelDoc XR (Bio-Rad) y el software de analisis de imagen

Quantity One (Bio-Rad) e Imagelab (Bio-Rad) (Tabla 4.10.).
4.6. Técnicas espectroscdpicas: ensayos in vitro

El procedimiento llevado a cabo para los ensayos in vitro de interacciéon de proteinas
puras mediante UV/Vis se ha desarrollado en este trabajo. Las muestras se prepararon
en una cadmara de anaerobiosis UnilabP'“s ECO mBRAUN con una atmdsfera de N en la
que la concentracion de O; era <0,5 ppm. Las muestras se prepararon en una cubeta
de cuarzo de 0,1 mm de longitud de paso cerrada con un tapén de goma perforable, el
tapon se sellé6 con pelicula autosellante. Posteriormente, se midié el espectro
completo UV/Vis (250-800 nm) de las muestras en un espectrofotémetro (VARIAN
Cary4000).

a) Estudio de la capacidad de la proteina Flp de reducir a la proteina Bjgb:

Para ensayar la capacidad de la proteina Flp de actuar como donador fisiolégico de

electrones de la proteina Bjgb se siguid el siguiente protocolo:

1.- Reconstituir la proteina Flp (concentracion en la muestra final de 10 uM) con el
cofactor flavin adenin dinucleétido (FAD) (concentracién en la muestra final de 10 uM).
Afadir la proteina Bjgb (concentracidon en la muestra final de 10 uM) en su forma

férrica. Para ello, adicionar a la cubeta de cuarzo en el siguiente orden:
- 970 pl de proteina Flp (10 uM)
- 10 pl FAD (1 mM)
- 10 ul proteina Bjgb (1 mM)

Cerrar la cubeta con un tapdn de goma perforable y sellar el tapdn con pelicula
autosellante. Mezclar con suavidad por inversiéon 4-5 veces. Obtener un espectro

completo UV/Vis de la muestra.

2.- Adicionar a la muestra anterior 10 ul de un stock de nicotinamida adenina
dinucledtida (NADH) a 0,5 mM, siendo la concentracién final de NADH en la muestra

5 uM. EI NADH actia como poder reductor.
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Cerrar la cubeta con un tapon de goma perforable y sellar el tapdn con pelicula
autosellante. Mezclar con suavidad por inversion 4-5 veces. Obtener un espectro

completo UV/Vis de la muestra.

3.- Preparar 7 muestras iguales a las preparadas en los pasos 1 y 2, modificando la

concentracion final de NADH (10, 15, 20, 25, 30, 35 y 40 uM) en cada muestra.
Obtener un espectro completo UV/Vis de cada una de las 7 muestras.

Los espectros de las diferentes muestras se obtuvieron frente a un blanco

(tampon de dialisis, Tabla 4.6.).

b) Estudio de la capacidad de unién del NO al grupo hemo reducido de la proteina

Bjgb:

1.- Afiadir a la cubeta de cuarzo la proteina Bjgb en tampdn de didlisis (concentracion
en la muestra final de 10 uM) y ditionito sddico (concentracion en la muestra final de
50 uM). El ditionito actia como donador quimico de electrones. Para ello, adicionar a

la cubeta de cuarzo en el siguiente orden:
- 970 pl de tampdn de dialisis
- 10 ul proteina Bjgb (1 mM)
- 10 pl ditionito sédico (5 mM)

Cerrar la cubeta con un tapdn de goma perforable y sellar el tapdn con pelicula
autosellante. Mezclar con suavidad por inversion 4-5 veces. Obtener un espectro

completo UV/Vis de la muestra.

2.- Adicionar a la muestra anterior 10 pl de un stock de NO a 5 mM (seccién 4.1.7.),

siendo la concentracidn final de NO en la muestra 50 uM.

Cerrar la cubeta con tapdon de goma perforable y sellar el tapdn con pelicula
autosellante. Mezclar con suavidad por inversion 4-5 veces. Obtener un espectro

completo UV/Vis de la muestra.

Repetir el ensayo anterior sustituyendo el ditionito sddico (donador quimico de

electrones) por la proteina Flp (donador fisiolégico de electrones):
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1.- Reconstituir la proteina Flp (concentracion en la muestra final de 10 uM) con el
cofactor flavin adenin dinucleétido (FAD) (concentracion en la muestra final de 10 uM).
Afadir la proteina Bjgb (concentracién en la muestra final de 10 uM) y NADH
(concentracion en la muestra final de 5 uM). Para ello, adicionar a la cubeta de cuarzo

en el siguiente orden:
- 960 pl de proteina Flp (10 uM)
- 10 pl FAD (1 mM)
- 10 pl proteina Bjgb (1 mM)
- 10 pl NADH (0,5 mM)

Cerrar la cubeta con tapén de goma perforable y sellar el tapdn con pelicula
autosellante. Mezclar con suavidad por inversiéon 4-5 veces. Obtener un espectro

completo UV/Vis de la muestra.

2.- Adicionar a la muestra anterior 10 pl de un stock de NO a 5 mM (apartado 4.1.7.),

siendo la concentracidn final de NO en la muestra 50 uM.

Cerrar cubeta con tapdn de goma perforable y sellar con pelicula autosellante.
Mezclar con suavidad por inversidn 4-5 veces. Obtener un espectro completo UV/Vis

de la muestra.

Los espectros de las diferentes muestras se obtuvieron frente a un blanco

(tampon de dialisis, Tabla 4.6.).

Finalmente, con los datos de absorbancia obtenidos de cada muestra analizada
mediante UV/Vis, se representaron graficamente las unidades de absorbancia (eje y)

frente a la longitud de onda (eje x).
4.7. Inoculacién y cultivo de plantas de soja con B. diazoefficiens

4.7.1. Esterilizaciéon y germinacion de semillas de soja

Para la esterilizacién superficial y germinacién de las semillas de soja se siguié el
protocolo que se detalla a continuacidn, el cual se ha puesto a punto en nuestro grupo

de investigacion:
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1.- Colocar las semillas que se deseen esterilizar en un matraz de 500 ml, previamente

autoclavado. No esterilizar mas de 200 semillas por matraz.

2.- Sumergir las semillas en 100 ml de etanol absoluto durante 5 min. Agitar el matraz

durante este tiempo. Eliminar el etanol.

3.- Sumergir las semillas en 100 ml de H20; al 30% (v/v) durante 15 min. Agitar el

matraz durante este tiempo. Eliminar el H,0.

4.- Lavar las semillas 10 veces con 100 ml de H,O destilada (en cada lavado) y
estéril (1-2 min/lavado).

5.- Colocar las semillas en placas Petri que contienen 25 ml de agar-H,0 (1%) (p/v) (8-9
semillas/placa).

6.- Geminar las semillas en oscuridad a 30°C durante 72 h.

Todos los pasos anteriores se realizan en condiciones de esterilidad, en una

cabina de flujo laminar.
4.7.2. Soluciones nutritivas para el cultivo de las plantas

Se empled una solucién mineral derivada de la descrita por Rigaud y Puppo (1975), con

la siguiente composicion:

- Macroelementos (por litro de agua): KH,PO4, 68 mg; KoHPO4, 44 mg; SOsMg-7H,0,
123 mg; K504, 174 mg; SO4Ca, 173 mg; EDTA Férrico (Secuestrene), 25 mg.

- Microelementos (por litro de agua): MoOsNa;-2H,0, 0,11 mg; BOsHs, 2,85 mg;
S04Mn-4H;0, 3,07 mg; SO4Zn-7H,0, 0,55 mg; SO4Cu-5H,0, 0,2 mg.

La solucidn se esterilizé en autoclave a 121°C durante 30 min. Para las plantas
cultivadas con nitrato (NOs7), se adicion6 a la solucién nutritiva 4 mM de nitrato de

potasio (KNOs).
4.7.3. Cultivo de las plantas en jarras Leonard

Las semillas de soja germinadas se plantaron en jarras Leonard (Leonard, 1943). La
jarra Leonard estaba formada por dos componentes: una base de vidrio (inferior) y una
botella de vidrio invertida (superior). La base contenia 0,5 | de solucion nutritiva de

Rigaud y Puppo modificada y la parte superior se rellené de vermiculita (que retiene la
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humedad y los nutrientes). La parte superior también contenia una tira doble de papel

de filtro, que sobresalia por la parte inferior de la botella, entrando en contacto con la
solucién nutritiva de las pIantasm. En cada jarra Leonard se sembraron dos plantulas

que se inocularon en el momento de la siembra con 1 ml de suspension de la cepa

bacteriana adecuada de B. diazoefficiens (108 células/ml inéculo) (Figura 4.1.).

Posteriormente, las plantulas se cubrieron con vermiculita y sobre la
vermiculita se depositdé una fina capa de perlita (previamente autoclavada), que evita
la contaminacidon ambiental y refleja la luz, evitando un calentamiento excesivo de las
semillas que pudiera provocar una alteracién de su desarrollo. Las jarras se

envolvieron en papel opaco a la luz, para proteger a las raices de la luz (Figura 4.1.).

Semillas de soja inoculadas
Perlita con B. diazoefficiens

: !x .
L JET ., E |t
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= i
is
0,'+. ","
o‘+ "
'l - L]

‘/ papel opaco

Vermiculita
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| < Solucid tritiva
_ —~———__ Solucion nutri
Papel de filtro (+/-) nitrato (4 mM)

Figura 4.1. Jarra Leonard para el cultivo de plantas de soja. Jarra Leonard que contiene dos
semillas de soja, cada una inoculada con 1 ml de suspension bacteriana de la cepa bacteriana
de B. diazoefficiens correspondiente.

Las jarras Leonard se trasladaron a una camara de crecimiento de plantas, que
tenia las condiciones ambientales controladas: ciclo dia/noche de 16/8 h, 26/22°C de
temperaturas dia/noche y una densidad de flujo de fotones fotosintéticos de 128-
148 umol fotones x m? x s, Las plantas se cosecharon a los 35 dias después de la

inoculacion.
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1 Una vez preparadas las jarras Leonard, se esterilizaron (sin solucion mineral) en

autoclave a 121°C durante 40 min. La soluciéon mineral, previamente autoclavada, se

anadio en el momento de la siembra en condiciones de esterilidad.
4.7.4. Tratamientos de las plantas

Como se menciona anteriormente, cuando las plantas se trataron con NOs’, la soluciéon
nutritiva se suplementé con 4 mM de KNOs. Después de 28 dias de crecimiento, un
conjunto de plantas se sometid a encharcamiento durante 7 dias. Para ello, las plantas
se sacaron de la parte superior de la jarra Leonard y se colocaron en la base de la jarra.
La base se llené al limite de su capacidad con solucién nutritiva con o sin NOs’, de
forma que las raices y los nddulos quedaron cubiertos por dicha solucién, segin se
describe en Sanchez et al. (2010) (Figura 4.2.B.). Las plantas no sometidas a

encharcamiento se cultivaron durante todo tiempo en jarras Leonard (Figura 4.2.A.).

(A) (B)

No encharcamiento Encharcamiento

Perlita

Envuelta en
papel opaco
Vermiculita

™~ Nodulos -

Papel de filtro =

Solucion nutritiva (+/-) nitrato (4 mM)

Figura 4.2. Jarras Leonard con plantas de soja noduladas. A. Tratamiento sin encharcamiento
y B. Tratamiento con encharcamiento.
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Para la determinacién del contenido de N de la planta proveniente de la fijacion
bioldgica de N, las plantas se trataron con 4 mM KNOs; marcado con >N (Potassium
nitrate-°N; 5 atom% *°N). Para ello, el KNO3 marcado se adiciond a la solucién mineral

en el momento de su preparacion.

Tras el periodo de cultivo, las plantas se cosecharon de las jarras Leonard, la
vermiculita se lavd de las raices con abundante H;0 y se secaron con papel de filtro.
Por un lado, se cosecharon los nédulos para realizar las diferentes determinaciones vy,
por otro lado, se llevd a cabo un andlisis de los parametros fisiolégicos de las plantas

de soja.
4.7.5. Cosecha de nddulos

Para la determinacion de la actividad reductora de acetileno (ARA) y produccion de NO
y N20 por los nédulos, éstos se separaron de las raices de las plantas de soja e,
inmediatamente, se prepararon las diferentes muestras para dichos analisis, que se
realizaron el mismo dia de la cosecha de los nédulos. Para el resto de determinaciones,
los nédulos se cosecharon, se prepararon alicuotas de los mismos en tubos de
centrifuga e, inmediatamente, se congelaron sumergiendo los tubos en nitrégeno

liqguido. Se conservaron a -80°C hasta su empleo para las diferentes determinaciones.
4.8. Determinacion de los pardmetros fisiolégicos de las plantas de soja

4.8.1. Numero de nddulos, peso seco de nédulos y peso seco de planta

El dia de la cosecha se cuantificé el numero de nédulos por planta (NNP). También se
determind el peso seco de nédulos por planta (PSNP) y el peso seco de planta (PSP).
Para la determinacidon del PSNP y del PSP, los nédulos y las plantas se secaron en una

estufa a 70°C durante 3 dias y, posteriormente, se pesaron.
EI PSNP se expresd en gramos / planta: (g x planta). EI PSP se expresé en gramos (g).
4.8.2. Contenido en N total y del N proveniente de la fijacion bioldgica de N3

Para la determinacion del contenido en N total y N de la fijacidon bioldgica de N, se
siguié el procedimiento descrito en Sdnchez et al. (2011b). Estos andlisis se realizaron
por el servicio de ‘Andlisis de Nitrégeno y Carbono’ de la Estacién Experimental del

Zaidin (Consejo Superior de Investigaciones Cientificas), Granada, Espaia, y por el
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grupo de investigacion de ‘Biogeoquimica de Isdtopos Estables’ del Instituto Andaluz
de Ciencias de la Tierra (Consejo Superior de Investigaciones Cientificas), Granada,
Espafia, respectivamente. En primer lugar, las plantas de soja (la parte aérea sin las
raices), secadas en una estufa a 70°C durante 3 dias, se pesaron y se molieron en un
molino IKA A 11 (Rose Scientific Ltd., Alberta, Canada). A continuacidn, se pesaron
muestras de 3 mg y se analizaron para cuantificar su contenido en N total (TN) y el
enriquecimiento en N-15 (%atomos de >N en exceso). Para ello, se usé un analizador
elemental (EA1500 NC, Carlo Erba, Milan, Italy) combinado con un espectrometro de

masas de relacidn isotépica (Delta Plus XL, ThermoQuest, Bremen, Germany).
Los valores de TN se expresaron en mg de N/ g de planta: (mg N x g'%).

La proporcién de N derivado del N, atmosférico (%Ndfa) se calculé como:

%Nfda = 100 x [1 — (A/B)]

Donde:
A = %atomos de °N en exceso en plantas inoculadas
B = %atomos de >N en exceso en plantas no inoculadas

%Atomos de 15N en exceso = %atomos de 1°N en el tratamiento marcado -

%atomos de 1°N en el tratamiento no marcado

Para calcular el %atomos de *°N en exceso, un conjunto de plantas se mantuvo
en condiciones de fijacion de N, para obtener el %atomos de °N del tratamiento no

marcado.

El contenido de N; fijado (FN) se calculé como:

FN = (%Ndfa x TN)/100

El FN se expresé como mg de N fijado /g de planta: (mg N x g1).

4.9. Determinaciones analiticas y enzimaticas en nddulos de soja

Las determinaciones andliticas y enzimaticas que se detallan a continuacién se llevaron

a cabo en los nddulos procedentes de 15-20 plantas de cada tratamiento.
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4.9.1. Actividad reductora de acetileno de los nédulos

La fijacidon de N; se determiné como produccion de etileno por la nitrogenasa a partir
de acetileno, es decir, como actividad reductora de acetileno (ARA). Para la
determinacién de ARA en nddulos de soja, éstos se incubaron en viales de 20 ml
cerrados herméticamente (SUPELCO®) y, posteriormente, se cuantifico el etileno (C2Ha)
producido en el espacio de cabeza de los viales a lo largo del tiempo mediante
cromatografia gaseosa. Para ello, se siguié la metodologia establecida en nuestro

grupo de investigacion, que consiste en:

1.- Introducir en la base de cada vial un pequefo papel de filtro. Tarar los viales (sin el
tapon y con el papel de filtro incorporado) para calcular, posteriormente, el peso

fresco de los nédulos por vial.

2.- Introducir entre 20-30 nddulos por vial. Pesar los viales para saber el peso fresco de

ndédulos en cada uno de ellos.

3.- Humedecer el papel de filtro de cada vial con 100 pl de solucién nutritiva de plantas
con 4 mM KNOs, para mantener la humedad de este sistema cerrado. Cerrar el vial

herméticamente con un tampdn que incorpora goma perforable.

4.- Aiadir 1 ml de acetileno puro a cada vial. Incubar los viales a 30°C y en oscuridad.

En este momento comienza la incubacién (tiempo 0).

5.- Analizar las muestras gaseosas en el cromatégrafo[a] transcurridas 2 h desde el

inicio de la incubacién (T1). Para ello, tomar una alicuota de 0,5 ml del espacio gaseoso

del vial e inyectar en el cromatdgrafo.

6.- Una vez realizadas las medidas correspondientes al T1 de todos los viales, volver a

incubar los viales a 30°C y en oscuridad.

7.- Analizar las muestras gaseosas en el cromatégrafo transcurridas 4 h desde el inicio
de la incubacidn (T2). Para ello, tomar una alicuota de 0,5 ml del espacio gaseoso del

vial e inyectar en el cromatégrafo.

8.- Calcular el ARA determinando el incremento en la produccién de etileno en el
espacio de cabeza de cada vial. La emisidén de etileno se mide en el rango lineal de

produccién de etileno, que se comprueba previamente al representar graficamente los
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valores obtenidos en funcién del tiempo. En nuestro caso, este rango estaba
comprendido entre el tiempo de incubacion T1 (2 h) y el tiempo de incubacién T2 (4 h),

y se calculé como: A C;Ha nmol (4-2 h) / A tiempo (4-2 h).
Los valores de ARA se expresaron como: [nmol CaHs producidos x mint x (g PFN)™].

31 | a5 muestras se inyectaron en un cromatdgrafo de gases Hewlett Packard modelo
5890, equipado con detector de ionizacion de llama y una columna metalica (180 cm x
3,2 mm) empaquetada con Porapak Q de 80-100 mesh. Las temperaturas del horno,
inyector y detector fueron 60, 90 y 110°C, respectivamente. Como gas portador se
empled N2 a un flujo de 60 ml/min. Los picos de etileno se identificaron por
comparacion con el correspondiente patrén. La concentracidon de etileno en cada
muestra se calculé tomando como referencia la curva patrén, construida con

volumenes conocidos de etileno.
4.9.2. Contenido de leghemoglobina en los nédulos

El contenido de leghemoglobina (Lb) en los ndédulos se cuantifico6 mediante

fluorimetria, siguiendo el protocolo descrito por Sdnchez et al. (2010), que consiste en:

1.- Homogeneizar 0,3 g de nddulos en 6 ml de medio de extraccién de Lb (Tabla 4.6.)
suplementado con 0,1 g de polivinilpolipirrolidona (PVPP). Enfriar previamente el

mortero y el medio de extraccién de Lb.
2.- Centrifugar el extracto resultante a 14.000 r.p.m. durante 20 min a 4°C.

3.- Tomar alicuotas de 50 pul del sobrenadante y afadir 3,15 ml de una solucién
saturada de acido oxalico (6,6 g/100 ml) en tubos de cristal con rosca de 17 ml.
Preparar cuatro alicuotas de cada muestra: tres seran réplicas analiticas y una sera el

control, que no se autoclava.

4.- Calentar las muestras a 120°C durante 30 min en un autoclave.

5.- Enfriar las muestras a temperatura ambiente.

6.- Determinar la fluorescencia emitida por los grupos hemo de las soluciones.

Para la medida de la fluorescencia se empleé un fluorimetro Shimadzu

(Shimadzu Scientific Instruments, Kyoto, Japan) equipado con una ldampara xendn-
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mercurio y un fotomultiplicador sensible al rojo, RF-540. La longitud de onda de

excitacion fue de 405 nm vy la del selector monocromatico de emisién de 650 nm.

Las diferencias existentes entre los valores de la fluorescencia emitidos por las
muestras control (no calentadas) y calentadas son proporcionales a la cantidad de
hemoproteinas existentes y, por tanto, indicativo de la cantidad de leghemoglobina en
las muestras. El contenido de Lb en cada muestra se calculé usando como referencia

una curva patrén construida a partir de hemoglobina de plasma humano.
El contenido de Lb se expresé como: [mg Lb x (g PFN)].
4.9.3. Aislamiento de bacteroides de los nédulos

El aislamiento de los bacteroides de los nddulos de soja se realizd segun el protocolo

gue se presenta a continuacion (Arrese-lgor et al., 1998):
1.- Colocar ~1 g de nédulos en un mortero previamente enfriado en hielo.

2.- Homogeneizar los nédulos con 7 ml de tampdn de extraccidon de bacteroides (Tabla

4.6.).

3.- Filtrar el homogenado a través de 4 capas de gasa hidroéfila para eliminar los restos

de células vegetales. Centrifugar a 1.500 r.p.m. durante 5 min a 4°C.

4.- Centrifugar de nuevo el sobrenadante a 8.000 r.p.m. durante 10 min a 4°C, para

obtener el pellet de bacteroides.

5.- Lavar dos veces el precipitado (bacteroides) con 30 ml de tampdn Tris-HCl 50 mM

(pH 7,5).

6.- Resuspender el pellet de bacteroides en 1,5 ml del mismo tampdn empleado en el

paso anterior.
4.9.4. Lisado de bacteroides

La metodologia para el lisado de bacteroides se ha puesto a punto en esta Tesis
Doctoral. Para ello, se partié de una resuspensién que contenia bacteriodes aislados,
obtenida como se detalla en la seccidn 4.9.3. Para el fraccionamiento de los
bacteroides se usd una prensa de French (SLM). Antes de la rotura de los bacteroides,

la célula de la prensa se preenfri6 manteniéndola en una camara frigorifica. Se
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procedid al ensamblaje de la célula de la prensa, que consta de piston, émbolo, tapa,
llave y grifo. A continuacidn, se aplicé la suspension de bacteroides en la célula de la
prensa y se procedid al lisado de los mismos aplicando una presién constante de
120 MPa, dejando salir la suspensién lentamente por el grifo. Este proceso se repitid

tres veces.

El extracto celular resultante se centrifugd a 8.000 x g (10 min, 4°C) para
sedimentar restos celulares y bacteroides que no se habian roto. El sobrenadante se

utilizé para las determinaciones analiticas.
4.9.5. Deteccién de NO en los nédulos

La deteccién de NO en los nddulos se realizé mediante fluorescencia, siguiendo el
método descrito por Nagata et al. (2008) con algunas modificaciones. El protocolo

utilizado consistid en:

1.- Introducir 5 nédulos por tubo (tubo de 17 ml provisto con tampdn de rosca). Elegir
5 nddulos que tengan un tamafo similar. Preparar dos series de tubos por cepa y
tratamiento: uno para el tratamiento con el fluoréforo y otro para el tratamiento con

H,0 desionizada.

Con el tratamiento con el fluoréforo se detecta la fluorescencia emitida por la
autofluorescencia del nédulo y la debida a la unidén especifica entre el NO y el
fluoréforo. Mientras que con el tratamiento con H,O desionizada se detecta sélo la

autofluorescencia del nédulo.

2.- Afadir 200 pl de una solucion 7 uM de diacetato de 4,5-diaminofluoresceina (DAF-

2DA) por tubo (tratamiento con fluoréforo).

Adionar 200 ul de una solucion 7 uM de diacetato de 4,5-diaminofluoresceina (DAF-

2DA) a un tubo sin nddulos (se usara como blanco).
3.- Afiadir 200 ul de H,0 desionizada por tubo (tratamiento con H,0 desionizada).

4.- Cerrar todos los tubos e incubar a 30°C en agitacién (170 r.p.m) durante 2 h en

oscuridad.
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5.- Transferir la solucion de DAF-2DA y H;0 desionizada de cada tubo a un tubo de
microcentrigufa. Mantener los tubos de microcentrigufa en hielo y preservados de la

luz.

6.- Para la medida de la fluorescencia, se adiciona 120 pl de la solucién DAF-2DA/H,0
desionizada a una cubeta de cuarzo de 10 mm de longitud de paso. A continuacion, se
determinan las unidades relativas de fluorescencia de la solucién DAF-2DA/H,0
desionizada empleando un fluorimetro MD-5020 Photon Technology International
(Birmingham, NJ, U.S.A.) con una longitud de onda de 495 nm de excitacién y 515 nm

de emisién (2 nm de amplitud de banda).

7.- Secar los nédulos en una estufa a 70°C durante 3 dias. Pesar los nddulos (peso seco

de nddulos).

A las unidades de fluorescencia (RFU) emitidas por la solucion 7 uM de DAF-
2DA incubada con nédulos se les resté el blanco, es decir, la fluorescencia emitida por
la solucién 7 uM de DAF-2DA (tubo sin nédulos con 200 pl de soluciéon 7 uM de DAF-
2DA). Al ultimo valor obtenido se le restd la autofluorescencia del nédulo, esto es, la
fluorescencia emitida por los ndédulos incubados en H;O (tubo con nddulos

conteniendo 200 pl de H,0 desionizada).

La acumulacion de NO en los nédulos se expresé como unidades relativas de

fluorescencia (RFU) / mg de peso seco de nédulo (PSN): [RFU x (mg PSN)™].
4.9.6. Tratamiento de los nédulos con un secuestrador de NO

Para confirmar que la fluorescencia detectada con el fluoréforo DAF-2DA era debido al
NO, los nédulos se trataron con un secuestrador de NO, de acuerdo a la metodologia

descrita por Shimoda et al. (2009), modificada como se indica a continuacién:

1.- Introducir 5 nédulos por tubo (tubo de 17 ml provisto con tampdn de rosca). Elegir

5 ndédulos que tengan un tamaio similar.

2.- Afadir 200 pl de una solucién 3 mM de 2-[4-carboxifenil]-4,4,5,5-
tetrametilimidazolina-1-oxil-3-6xido (c-PTIO) por tubo. Cerrar los tubos e incubar a

30°C en agitacion (170 r.p.m) durante 1 h en oscuridad.
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3.- Retirar el c-PTIO y anadir 200 pl de una solucion 7 uM de diacetato de 4,5-
diaminofluoresceina (DAF-2DA) por tubo. Cerrar los tubos e incubar a 30°C en

agitacién (170 r.p.m) durante 2 h en oscuridad.

4.- Transferir la solucion de DAF-2DA de cada tubo a un tubo de microcentrigufa.

Mantener los tubos de microcentrigufa en hielo y preservados de la luz.

5.- Para la medida de la fluorescencia, se adicioné 120 pl de la solucién DAF-2DA a una
cubeta de cuarzo de 10 mm de longitud de paso. A continuacién, se determinan las
unidades relativas de fluorescencia de la solucion DAF-2DA empleando un fluorimetro
con una longitud de onda de 495 nm de excitacién y 515 nm de emisién (2 nm de

amplitud de banda).

6.- Secar los nddulos en una estufa a 70°C durante 3 dias. Pesar los nddulos (peso seco

de nddulos).

Los valores de fluorescencia obtenidos en el fluorimetro se trataron como se
detalla en el apartado 4.9.5. La acumulacidon de NO se expresd como unidades relativas

de fluorescencia (RFU) / mg de peso seco de nddulo (PSN): [RFU x (mg PSN)™1].
4.9.7. Produccién de N2O por los ndédulos

Para determinar la produccién de N,O por los nédulos de soja, éstos se incubaron en
viales de 20 ml cerrados herméticamente (SUPELCO®) y, posteriormente, se cuantificd
el N2O producido en el espacio de cabeza de los viales a lo largo del tiempo mediante
cromatografia gaseosa (seccion 4.3.1.). Para ello, se siguié el método descrito por

Tortosa et al. (2015) con algunas modificaciones, y consistio en:

1.- Colocar entre 20-30 nédulos por vial (cerrados herméticamente y provistos con un
tampon que incorpora goma perforable) que contiene 100 ul (para nddulos
procedentes del tratamiento sin encharcamiento) o 5 ml (para ndédulos procedentes

del tratamiento con encharcamiento) de solucion nutritiva de plantas con 4 mM KNOs.

2.- Afnadir acetileno 10% (v/v) en cada vial para inhibir la enzima O6xido nitroso

reductasa (Yoshinari y Knowles, 1976).

3.- Incubar los viales a 30°C y en oscuridad. En este momento comienza la incubacién

(tiempo 0).
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4.- Tomar una alicuota de 1 ml del espacio gaseoso del vial e inyectar en el

cromatdgrafo transcurridas 4 h desde el inicio de la incubacién (T1).

5.- Una vez realizadas las medidas correspondientes al T1 de todos los viales, volver a

incubar los viales a 30°C y en oscuridad.

6.- Tomar una alicuota de 1 ml del espacio gaseoso del vial e inyectar en el

cromatdgrafo transcurridas 6 h desde el inicio de la incubacién (T2).

7.- Calcular la produccién de N;O en el rango lineal de produccién del mismo, que

estaba comprendido entre las 4 y las 6 h, y se calculé como:

A concentracién molar de N0 (6-4 h) / A tiempo (6-4 h)

Los resultados se expresaron como: [nmol N2O producidos x h'! x (g PSN)™].
4.9.8. Actividad nitrato reductasa de los bacteroides

Previamente a la determinacion de la actividad nitrato reductasa (NR), se procede al

aislamiento de los bacteroides. Para ello se procedié de la siguiente manera:
1.- Colocar ~1 g de nédulos en un mortero preenfriado en hielo.

2.- Aislar los bacteroides segun el protocolo descrito en la seccidon 4.9.3. Determinar el
contenido de nitrito (NO2’) en el sobrenadante obtenido después de cada lavado (ver
descripcién de determinacion de NO; al final de este apartado). Resuspender el pellet
de bacteroides con tampdn Tris-HCI 50 mM (pH 7,5), guardar una alicuota de

suspension de bacteroides para determinar proteina (seccion 4.3.3.).

3.- Determinar la actividad NR siguiendo el procedimiento descrito por Delgado et al.

(1992), que consiste en:

(3.1) Mezclar 250 pl de mezcla NR (Tabla 4.6.) con 100 pl de suspension de

bacteroides (0,3-0,5 mg de proteina).

(3.2) Comenzar la reaccién anadiendo a la mezcla anterior 50 pl de ditionito sédico
46 mM en Tris-HCI 500 mM (pH 7,5). Mezclar suavemente y colocar los tubos a
30°C.

(3.3) Mantener la reaccién a 30°C durante 15-30 min, en este tiempo la coloracién

azul de la mezcla de reaccién no debe desaparecer. La reaccidn se detiene agitando
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mediante vértex los tubos hasta que el color azul desaparece. Para obtener los
controles, las mezclas de reaccién se agitan mediante vortex en el momento de la

adicién del ditionito sédico para conseguir su completa oxidacidn.

Una vez que la reaccién se detiene, en ausencia completa de la coloracién azul
de los tubos, se determina el NO, presente en cada tubo. Para la valoracion del NO2
se empled la reaccion de diazotaciéon de Griess-Yllosway, esta reaccidén utiliza la
sulfanilamida y el acido N-naftil-etilén-diamino (NNEDA) como reactivos. A un volumen
de muestra se afiaden volimenes iguales de sulfanilamida y de NNEDA (Tabla 4.6.).
Agitar e incubar a temperatura ambiente durante 20 min. Posteriormente, se mide la
absorbancia a DOssonm Yy se ajusta a una curva patrén preparada a partir de

concentraciones conocidas de nitrito sddico (NaNO,).
Los resultados se expresaron como: [nmol NO, producidos x min't x (mg proteina)™].
4.9.10. Contenido de amonio en los bacteroides

Para la medida del contenido de amonio (NH4*) en los bacteroides, se empleé ~1 g de
nddulos de cada cepa y tratamiento. Previamente a la determinacién de NH4*, se llevd
a cabo el aislamiento (seccién 4.9.3.) y lisado (seccién 4.9.4.) de los bacteroides. El
contenido de NHs* se midid siguiendo el método descrito por Witte y Medina-Escobar

(2001) con algunas modificaciones, y consistio en:

1.- Tomar 400 ul de la fraccidn soluble de bacteroide y depositar en un tubo de

microcentrifuga.

2.- Afadir 100 ul de solucion de fenol-nitroprusiato y 200 ul de solucién de hipoclorito

(Tabla 4.6.). Cerrar el tubo y mezclar por inversion.
3.- Incubar a 50°C durante 20 min.
4.- Medir la absorbancia a 639 nm.

El contenido de NH4* se calculd por referencia a la curva patrén, construida con
concentraciones conocidas de cloruro de amonio (NH4Cl). Los valores de NHi* se

expresaron como: [UM NHs* x (g PFN)™].
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4.10. Estadistica

Para los parametros analizados estadisticamente, se realizaron andlisis estadisticos
descriptivos (media y desviacion estandar) y se comprobd que los datos seguian una
distribucién normal. Los andlisis de varianza (ANOVA) para los tratamientos que
utilizan el test de post-hoc Tukey-Kramer (P < 0,05) se usaron como analisis
estadisticos inferenciales empleando el software abierto GNU-PSPP v0.9.0 (disponible

en https://www.gnu.org/software/pspp/).
4.11. Métodos bioinformaticos

Las herramientas bioinformaticas empleadas en el desarrollo de esta Tesis Doctoral se

presentan en la siguiente tabla (Tabla 4.10.):

Tabla 4.10. Programas bioinformaticos.

Programa Descripcién Referencia
BLAST
(Basic Local Programa para alinear secuencias de ADN, ARN o | Altschul et al.
Alignment Search proteinas, basado en la base de datos del NCBI (1990)
Tool)

Programa para la simulacion de clonajes, Sci-Ed

ci-
Clone Manager restricciones, representacion grafica de pldsmidos y
oL ] . Software

disefio de oligonucledtidos

Programa para el alineamiento multiple de Thompson
Clustal W )

secuencias et al. (1994)

Programa para andlisis de imagen de geles de ADN o .
Imagelab . Bio-Rad

proteina

Programa para la obtencién, andlisis y cuantificacion
Quantity One de imagen de geles obtenidas por equipos de Bio- Bio-Rad

Rad
iQ5 Optical System Software para la adquisicién y andlisis de los datos Bio-Rad

| -

Software
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5. RESULTS

5.1. The Bradyrhizobium diazoefficiens single domain haemoglobin Bjgb binds

NO

5.1.1. Abstract

B. diazoefficiens is a soil bacterium that establishes Nj-fixing symbiotic associations
with soybean plants. This bacterium is also able to denitrify and grow under free-living
conditions with NOs™ or NO2™ as the sole N source. In addition to the denitrification
pathway, B. diazoefficiens possesses an integrated system for NO3™ assimilation and NO
detoxification, encoded by the narK-bjgb-flo-nasC operon. This cluster codes for a
putative haemoglobin (Bjgb), an assimilatory nitrate reductase (NasC), a NO3/NOy
transporter (NarK) and an FAD-dependent NAD(P)H oxidoreductase (Flp) (Cabrera et
al., 2016).

Bjgb shares 37 and 32% amino acid identity with sdHbs from V. stercoraria
(Vgb) and C. jejuni (Cgb), respectively, that have been implicated in NO detoxification.
Bjgb also showed 34, 35 and 33% identity with the haem-binding domain of fHbs from
E. coli, S. Typhimurium and E. meliloti 1021, respectively, but it does not possess the
binding sites for FAD and NAD(P)H typical from fHbs (Sanchez et al., 2011a). Flp is a
NAD(P)H reducing protein, with a flavin mononucleotide (FMN) moiety with an
analogous function to that of the fHb-like FAD/NAD-binding domain. A role for Bjgb
and Flp in protecting B. diazoefficiens cells from nitrosative stress under free-living
conditions has been recently demonstrated (Cabrera et al., 2016). Cabrera and
colleagues (2016) have proposed that Bjgb and Flp might form a NO detoxification
system analogous to fHbs, where Flp would supply electrons from NAD(P)H to Bjgb.
Nevertheless, the function in vitro of Bjgb-Flp in NO detoxification and the end-

products of NO turnover are unknown.

Here, we report the overexpression, purification and in vitro biophysical
characterization of B. diazoefficiens Bjgb and Flp. Results from this work showed that

Bjgb is reduced by electrons supplied by Flp following oxidation of NADH. The reduced
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b-type haem cofactor from Bjgb has the ability to bind NO. The role in vivo of a key

amino acid residue (lysine-52) from Bjgb has also been investigated.
5.1.2. Reduction of Bjgb by FIp and NO binding
5.1.2.1. Expression and purification of Bjgb
5.1.2.1.1. Construction of pDB4008 expression plasmid

In order to express N-terminally Hiss-tagged Bjgb and Flp proteins, a fragment of
1719 bp, which contains the bjgb (blr2807) and flp (blr2808) genes, was amplified by
PCR using the primer pairs 2807-8 His_For/2807-8 His_Rev (Table 4.3.). The PCR-
amplified DNA fragment was purified and quantified, then, it was digested with Nhel
and Hindlll restriction endonucleases and ligated to plasmid pET-24a(+) (5252 bp), that
was pre-digested with the aforementioned enzymes (Table 4.2.). The resulting plasmid
includes bjgb fused in its 5’ end with the histidine tag and flp. The correct insertion of
the PCR fragment into the vector, as well as the amplified sequence fidelity, were
confirmed by sequencing using primers pTXB1-1 and pET28a-1_rev (Table 4.3.). The
final construction yielded plasmid pDB4008 (Figure 5.1.1.).

Nhel Hindlll

oy

|
T7 promater biab
. ig
lac operatar

M5C

K

/ Qc/

pDB4008
7 kb

&

4

Figure 5.1.1. Construction of plasmid pDB4008 for Bjgb-Flp-Hiss expression. Map of pDB4008.
Insertion of bjgb and flp to yield recombinant proteins fused with a histidine tag at their amino
terminal end under the control of the T7 promoter. MCS: Multiple Cloning Site.
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5.1.2.1.2. Expression of Bjgb in E. coli BL21 (DE3)

E. coli BL21 (DE3) competent cells transformed with pDB4008 (Table 4.2.) were
incubated at 37°C until the cell culture reached an ODeoonm ~0.5 (approximately 2 h)
(section 4.5.1.). At this time, an aliquot (5 ml) was taken from the culture. Next, 1 mM
IPTG, 500 uM &-aminolevulinic acid hydrochloride and 10 uM of ferric citrate were
added to the culture, that was incubated again at 30°C overnight. Then, cells were
harvested by centrifugation. After cell lysis (see section 4.5.2.), SDS-PAGE analysis of
soluble protein extracts showed overexpression of Bjgb protein, at approximately
15 kDa, when IPTG was added to cell culture (Figure 5.1.2., lane 2). However,
overexpression of a band that should correspond to Flp (~45 kDa) was not observed in

the presence of IPTG by using plasmid pDB4008 (Figure 5.1.2., lane 2).

2
-

L

I RAIRITIE

20 —

15 — <— His¢-Bjgb
(~15 kDa)

10 —

Figure 5.1.2. Overexpression of Bjgh. E. coli BL21 (DE3) cells with pDB4008 were incubated at
37°C for 2 h. After adding IPTG, &-aminolevulinic acid hydrochloride and ferric citrate to the
cell culture, cells were lysated and subjected to SDS-PAGE. Then, the gel was stained with
Coomassie Blue. A sample was taken from the culture before IPTG induction (lane 1) and after
overnight IPTG incubation (lane 2). On the right margin, the band (~15 kDa) corresponding to
overexpressed Bjgb is indicated. Lane ‘M’ corresponds to protein molecular marker
PageRuler™ Plus Prestained Protein Ladder. The molecular size, in kDa, and the position of the
marker proteins are indicated on the left margin.
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5.1.2.1.3. Purification of Bjgb

For Bjgb purification, 5 | of E. coli BL21 (DE3) competent cells transformed with
pDB4008 were used. After cell fractionation, soluble extracts were subjected to affinity
chromatography (detailed procedure in section 4.5.3.a.1.) and the absorbance was
followed at 280 nm (protein absorbance) and 412 nm (for haem protein absorbance)
during chromatography (Figure 5.1.3.A.). Then, a linear gradient of 25-500 mM
imidazole was applied to the column and two elution peaks were detected
(Figure 5.1.3.A.). SDS-PAGE analysis of the elution fractions showed the presence of
Bjgb (~15 kDa), while contaminants of varying size were eluted earlier, at relatively low
imidazole concentration (Figure 5.1.3.C.). Flp protein was not bound to the affinity
matrix (Figure 5.1.3.C.). Fractions containing Bjgb (Figure 5.1.3.C,, lanes 3 to 11) were
pooled and loaded onto an anion exchange column (section 4.5.3.a.2.) to remove the
excess of imidazole and contaminating proteins (Figure 5.1.3.B.). The column was
developed with a linear gradient of 0-1 M NaCl and elution fractions were monitored at
280 and 412 nm, resulting in a unique peak (Figure 5.1.3.B.). SDS-PAGE of eluted
protein fractions gave a single band of about 15 kDa that corresponds to Bjgb
(Figure 5.1.3.C., lanes 13 to 15). An additional band at 30 kDa was observed, which
corresponds to the dimeric state of Bjgb (Figure 5.1.3.C., lane 13). Fractions containing
Bjgb (Figure 5.1.3.C., lanes 13 to 15) were pooled and concentrated (section 4.5.3.a.2.).
Then, 10 ug of pure Bjgb was analysed by SDS-PAGE resulting in a single band of about
15 kDa (Figure 5.1.3.C., lane 16). The yield of pure protein was 4.6 mg/| per culture.
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Figure 5.1.3. Purification of Bjgh. A. Chromatogram obtained during the affinity purification of
Bjgb from soluble cell extracts. The absorbance at 280 nm (continuous black line, Azs nm) and
at 420 nm (dashed red line, As12 nm) Were monitored during chromatography, as well as the
imidazole gradient (dotted black line, [imidazole]). B. Chromatogram obtained during the
anion-exchange chromatography. The absorbance at 280 (continuous black line, Az nm) and at
420 nm (dashed red line, A412 nm) Were monitored during the chromatography, as well as the
NaCl gradient (dotted black line, [NaCl]). C. Coomassie Blue staining of SDS-PAGE proteins
obtained after the affinity and anion-exchange chromatography. Lane 1, cell extract; lane 2,
cell extract eluted from the affinity column; lane 3 to 11, elution fractions from the affinity
column after imidazole gradient loading into the column; lane 12, eluted proteins from the
anion-exchange column after loading fractions 3 to 11 into the column; lanes 13 to 15, eluted
proteins from the anion-exchange column after NaCl gradient loading into the column; lane 16,
corresponds to SDS-PAGE of purified Bjgb after concentration of proteins from fractions 13 to
15. On the right margin the band (~15 kDa) corresponding to Bjgb is indicated. ‘M’ corresponds
to protein molecular marker PageRuler™ Plus Prestained Protein Ladder. The molecular size, in
kDa, and the position of the marker proteins are indicated on the left margin.

Absorption spectra of diluted purified Bjgb, in air, showed a Soret peak at
410 nm (Figure 5.1.4., dotted purple line). The position of the Soret peak at 410 nm
indicated the presence of the haem cofactor in the oxidised state, suggesting formation
of a hexacoordinated haem (Figure 5.1.4., dotted purple line). The spectrum of the
reduced derivative was obtained in the presence of excess of sodium dithionite and
showed a Soret band at 426 nm and a and B peaks at 560 and 530 nm, respectively

(Figure 5.1.4., continuous pink line), indicating that Bjgb is a b-type haem protein.
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Figure 5.1.4. UV/Vis spectrum of purified Bjgb. Spectrum of oxidized Bjgb (Fe3*) (15 uM)
(dotted purple line) and fully reduced Bjgb (Fe?*) (continuous pink line) is shown. Sodium
dithionite was added at a final concentration of 50 uM.

Haem-staining of purified Bjgb allowed us to detect a band of about 15 kDa,
which corresponds to Bjgb containing a haem cofactor (Figure 5.1.5., lane ‘Haem
Staining’). An additional haem band, corresponding to dissociated cofactors, was
observed at the end of the gel (Figure 5.1.5., lane ‘Haem Staining’), suggesting that the
haem cofactor is not covalently bound to the Bjgb peptide, as would be the case for
a c-type cytochrome and, therefore, it is lost despite applying semi-denaturing

conditions, consistent with a b-type haem protein behaviour in SDS-PAGE.
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Figure 5.1.5. Haem-staining of Bjgb. SDS-PAGE analysis of purified Bjgb were subjected to
Coomassie Blue (A) and haem (B) staining on replica gels. On the right, the band (~15 kDa),
corresponding to Bjgb, is indicated. ‘M’ corresponds to protein molecular marker PageRuler™
Plus Prestained Protein Ladder. The molecular size, in kDa, and the position of the marker
proteins are indicated on the left margin.

5.1.2.2. Expression and purification of Flp
5.1.2.2.1. Construction of the expression plasmid pDB4010

In order to express C-terminally fused Hiss-tagged Flp protein, a fragment of 1286 bp,
which contains the flp (blr2808) gene, was amplified by PCR from pDB4008 using the
primer pair 2808_His_For/2808_His_Rev (Table 4.3.). The PCR-amplified DNA fragment
was purified and quantified, then, it was digested with Nhel and Hindlll restriction
endonucleases and ligated to plasmid pET-24a(+) (5252 bp), that was pre-digested with
the aforementioned enzymes (Table 4.2.). The resulting plasmid includes flp fused in
its 3’ end with the histidine tag coding sequence. The correct insertion of the PCR
fragment into the vector, as well as the amplified sequence fidelity, were confirmed by
sequencing using primers pTXB1-1 and pET28a-1 rev (Table 4.3.). The final
construction yielded plasmid pDB4010 (Figure 5.1.6.).
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Figure 5.1.6. Construction of the Flp-Hiss expression plasmid pDB4010. Plasmid map of
plasmid pDB4010. Insertion of flp to yield a recombinant protein fused with a histidine tag at
its carboxyl terminal end under the control of the T7 promoter. MCS: Multiple Cloning Site.

5.1.2.2.2. Expression of Flp in E. coli BL21 (DE3)

E. coli BL21 (DE3) competent cells transformed with plasmid pDB4010 (Table 4.2.) were
incubated at 37°C until the cell culture reached an ODgoonm ~0.5 (approximately 2 h)
(section 4.5.1.). At this time, an aliquot (5 ml) was taken from the culture. Next, 1 mM
IPTG was added to the culture, that was incubated at 30°C overnight. After cell
harvesting and lysis (see section 4.5.2.), SDS-PAGE analysis of soluble protein extracts
showed overexpression of Flp, at approximately 45 kDa, when IPTG was added to the

cell culture (Figure 5.1.7., lane 2).
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Figure 5.1.7. Overexpression of Flp. E. coli BL21 (DE3) cells containing pDB4010 were
incubated at 37°C for 2 h. After adding IPTG to the cell culture, cells were lysated and
subjected to SDS-PAGE. Then, the gel was stained with Coomassie Blue. A sample was taken
from the culture before IPTG induction (lane 1) and another sample after the overnight IPTG
incubation (lane 2). On the right margin the band (~45 kDa) corresponding to overexpressed
Flp is indicated. ‘M’ corresponds to protein molecular marker PageRuler™ Plus Prestained
Protein Ladder. The molecular size, in kDa, and the position of the marker proteins are
indicated on the left margin.

5.1.2.2.3. Purification of Flp

To purify Flp protein, 5 | of E. coli BL21 (DE3) competent cells containing plasmid
pDB4010 were used. After cell fractionation, soluble extracts containing overexpressed
FIp were subjected to affinity chromatography (Figure 5.1.8.A.) (detailed procedure in
section 4.5.3.b.1). Then, a linear gradient of 25-500 mM imidazole was applied to the
column and absorbance at 280 nm was followed. Two peaks at 280 nm corresponding
to protein absorbance were observed (Figure 5.1.8.A.). Next, SDS-PAGE analysis of the
eluted column fractions allowed the identification of those containing Flp (lanes 14 to
20, Figure 5.1.8.B.). These fractions were pooled and dialyzed using a membrane with
10 kDa molecular mass cut off to remove the excess of imidazole and smaller
contaminating proteins (section 4.5.3.b.2). After the dialysis, purified Flp gave a single
band on SDS-PAGE with an estimated molecular mass ~45 kDa (lane 21,

Figure 5.1.8.B.). A yield of 1.4 mg/| of pure protein per culture was obtained.
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Absorption spectrum of purified Flp did not show any peak indicative of the

presence of a flavin cofactor (Figure 5.1.8.C.). Consequently, Flp had to be

reconstituted with FAD for the in vitro assays.
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Figure 5.1.8. Purification of Flp. A. Chromatogram obtained during the affinity
chromatography of soluble cell extract enriched in Flp. The absorbance at 280 nm (continuous
black line, A2z nm) and the imidazole gradient (dotted black line, [imidazole]) were monitored
during the chromatography. B. After the affinity chromatography, proteins were detected by
SDS-PAGE, using Coomassie Blue staining. Lane 1, cell extract; lane 2, cell extract eluted from
the affinity column; lane 3 to 20, cell extract eluted from the affinity column after the addition
of imidazole gradient; lane 21, purified Flp obtained after the dialysis step. On the right
margin, the band (~45 kDa) corresponding to Flp is indicated. ‘M’ corresponds to protein
molecular marker PageRuler™ Plus Prestained Protein Ladder. The molecular size, in kDa, and
the position of the marker proteins are indicated on the left margin. C. UV/Vis spectrum of
purified Flp.

5.1.2.3. Reduction of Bjgb by Flp and NO binding

In order to investigate the role of Flp as redox partner of Bjgb, a spectrum of Bjgb
incubated with Flp reconstituted with FAD in the presence of excess of NADH was
measured. Before adding Flp to the sample, a control spectrum containing only Bjgb,
FAD and NADH was carried out. As shown in Figure 5.1.10.A. (dotted purple line), the
haem cofactor remained oxidised (Bjgb Fe3*). However, addition of Flp to the sample
resulted in a Bjgb reduced spectrum (Bjgb Fe?*) (Figure 5.1.10.A., continuous red line)
similar to that obtained in the presence of excess of sodium dithionite (Figure 5.1.4.,
continuous pink line), showing a Soret band at 426 nm and a and B peaks at 560 and
530 nm, respectively (Figure 5.1.10.A., continuous red line). These results clearly
demonstrated that Flp is essential for flavin-mediated NADH reduction of Bjgb haem

cofactor.

In order to determine the NADH concentration needed for a complete Bjgb
reduction by Flp, a range of NADH concentrations ranging from 0 to 40 uM was added
to the sample mixture containing equimolar concentrations of Bjgb, Flp and FAD (10-
15 uM) and a spectrum of each sample was carried out (Figure 5.1.10.A., inset). The
absorbance ratio at 556/420 nm of the sample containing each NADH concentration
was plotted. As shown in Figure 5.1.10.A. (inset), after % equivalent of NADH, full
reduction of Bjgb was observed. By performing this assay, we found that 5-7.5 uM was
the optimal NADH concentration necessary for full reduction of Bjgb without an excess
of electrons. Once Bjgb was reduced with Flp, FAD and NADH (Figure 5.1.10.B.,
continuous red line), pure NO gas was added to the mixture. As shown in

Figure 5.1.10.B. (dotted green line), the addition of NO to the reduced protein yielded
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a spectrum with a peak at 420 nm and a broad band in the visible region, which
suggested the formation of a five-coordinate NO-bound haem similar to that typical of
other NO sensors (Price et al., 2007; Giardina et al., 2008; Rinaldo et al., 2014; Ebert et
al., 2017). Similar results were obtained when NO was added to Bjgb reduced with
sodium dithionite (Figure 5.1.9., dotted green line). Addition of NO to the incubation
mixture caused a change in the Bjgb spectrum similar to that observed in
Figure 5.1.10.B. (dotted green line), where Bjgb was first reduced with Flp, FAD and
NADH. These spectroscopic results are consistent with the hypothesis that haem-
containing Bjgb is reduced by NADH-dependent FAD-reconstituted Flp and binds NO

forming a NO derivative typical of a haem protein.
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Figure 5.1.9. Influence of NO on the spectroscopic properties of reduced Bjgbh. UV/Vis
spectrum of reduced Bjgb (Fe?*) with sodium dithionite at a final concentration of 50 uM
(continuous pink line). NO was added from a saturated solution (at a final concentration of
50 uM) and the spectrum was recorded again (dotted green line).
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Figure 5.1.10. Influence of Flp and NO on the spectroscopic properties of purified Bjgb.
A. UV/Vis spectrum of purified Bjgb (Fe**) (12 uM) in the presence of FAD (12 uM) and NADH
(40 uM) (dotted purple line). UV/Vis spectrum of reduced Bjgb (15 pM) by Flp (15 uM), which
was reconstituted with FAD (15 uM), in the presence of NADH (40 uM) (continuous red line).
Inset, the ratio Assenm/Asonm Of separate reactions [Bjgb (Fe3*) + Flp + FAD + NADH] with
different NADH concentrations. NADH concentration ranged from 0 to 40 uM. B. UV/Vis
spectrum of reduced Bjgb (10 uM) by Flp (10 uM), which was reconstituted with 10 uM of FAD,
in the presence of 5 uM of NADH (continuous red line). NO was added from a saturated
solution (at a final concentration of 50 uM) and a UV/Vis spectrum was recorded again (dotted
green line). Inset, time course of the absorbance at 575 nm after adding NO to the sample.
C. Schematic representation of the reactions assayed in A and B.

5.1.3. Role of the lysine-52 haem-iron ligand in NO homeostasis in vivo
5.1.3.1. Importance of the lysine-52 from Bjgb

A bioinformatic analysis of the B. diazoeficciens Bjgb primary amino acid sequence and
the predicted gene products for other Hbs homologues from diverse bacteria,
confirmed the previously reported presence of the proximal F8 histidine (His®!) and
CD1 phenylalanine (Phe*?) residue (Figure 5.1.11.) (Sdnchez et al.,, 2011a). These
residues are considered to be key residues and they are very conserved in bacterial
and non-bacterial Hbs (Gardner, 2005). The sequence alignment showed that Bjgb has
a lysine-52 (in red in Figure 5.1.11.) that is not conserved in other Hbs (Figure 5.1.11.).
Interestingly, the recently in vitro structure of C. reinhardtii trHb (THB1) exhibited the
coordination of the haem Fe by a histidine 77 (proximal) and a lysine-53 (distal), in
both the Fe (lll) (ferric) and Fe (ll) (ferrous) states (Rice et al., 2015). The distal lysine
ligation in TrHb1 is related to the ability to coordinate both Fe (lll) and Fe (ll) and
establishing a moderately negative reduction potential to the haem Fe. It has been
proposed that this lysine-53 coordination is related to the capacity of THB1 to detoxify

NO efficiently (Johnson et al., 2018). Similarly, as it has been demonstrated in
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C. reinhardtii, regarding the role of lysine-53 coordination of THB1 in NO detoxification,
we can speculate that lysine-52 from Bjgb might have a similar function. To prove this
hypothesis, site directed mutation to replace the lysine-52 from Bjgb with a alanine

was performed.

Q89RG5 Bjgb -MTPEQITLIQQSFAK——-VA-———— PISETAAVLFYDRLFEVAPSVRAMFPED-—-MTE
Q0PB42 cgb -MTKEQIQIIKDCVPI-—-LQ--——- KNGEDLTNEFYKIMFNDYPEVKPMFNMEKQI SGE
P04252 Vgb MLDQQTINIIKATVPV-—-LK————— EHGVTITTTFYKNLFAKHPEVRPLFDMGRQESLE
A8JAR4 THBlT ———————- MAADTAPADSLY SRMGGEARVEKAVDVFYERIVA-DPQLAPFFANVDMKEQR
P24232 EcfHb MLDAQTIATVKATIPL-—-LV---—- ETGPKLTAHFYDRMFTHNPELKE IFNMSNQRNGD
QTWUMS SmfHb MLTQKTKDIVEATAPV-—-LA-———— QHGYAIIQHFYKRMFQAHPELKNIFNMAHQERGE
* & . * - . X
Q89RG5 Bjgb QORKKLMGMLAAV--VGGLSNLDSILPAASALAKRHVAYGAKAEHYPVVGATLLWT LEKGL
Q0PB42 cgb QPKALAMAIIMA--AKNIENLENMRSFVDKVAITHVNLGVKEEHYPIVGACLLKAIKNLL
P04252 Vgb QPKATAMTVIAA--AQNTENT,PATT,PAVKKTAVKHCQAGVARAHYPTVGQETLGATKEVL
LA8JAR4 THB1 -REQVAFMTYVFGGSGAYEGRD-LGASHE——-RRLIREQGMNHHHFDLVARHLDSTLQELG
P24232 EcfHb QREALFNAIAAY--ASNIENLPALLPAVEKIAQKHTSFQIKPEQYNIVGEHLLATLDEME
Q7WUMS SmfHb QQOALARAVYAY--AANIENPESLSAVLKDIAHKHASLGVRPEQYPIVGEHLLASIKEVL
0 . . L) . * .. .
Q89RG5 Bjgb GEAW-———— TPELATAWTDAYGVLSGYMISEAYGAQAQAAE
Q0P842 Cgb NPD-—————— EATLKAWEVAYGKIAKFYIDIEKKLYDK-——
P04252 Vgb GDAR-———-— TDDILDAWGKAYGVIADVF IQVEADLYAQAVE
A8JAR4 THB1 VAQELKAEAMAIVASARPLIFGT——————— GEAGAAN-———
P24232 EcfHb SPG——-———- QEVLDAWGKAYGVLANVEINREAET——————
QTWUMS SmfHb GDAR-————— TDEIISAWAQAYGNLADILAGMES-————-——
* v

Figure 5.1.11. Sequence alignment of B. diazoefficiens Bjgb with other bacterial Hbs.
Sequence alignment of B. diazoefficiens USDA 110 sdHb (Bjgb, Q89RG5) with sdHbs from
C. jejuni (Cgb, QOP842) and V. stercoraria (Vgb, P04252), the haem domain of fHbs from E. coli
(EcfHb, P24232) and E. meliloti 1021 (SmfHb, Q7WUMS), and the trHb from C. reinhardetii
(THB1, A8JARA4). Identical amino acids are shown by an asterisk. Proximal F8 histidine (His®?)
and CD1 phenylalanine (Phe*?) residues are shown in bold. Lysine-52 from B. diazoefficiens
USDA 110 Bjgb is shown in red. Lysine-53 from C. reinhardtii THB1 is shown in blue.
Sequences were obtained from UniProt database (http://www.uniprot.org/) using the
accession numbers given in parentheses above. Sequences were aligned by using the Clustal
Omega (http://www.ebi.ac.uk/).

5.1.3.2. Strains and plasmids construction

The bjgb gene was amplified from genomic DNA isolated from B. diazoefficiens
USDA 110 by PCR using primers blr2807_For/blr2807_Rev (Table 4.3.), which
contained sequences for Hindlll and BamHI restriction sites. DNA fragment containing
the relevant ORF and Shine-Dalgarno sequence was cloned into pBBR1MCS-2
(Table 4.2.), that was pre-digested with the aforementioned enzymes, yielding plasmid
pDB4023 (Table 4.2.). This plasmid was transferred into B. diazoefficiens bjgb mutant
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(strain 4001) (Cabrera et al., 2016) by conjugation using E. coli S17.1 as donor strain,
yielding strain 4001-4023 (Table 4.1.). To construct control strains, the empty vector
pBBR1MCS-2 was also transferred into B. diazoefficiens USDA 110 and bjgb mutant by
conjugation using E. coli S17.1 as donor strain, generating USDA 110-(pBBR1MCS-2)
and 4001-(pBBR1MCS-2) strains (Table 4.1.).

In a second step, bjgb gene was isolated from pDB4023 by digesting this
plasmid with Hindlll and BamHI| and, then, it was cloned into pBS(KS) vector
(Table 4.2.), previously digested with the same enzymes, yielding pDB4024 (Table 4.2.).
In order to exchange the codon for lysine-52 against an alanine codon, the
QuickChange Site-Directed Mutagenesis method was used (see section 4.4.11. for
details; Figure 5.1.12.). For this purpose, the complementary primer pairs
blr2807(K52A)_For/blr2807(K52A)_Rev (Table 4.3.) and pDB4024 (Table 4.2.) were
used. Following this strategy, we obtained plasmid pDB4025 (Table 4.2.), which
contained bjgb with lysine-52 changed to alanine (K52A). Then, plasmid pDB4025,
containing K52A mutated bjgb gene, was digested with Hindlll and Xbal and cloned
into pBBR1MCS-2, yielding plasmid pDB4027 (Table 4.2.). This plasmid was transferred
to B. diazoefficiens bjgb mutant by conjugation using E. coli S17.1 as donor strain,

generating strain 4001-4027 (Table 4.1.).

To perform the experiments designed to monitor norC expression, plasmids
pBBR1MCS-2, pDB4023 and pDB4027 (Table 4.2.) were transferred to B. diazoefficiens
bjgb mutant containing the transcriptional fusion norC-lacZ (4001-2499; Table 4.1.) by
conjugation using E. coli S17.1 as donor strain. As result of the conjugation, we
obtained 4001-2499-(pBBR1MCS-2), 4001-2499-4023 and 4001-2499-4027 strains,

respectively (Table 4.1.).

The correct nucleotide sequence of all PCR-amplified fragments cloned into the
appropriate plasmids was confirmed by sequencing. The correct insertion of all
plasmids transferred into the corresponding recipient strain was confirmed by plasmid

extraction and checked by PCR analyses.
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5.1.3.3. Involvement of lysine-52 in NO homeostasis in vivo

In order to establish the role in vivo of the lysine-52 from Bjgb, plasmids pDB4023 and
pDB4027 (Table 4.2.) overexpressing the native Bjgb or the K52A Bjgb mutant,
respectively, were transferred into the bjgb mutant (Table 4.1.) for complementation
studies. Previous studies have reported that inactivation of the B. diazoefficiens bjgb
gene provoked an induction of the expression of nor genes, encoding the nitric oxide
reductase (Cabrera et al., 2016). To further investigate the role of the K52A mutation
on nor expression, a norC-lacZ transcriptional fusion was integrated in the
chromosome of the bjgb mutant containing plasmids pDB4023 and pDB4027, that
overexpress native Bjgb or K52A Bjgb, respectively (Table 4.2.). As controls, the WT
USDA 110 and the bjgb mutant strains containing pBBR1MCS-2 were also included in
the analyses. As reported previously (Cabrera et al.,, 2016), a significant increase of
norC-lacZ expression was observed in the bjgb mutant compared to WT levels (Figure
5.1.13.A.). However, in the bjgb mutant overexpressing the native Bjgb (bjgb + Bjgb), a
decrease about 8-fold of norC-lacZ expression was observed, compared to the
expression levels observed in the bjgb mutant. By contrast, B-galactosidase activity of
the norC-lacZ transcriptional fusion was only ~2-fold lower in the bjgb mutant
overexpressing K52A Bjgb (bjgb + K52A Bjgb) compared to those values reached by the
bjgb mutant, and no difference was found compared to the WT values (Figure
5.1.13.A.). It has been previously demonstrated that the haem c¢ binding NorC
component of the nitric oxide reductase corresponds to a protein of about 16 kDa
(Mesa et al., 2002; Cabrera et al., 2016). To confirm nor expression results, relative
amount of NorC was determined by haem-staining analysis of proteins isolated from
membranes (Figure 5.1.13.B.). As shown in Figure 5.1.13.B., NorC was induced in
membranes from the bjgb mutant, compared to the very weak level of this protein
detected in membranes from the bjgb + Bjgb mutant, containing plasmid pDB4023
that overexpresses Bjgb (Figure 5.1.13.B., lanes 2 and 4). However, when K52A Bjgb
was overexpressed in the bjgb mutant (bjgb + K52A Bjgb) a significant induction of
NorC expression was observed, compared to that from membranes of the bjgb mutant
complemented with the native Bjgb protein (bjgb + Bjgb) (Figure 5.1.13.B, lanes 2
and 3).
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Finally, we analyzed the effect of K52A Bjgb mutant in Nor activity by
measuring the capacity of the cells to produce N,O, the product of NO reduction
catalysed by NorCB reductase. As previously reported by Cabrera and colleagues
(2016), the bjgb mutant produced more N,O than WT cells (~3-fold) (Figure 5.1.13.C.).
However, the bjgb + Bjgb mutant, overexpressing the native Bjgb, produced very low
levels of N2O, probably as a consequence of the very low expression of the norC-lacZ
fusion, as well as the low levels of NorC observed in this mutant (Figure 5.1.13.A. and
B, lane 2). Interestingly, the bjgb mutant overexpressing K52A Bjgb (bjgb + K52A Bjgb)
showed a significant induction (~15-fold) of N,O production capacity, compared to the
very weak N;O levels produced by the bjgb + Bjgb mutant, overexpressing the native
Bjgb (Figure 5.1.13.C.). Taken together, these results suggest that the lysine-52 haem-
Fe ligand from Bjgb has a critical role in nor expression and, consequently, in NO

homeostasis in vivo.
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Figure 5.1.13. Effect of K52A Bjgb mutation in nitric oxide reductase expression.

A. B-galactosidase activity from a norC-lacZ transcriptional fusion integrated in the
chromosome of WT, bjgb, bjgb + Bjgb and bjgb + K52A Bjgb B. diazoefficiens strains. B. Haem-
staining SDS-PAGE analysis of membrane fractions from WT (lane 1), bjgb (lane 4), bjgb + Bjgb
(lane 2) and bjgb + K52A Bjgb (lane 3) B. diazoefficiens strains. Each lane contains ~10 g of
total protein. Haem-staining bands corresponding to NorC and CycM, which were previously
identified, are indicated. C. N,O production. In A and C, data are expressed as mean values
with standard deviations from at least two different cultures assayed in triplicate. Cells were
cultured in BSN3 minimum medium under 2% O initial concentration and NOs as sole N

source.

165






Chapter 5.2

The haemoglobin Bjgb from
Bradyrhizobium diazoefficiens controls
NO homeostasis in soybean nodules to

protect symbiotic nitrogen fixation

Ana Salas, German Tortosa, Alba Hidalgo-Garcia, Antonio
Delgado, Eulogio J. Bedmar, David J. Richardson, Andrew J. Gates
and Maria J. Delgado

Modified version of manuscript published in
Frontiers in Microbiology on 10 jan, 2020

Doi: 10.3389/fmicb.2019.02915






Results

5.2. The haemoglobin Bjgb from Bradyrhizobium diazoefficiens controls NO

homeostasis in soybean nodules to protect symbiotic nitrogen fixation

5.2.1. Abstract

Legume-rhizobia symbiotic associations have beneficial effects on food security and
nutrition, health and climate change. Hypoxia induced by flooding produces NO in
nodules from soybean plants cultivated in NOsz™-containing soils. As NO is a strong
inhibitor of nitrogenase expression and activity, this negatively impacts symbiotic N
fixation in soybean and limits crop production. In B. diazoefficiens, denitrification is the
main process involved in NO formation by soybean flooded nodules. In addition to
denitrification, NOs assimilation is another source of NO in free-living B. diazoefficiens
cells, and a single domain haemoglobin (Bjgb) has been shown to have a role in NO
detoxification during NOs-dependent growth. However, the involvement of Bjgb in
protecting nitrogenase against NO in soybean nodules remains unclear. In this work,
we have investigated the effect of inoculation of soybean plants with a bjgb mutant on
BNF. By analyzing the proportion of N in shoots derived from N,-fixation using the °N
isotope dilution technique, we found that plants inoculated with the bjgb mutant
strain had higher tolerance to flooding than those inoculated with the parental strain.
Similarly, reduction of nitrogenase activity and nifH expression by flooding was less
pronounced in bjgb than in WT nodules. These beneficial effects are probably due to
the reduction of NO accumulation in bjgb flooded nodules compared to the WT
nodules. This decrease is caused by an induction of expression and activity of the
denitrifying nitric oxide reductase enzyme in bjgb bacteroids. As bjgb deficiency
promotes NO-tolerance, the negative effect of NO on nitrogenase is partially
prevented and, thus, it demonstrates that inoculation of soybean plants with the
B. diazoefficiens bjgb mutant confers protection of symbiotic N, fixation during

flooding.
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5.2.2. Bacterial strains

B. diazoefficiens strains used in this study and their description are listed in Table 4.1.

Primers sequences in this work are listed in Table 4.3.

5.2.3. Loss of B. diazoefficiens Bjgb confers tolerance of soybean symbiotic

nitrogen fixation to flooding

After 35 days of growth, nodule number per plant (NNP), nodule dry weight per plant
(NDWP) and plant dry weight (PDW) were analyzed (Table 5.2.1.). As previously
reported (Mesa et al.,, 2004), the presence of NOs in the nutrient solution did not
inhibit NNP or NDWP in plants inoculated with either the WT or the bjgb mutant
(Table 5.2.1.). Flooding treatment did not significantly alter NNP in plants grown either
in the presence or in the absence of NOs, independently of the strain used as
inoculum (Table 5.2.1.). On the contrary, flooding provoked a significant inhibition of
NDWP of plants cultivated with or without NOs". Interestingly, those plants inoculated
with the bjgb mutant and grown with NO3  showed higher NDWP in response to
flooding (about 30%) than plants that were inoculated with the WT (Table 5.2.1.). As
expected, the presence of NO3™ increased PDW compared to non- NO3 treated plants.
As shown in Table 5.2.1., in the absence of NOs’, flooding did not significantly affect
PDW in plants inoculated with any of the strains. However, in NOs-treated plants,
flooding provoked a negative effect on PDW that was only significant (about 28%) in
those plants inoculated with the WT strain, but not in those inoculated with the bjgb
mutant (Table 5.2.1.). As control of symbiotic N, fixation, a set of uninoculated plants
were included in the analyses. After 35 days growth, nodulation did not take place in
uninoculated plants and very low levels of PDW were observed in those plants grown
without NOs (Table 5.2.1.). In plants that were only NOs dependent, flooding
decreased PDW about 36% (Table 5.2.1.).
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As is indicated in Table 5.2.2., flooding stress provoked a significant decrease in
the total N content (TN) of shoots from inoculated plants grown with 4 mM KNOs3
(Table 5.2.2.). Nevertheless, plants inoculated with bjgb showed an increase of about
12% in TN compared to plants where the WT was used as inoculum (Table 5.2.2.). In
uninoculated plants cultured with NOs, flooding did not affect TN (Table 5.2.2.). In
order to differentiate between N acquired from N»-fixation or NOs™ assimilation, we
used the °N isotope dilution technique, that allowed us to determine the proportion
of N derived from the atmosphere (%Ndfa) in plants that were cultivated with 4 mM
N-labelled KNOs. Here, flooding decreased %Ndfa of plants, being this reduction
significantly higher in plants inoculated with the WT compared to those inoculated
with the bjgb mutant (55% versus 30%). Consequently, the content of fixed N (FN) of
flooded plants inoculated with bjgb was about 47% higher than that of flooded plants
inoculated with the WT (Table 5.2.2.). These results clearly indicate that inoculation of
the plants with the bjgb mutant confers tolerance of symbiotic N; fixation to flooding.
By using the '°N isotope dilution technique, we also calculated the % of °N atom in
excess (atom% °N excess) of the shoots. As shown in Table 5.2.2., °N excess in
uninoculated plants was significantly higher compared to inoculated plants and no
effect of flooding in N excess of uninoculated plants was perceived. However, in
plants inoculated either with the WT or bjgb mutant, flooding increased the % of >N
excess. These results indicate that soybean N; fixation is more sensitive to flooding
than NOs  assimilation, supporting previous findings (Bacanamwo and Purcell, 1999;

Sanchez et al., 2011b).
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In order to confirm the flooding effect on N3 fixation, nitrogenase activity was
measured by determining ARA in nodules incubated for 2 and 4 h (Figure 5.2.1.).
Values for CoHs produced in nmol per min and g NFW (Figure 5.2.2.A.) showed a
decrease in ARA (about 55%) for WT nodules isolated from plants submitted to
flooding, compared to non-flooded nodules. However, nitrogenase activity only
decreased about 30% in bjgb nodules from flooded plants, compared to non-flooded
bjgb nodules (Figure 5.2.2.A.). Functionality of the nodules was also estimated by
measuring the leghaemoglobin (Lb) content (Figure 5.2.2.B.). Consistent with ARA
determinations, flooding provoked a smaller decrease of Lb content in nodules
produced by the bjgb mutant (about 22%), compared to that observed in WT nodules
(about 55%).
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Figure 5.2.1. Ethylene emission by soybean nodules. Plants were inoculated with
B. diazoefficiens USDA 110 (WT) (squares) or 4001 (bjgb mutant) (circles) strains. Nodules were
isolated from non-flooded plants (blue symbols) or plants subjected to flooding conditions for
7 days (red symbols). Data are means with standard deviations from two independent
experiments assayed by using six replicates.
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Figure 5.2.2. A. Acetylene reduction activity (ARA) and B. Leghaemoglobin (Lb) content of
soybean nodules. Plants were inoculated with B. diazoefficiens USDA 110 (WT) or 4001 (bjgb
mutant) strains. Nodules were isolated from non-flooded plants (blue bars) or plants subjected
to flooding conditions for 7 days (red bars). Data are means with standard deviations from two
independent experiments assayed by using six replicates. In individual graphs, bars within the
same treatment marked with the same lower-case letter, and bars within the same strain
followed by the same capital letter, are not significantly different as determined by the ANOVA
test at P <0.05.
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Next, we tested the effect of deleting bjgb on the expression of the nifH gene,
which is responsible for the synthesis of the Fe-protein from nitrogenase complex
(Table 5.2.3.). Transcript levels for nifH were examined in WT or bjgb nodules by qRT-
PCR. As observed in Table 5.2.3., nifH expression was not significantly affected in the
nodules induced by the bjgb mutant (-1.31 fold-change) compared to WT nodules,
both collected from non-flooded plants. Flooding decreased nifH expression by ~16-
fold in WT nodules, compared to that observed in WT non-flooded nodules. However,
nifH mRNA levels decreased by ~10-fold in bjgb flooded nodules, compared to those

observed in WT non-flooded nodules.

Table 5.2.3. Expression of narK, nifH and norC in nodules measured by qRT-PCR. Nodules
were harvested from plants inoculated with B. diazoefficiens USDA 110 (WT) or 4001 (bjgb
mutant) strains. Plants were grown in the presence of 4 mM KNOs3 and subjected (or not) to
flooding conditions for 7 days. Data are means % standard deviations from there independent
RNA samples assayed by using three replicates. nd, not determined, +, increased expression, -,
decreased expression.

Relative amount of transcript

(fold-change)

Strain Gene No flooding Flooding
USDA 110 (WT) narK 1.00 £ 0.00 +11.18 +1.85
4001 (bjgb) narkK nd nd
USDA 110 (WT) nifH 1.00 £ 0.00 -16.33 £3.07
4001 (bjgb) nifH -1.31+0.28 -10.61+1.91
USDA 110 (WT) norC 1.00 £ 0.00 +67.53 £ 6.86
4001 (bjgb) norC +1.12 +0.28 +89.16 + 8.59
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In order to ascribe the effect of bjgb inoculation to the presence of Bjgb in the
nodules, we checked the expression of the bjgb gene by analyzing transcript levels of
nark, the lead gene of the nark-bjgb-flp-nasC transcriptional unit (Cabrera et al., 2016)
(Table 5.2.3.). As shown in Table 5.2.3., narK expression increased ~11-fold in flooded
nodules compared to non-flooded nodules collected from plants inoculated with the

WT strain.

5.2.4. Loss of B. diazoefficiens Bjgb reduces NO levels in soybean nodules in

response to flooding

The contribution of B. diazoefficiens Bjgb in NO homeostasis in nodules was
investigated by analyzing the capacity to accumulate NO, as well as to produce N;O,
the product of the nitric oxide reductase (Nor). To perform these experiments, we
used nodules from plants grown under the conditions that induced NO and N;O
accumulation, as previously reported (Sanchez et al., 2010; Tortosa et al., 2015). Thus,
nodules were collected from soybean plants inoculated with B. diazoefficiens USDA
110 (WT) or 4001 (bjgb mutant) strains, cultivated with 4 mM NOs™ and submitted (or
not) to flooding conditions for 7 days before harvesting. Free NO was detected by
using the DAF-2DA specific fluorescent probe. As shown in Figure 5.2.3.A,, very low
levels of NO were observed in WT and bjgb nodules of non-flooded plants. However,
flooding significantly induced NO formation in WT nodules, confirming previous results
(Sanchez et al., 2010). This induction was also observed in nodules from plants
inoculated with the bjgb mutant, that accumulated approximately 2-fold less NO than
WT nodules in response to flooding conditions (Figure 5.2.3.A.). In order to prove that
the increase of fluorescence perceived in flooded nodules was caused by NO, WT and
bjgb flooded nodules were incubated with a NO scavenger (c-PTIO). After incubation of
the nodules with c-PTIO, nodular NO accumulation was significantly reduced (Figure

5.2.3.A.), indicating that the fluorescence signal was mostly due to NO production.

We also analyzed Nor activity by measuring N2O production by soybean
nodules using gas chromatography. While non-flooded nodules produced by WT or
bjgb strains showed basal levels of N,0, flooding conditions induced N2O production in
B. diazoefficiens WT nodules, consistent with previous observations (Tortosa et al.,

2015). Interestingly, nodules produced by the bjgb mutant accumulated about 2-fold
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more N2O than WT nodules in response to flooding (Figure 5.2.3.B.). The lower NO
levels, as well as higher N,O production capacity observed in the nodules from the bjgb
mutant compared to WT levels (Figure 5.2.3.A. and B.), suggest that Nor activity, that
reduces NO to N0, is induced in bjgb bacteroids. In order to establish if the
differences of Nor activity observed between WT and bjgb bacteroids could be
explained by changes in nor gene expression, norC transcripts were measured by
performing qRT-PCR analyses. RNA was isolated from nodules harvested from soybean
plants inoculated with B. diazoefficiens WT or bjgb mutant strains. In nodules from
plants that were not subjected to flooding, bjgb mutation did not significantly affect
norC expression compared to WT (+1.12 fold-change). Flooding provoked a notable
increase of norC expression in either WT or bjgb flooded-nodules, compared to WT
non-flooded nodules (+67.53 and +89.16 fold-change, respectively). Interestingly, the
induction of norC expression by flooding was about 33% higher in bjgb nodules than in

WT nodules (Table 5.2.3.).
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Figure 5.2.3. A. NO detection and B. N,O production by soybean nodules. Plants were
inoculated with B. diazoefficiens USDA 110 (WT) or 4001 (bjgb mutant) strains. Nodules were
isolated from non-flooded plants (blue bars) or plants subjected to flooding conditions for 7
days (red bars). In A, flooded nodules were incubated with 3 mM c-PTIO (grey bars). Data are
means with standard deviations from two independent experiments assayed by using six
replicates. In individual graphs, bars within the same treatment marked with the same lower-
case letter, and bars within the same strain followed by the same capital letter, are not
significantly different as determined by the ANOVA test at P < 0.05.
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5.3. The role of nitrate assimilation in the Bradyrhizobium diazoefficiens-

soybean symbiosis

5.3.1. Abstract

Previous studies have reported that hypoxia induces the production of NO in nodules
of soybean plants cultivated in NOs™-containing soils. NO is a strong inhibitor of
nitrogenase expression and activity. Consequently, NO accumulation negatively
impacts symbiotic N fixation. In soybean nodules, B. diazoefficiens denitrification is
the main process involved in NO formation (Sanchez et al.,, 2010). In addition to
denitrification, B. diazoefficiens free-living cells possess an integrated system for NO3
assimilation and NO detoxification, encoded by the nark-bjgb-flp-nasC operon. In this
system, the assimilatory nitrate reductase, NasC, reduces NOs to NO3, and the nitrite
reductase, NirA, reduces NO; to NHs* (Cabrera et al., 2016). In addition to reducing
NOs3™ to NOz, NasC also contributes to NO formation during NO3/NOz assimilation.

However, to date, the role of NasC and NirA in soybean nodules remains unclear.

In this work, we have investigated the involvement of B. diazoefficiens nasC and
nirA mutants on symbiotic N; fixation. By analyzing nitrogenase activity in nodules, we
found that plants inoculated with a nasC mutant showed a similar response to flooding
than those inoculated with the parental strain, while plants inoculated with nirA were
more tolerant to flooding. Furthermore, nitrate reductase (NR) activity of nasC
bacteroids from flooded nodules was similar to that observed from bacteroids induced
by the parental strain. However, NR activity of bacteroids from plants inoculated with
a napA mutant was undetectable. These results indicate that NasC has not a relevant
role in NO3  reduction in bacteroids, being the periplasmic nitrate reductase (NapA) the

main enzyme involved.

In this work, we also studied the involvement of NOs3 assimilation in the
symbiosis B. diazoefficiens-soybean by inoculating plants with a nifH mutant, where N
fixation does not take place. We measured the transcript levels of narK, which is the
lead gene of the narK-bjgb-flp-nasC transcriptional unit (Cabrera et al., 2016). These
results revealed that narK expression increased in nifH nodules from plants grown with

NOs", compared to parental nodules. Moreover, nifH nodules from plants treated with
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NOs showed a higher NHs* content in the bacteroids than those from plants grown in
the absence of NOs. Taken together, these results suggest that assimilatory NOs
reduction might have a relevant role in soybean nodules in those cases in which N3

fixation is impaired.
5.3.2. Bacterial strains

All B. diazoefficiens strains used in this work and their description are listed in
Table 4.1. Sequence of primers used in this study are shown in Table 4.3. As parental
strains (WT), B. diazoefficiens USDA 110 and B. diazoefficiens 110spc4 were used in this
work. B. diazoefficiens napA (Delgado et al., 2003), nasC (Cabrera et al., 2016) and nirA
(Cabrera et al.,, 2016) mutants were constructed previously from B. diazoefficiens
USDA 110 (WT). While B. diazoefficiens nifH mutant was obtained from
B. diazoefficiens 110spc4 by Hahn and colleagues (1984).

5.3.3. Involvement of B. diazoefficiens NasC and NirA in the response of

soybean symbiotic nitrogen fixation to flooding

The nasC and nirA mutants were used to inoculate soybean germinated seeds, that
were grown with 4 mM KNOs and subjected (or not) to flooding for 7 days before
harvesting. As mention in Chapter 5.2., this NO3™ concentration was selected based on
a previous work (Mesa et al., 2004) because it does not inhibit nodule formation. After
35 days of growth, the effect of flooding on nodule biomass and plant dry weight (see
Chapter 5.2.) was similar independently of the strain used as inoculant (data not
shown). As we observed in Chapter 5.2., a decrease in ARA (about 55%) was observed
in WT nodules from plants subjected to flooding, compared to non-flooded nodules.
Similarly to WT nodules, flooding also provoked a significant decrease of nitrogenase
activity (about 39%) in nasC nodules. By contrast, the ARA of nodules induced by the
nirA mutant was not affected by flooding (Figure 5.3.1.A.). We also included in these
analyses nodules from plants inoculated with a napA mutant, defective in the
periplasmic nitrate reductase. Consistent with that previously reported by Sdnchez and
colleagues (2010), flooding did not affect nitrogenase activity in napA nodules
(Figure 5.3.1.A.). Functionality of the nodules was also estimated by measuring the Lb
content (Figure 5.3.1.B.). Consistent with ARA determinations, flooding provoked a

significant decrease of Lb content in nodules produced by the WT or nasC mutant
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(56% and 32%, respectively). However, Lb levels were not significantly affected by
flooding either in nirA or napA nodules, compared to those levels observed in non-

flooded nodules.

We also investigated the contribution of NasC and NapA to NR activity of the
bacteroids. Previous studies have demonstrated that NR activity was not detectable in
free-living cells of the nasC mutant cultured aerobically with NOs™ as the only N source
(Cabrera et al., 2016). On the contrary, in this work we have observed WT levels of NR
activity in nasC bacteroids from flooded plants (Figure 5.3.1.C.). As previously reported
(Sanchez et al., 2010), flooding induced about 2-fold bacteroidal NR activity in WT
nodules, being this activity undetectable in napA nodules (Figure 5.3.1.C.). Taken
together, these results suggest that NapA is the main enzyme responsible for NOs
reduction in bacteroids, while NasC does not have a relevant role. These observations
would explain the weak effect of nasC inoculation on the response of symbiotic N>

fixation to flooding.
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Figure 5.3.1. A. Acetylene reduction activity (ARA) B. Leghaemoglobin content (Lb) in
nodules. C. Nitrate reductase (NR) activity in bacteroids. Plants were inoculated with
B. diazoefficiens USDA 110 (WT), GRPA1 (napA mutant), 4003 (nasC mutant) or 4011 (nirA
mutant) strains. Nodules were isolated from non-flooded plants or plants subjected to flooding
for 7 days. Plants were grown in the presence of 4 mM KNOs. Data are means with standard
deviations from two independent experiments assayed by using six replicates. In individual
graphs, bars within the same treatment marked with the same lower-case letter, and bars
within the same strain followed by the same capital letter, are not significantly different as
determined by the ANOVA test at P < 0.05. Values of table in a column within the same
treatment marked with the same lower-case letter, and values in a column within the same
strain followed by the same capital letter, are not significantly different as determined by the
ANOVA test at P <0.05 (n = 6). nd = not detected.

5.3.4. Role of nitrate assimilation in non-nitrogen fixing nodules

Results from Chapter 5.3.3. have revealed that assimilatory NOs™ reduction to NO;™ by
NasC does not have a role in symbiotic N, fixation. This observation might be due to
very low expression of NasC in the presence of NH4*, the product of nitrogenase. In
fact, it is very well established in free-living bacteria that assimilatory NO3™ reduction is
repressed by NHs* (Moreno-Vivian et al.,, 1999, 2007). In order to investigate the
potential role of NO3™ assimilation in nodules, we inoculated soybean plants with a nifH
mutant that induces nodule formation, however, they are unable to reduce N; to NHz*
in the bacteroids (Hahn et al., 1984). After 35 days of plant growth, nodule number per
plant (NNP), nodule fresh weight per plant (NFWP) and plant dry weight (PDW) were
analyzed (Table 5.3.1.). Confirming previous results (Mesa et al., 2004), the presence of
NOs in the nutrient solution did not inhibit NNP or NFWP in plants inoculated with the
WT (Table 5.3.1.). Inoculation with the nifH mutant did not alter NNP of plants grown
either in the absence or in the presence of NOs". Values obtained were very similar to
those observed in plants inoculated with the parental strain (Table 5.3.1.). As
previously reported (Hahn et al., 1984), plants inoculated with the nifH mutant and
cultivated without NO3™ showed lower NFWP (about 66%) than plants inoculated with
the WT and grown under the same conditions (Table 5.3.1.). However, when NOs was
added to the nutrient solution, NFWP of plants inoculated with the nifH mutant was
restored to WT levels (Table 5.3.1.). Interestingly, the individual weight of nodules
(NFWP divided by NNP) from plants inoculated with the nifH increased significantly

(about 52%), relative to those isolated from plants that grew only by N, fixation
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(16 mg and 7.7 mg, respectively). As expected, plants inoculated with the nifH mutant
and cultivated without NOs3 presented 4-fold lower PDW, compared to those
inoculated with the WT. The presence of NOs increased PDW, compared to non-NO3
treated plants, and no differences were observed between plants inoculated with the

WT and those inoculated with the nifH mutant (Table 5.3.1.).

Table 5.3.1. Nodule number per plant (NNP), nodule fresh weigth per plant (NFWP) and
plant dry weigth (PDW) of plants inoculated with B. diazoefficiens 11spc4 (WT) or H1 (nifH
mutant) strains. Plants were grown in the absence (-N) or the presence of 4 mM KNOs (+N).
Values (means # standard deviations) in a column within the same treatment marked with the
same lower-case letter, and values in a column within the same strain followed by the same
capital letter, are not significantly different as determined by the ANOVA test at P < 0.05
(n=6).

Strain Treatment NNP NFWP PDW
(g plant?) ()
WT -N 32+9aA 0.70+£0.19a2A 2.01+0.48 aB
+N 38+11aA 0.65+0.21 aA 3.32+0.49 aA
nifH -N 31t6aA 0.24+0.05 bB 0.50 £ 0.07 bB
+N 36t7aA 0.58+0.13 aA 3.29+0.46 aA

To estimate nodule functionality, Lb content was determined as an indicative
parameter of the nodule N; fixing fitness. As expected, Lb content in nifH nodules
decreased, compared to WT nodules from plants that were grown either without or
with NOs". Nitrate did not alter Lb content in nodules produced by either WT or nifH

mutant (Figure 5.3.2.).
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Figure 5.3.2. Leghaemoglobin content (Lb) in nodules. Plants were inoculated with
B. diazoefficiens 11spc4 (WT) or H1 (nifH mutant) strains. Nodules were isolated from plants
grown in the absence (-Nitrate) or the presence of 4 mM KNOs (+Nitrate). Data are
means with standard deviations from two independent experiments assayed by using six
replicates. In individual graphs, bars within the same treatment marked with the same lower-
case letter, and bars within the same strain followed by the same capital letter, are not
significantly different as determined by the ANOVA test at P < 0.05.

The contribution of bacteroidal NO3™ assimilation in soybean nodules was also
investigated by measuring the expression of nark, the lead gene of the narK-bjgb-flp-
nasC transcriptional unit, in nodules produced by the nifH mutant. We also examined
the production of NH4*, the product of NO3™ assimilation and nitrogenase activity, in
the bacteroids. Transcript levels of narK were analyzed after RNA isolation from
nodules collected from NOs-treated soybean plants that were inoculated with
B. diazoefficiens WT or nifH mutant. As shown in Table 5.3.2., narK expression
increased ~88-fold in nifH nodules compared to parental nodules. NH4* content was
determined in bacteroids isolated from nodules of plants grown in the absence or the
presence of NOs™ (Figure 5.3.3.). As expected, bacteroids induced by the nifH mutant
and isolated from nodules of plants grown under N; fixation dependent conditions

were strongly impaired in their capacity to produce NH4*, due to the lack of
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nitrogenase. However, when NO3™ was present in the nutrient solution, nifH bacteroids
showed significant levels of NHs* that probably might be produced by the NOs3
assimilatory pathway (Figure 5.3.3.).

Table 5.3.2. Expression of narK in nodules. Gene expression was measured by gRT-PCR in
nodules from plants inoculated with B. diazoefficiens 11spc4 (WT) or H1 (nifH mutant) strains.
Nodules were harvested from plants grown in the presence of 4 mM KNO;. Data are
means * standard deviations from there independent RNA samples assayed by using three
replicates.

Relative amount of transcript

Gene 110spca (WT) nifH
narK 1.00 £ 0.00 +87.82 £ 18.70
60 -
aA
50 -+
—Z aB W (-) Nitrate
E 40 (+) Nitrate
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o |
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Figure 5.3.3. Ammonium (NH;*) content in bacteroids. Plants were inoculated with
B. diazoefficiens 11spc4 (WT) or H1 (nifH mutant) strains. Nodules were isolated from plants
grown in the absence (-Nitrate) or the presence of 4 mM KNOs (+Nitrate). Data are
means with standard deviations from two independent experiments assayed by using six
replicates. In individual graphs, bars within the same treatment marked with the same lower-
case letter, and bars within the same strain followed by the same capital letter, are not
significantly different as determined by the ANOVA test at P < 0.05.
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6. DISCUSSION

6.1. The in vitro roles of Bjgb and Flp from B. diazoefficiens in NO detoxification

Bacteria use a large variety of proteins to eliminate NO. Among them, haemoglobins
(flavohaemoglobins, single domain haemoglobins and trucanted haemoglobins) are
the most important and well-characterized proteins involved in aerobic NO
detoxification in bacteria (Poole, 2005; Stern and Zhu, 2014; Gell, 2018). In
B. diazoefficiens, a single domain haemoglobin (Bjgb) (Cabrera et al., 2011; Sanchez et
al., 2011a) has been identified. The gene encoding Bjgb (blr2807, bjgb) is included in
the B. diazoefficiens narK-bjgb-flp-nasC operon, which contains other genes involved in
NOs™ assimilation (Cabrera et al., 2016). The in vivo function of Bjgb and Flp proteins in
the protection of B. diazoefficiens cells from nitrosative stress has been recently
demonstrated (Cabrera et al., 2016). However, the in vitro function of Bjgb and Flp is
unknown. Bjgb is homologous to the N-terminal haem-containing domain of the fHb
from E. coli, as well as to the sdHbs from V. stercoraria and C. jejuni (Sdnchez et al.,
2011a). Flp is a NAD(P)H reducing protein, with a flavin mononucleotide (FMN) moiety
analogous to the fHb-like FAD/NAD-binding domain.

UV-Vis electronic absorbance spectroscopic assays, that were performed with
purified Bjgb and Flp, revealed that Bjgb contains a haem b cofactor and it is reduced
by Flp, that transfers electrons from NAD(P)H. Thus, Flp is a key protein that acts as a
redox partner of Bjgb. Moreover, it has been shown that reduced Bjgb haem b can also
bind NO. These results confirmed the role of Bjgb and Flp in NO metabolism and

demostrated the in vitro capacity of Bjgb to bind NO.

Sequence alignment of Bjgb with other Hbs showed the presence of the
proximal haem-coordinating F8 histidine residue (His!), that is 100% conserved across
the whole Hb superfamily (Figure 5.1.11.). B. diazoefficiens Bjgb sequence also
possesses the CD1 phenylalanine (Phe*?), which makes m-stacking interactions with
pyrrole ring C and is the second-most highly conserved globin residue after HisF8
(reviewed in Gell, 2018) (Figure 5.1.11.). On the contrary, instead of the conserved
alanine (A) present in most of the other Hbs, Bjgb contains a lysine (K52) that is not

conserved. Interestingly, C. reinhardtii trHb (THB1) exhibits a lysine (K53) as a haem Fe
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ligand, that has been recently shown to be implicated in NO detoxification (Rice et al.,
2015) (Figure 5.1.11.). In order to reveal the involvement of Bjgb K52 in NO
metabolism, we performed a mutation strategy to replace lysine-52 from Bjgb with
alanine (K52A) through QuickChange Site-Directed Mutagenesis method (Figure
5.1.12.). Previous studies have proposed that NO is the signalling molecule that
activates transcription of B. diazoefficiens nor genes, encoding the respiratory nitric
oxide reductase (Bueno et al., 2017). During NOs-dependent anaerobic growth, the
Cu-containing respiratory nitrite reductase (NirK) generates NO in the periplasm and
the assimilatory nitrate reductase (NasC) is responsible for NO production in the
cytoplasm (Cabrera et al., 2016; Bueno et al., 2017). In this context, it has been
proposed that Bjgb binds NO produced in the cytoplasm, that is generated by NasC as
by-product of NO3/NO; assimilation (Cabrera et al., 2016). Confirming this hypothesis,
we have demonstrated in this work the capacity of Bjgb to bind NO in vitro. Phenotypic
in vivo characterization of a bjgb delection mutant showed an induction of Nor
expression, probably due to increased intracellular NO levels that arise during
assimilatory NOs™ reduction (Cabrera et al., 2016). In this Thesis, we have investigated
the role in vivo of the lysine-52 by analyzing the expression and activity of Nor in
B. diazoefficiens cells expressing Bjgb K52A mutant, compared to those cells expressing
the Bjgb native protein. We have determined Nor expression by using a norC-lacZ
transcriptional fusion, by detecting NorC through haem-staining analyses and also by
measuring the capacity of the cells to produce N;O, the product of Nor activity. By
following these three approaches, we found that overexpression of Bjgb in the bjgb
mutant significantly reduced expression of Nor (Figure 5.1.13.). These results suggest
that the complementation of the bjgb mutant with a plasmid overexpressing the
native Bjgb, that bind NO, probably reduced the concentration of the signalling
molecule (NO) and, consequently, expression of Nor is significantly decreased.
However, when the bjgb mutant was complemented with a plasmid overexpressing
the Bjgb K52A mutant, the strong reduction of Nor expression provoked by the
presence of the native Bjgb was not observed (Figure 5.1.13.). These observations
suggest that the capacity of Bjgb K52A mutant to bind NO is probably lower than that
of the native Bjgb protein. Consequently, the presence of NO in the cytoplasm of the

cells expressing Bjgb K52A resulted in the induction of Nor expression to WT levels.
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Taken together, these results allowed us to conclude that the lysine-52 from Bjgb has a

critical role for NO homeostasis in vivo.

Unlike the fHbs, such as Hmp from E. coli, which contain a central FAD binding
domain and a C-terminal NADP-binding domain (Poole, 2005), sdHbs lack the
oxidoreductase FAD/NAD-binding domain. There is evidence suggesting that, under
aerobic conditions, sdHbs function generally as NO dioxygenase (NOD) enzymes where
NO induces O>-Hb?* dioxygenation to form Hb3*+NOs (for a review see Tinajero-Trejo
and Shepherd, 2013). However, the reductase that recycles Hb?* from Hb3* in vivo
remains to be identified. In this Thesis, we have identified the redox partner of the
B. diazoefficiens sdHb (Bjgb), since we have demonstrated in vitro that Flp is able to
reduce Bjgb. However, further experiments are needed to demonstrate the NOD

activity of Bjgb in vitro.

Similarly, as reported for sdHbs, Hmp converts NO into NO3 by a NOD activity
under aerobic conditions (Gardner et al., 1998; Hausladen et al., 2001; Gardner, 2005).
In addition to NOD activity, Hmp is also able to reduce NO to N;O under anaerobic
conditions (Kim et al.,, 1999). Regarding the role in vivo of Bjgb, it has been
demonstrated that, under low oxygen NOs™-dependent free-living conditions, a bjgb
mutant showed substantial growth inhibition compared to WT cells, suggesting a NO
detoxifying role (Cabrera et al., 2016). It might be possible that, as reported for Hmp,
Bjgb has the capacity to reduce NO to N,O. However, Cabrera and colleagues (2016)
demonstrated that the denitrifying Nor enzyme is the only NO reductase, given the
incapacity of a B. diazoefficiens norC mutant to produce N;O. In order to confirm these
observations, in this Thesis we transferred plasmid pDB4028, overexpressing native
Bjgb, to norC mutant. Similarly, as it was previously observed, N,O production could
not be detected in a norC mutant overexpressing native Bjgb (data not shown). These
results demonstrate that Bjgb is not implicated in N;O production. Therefore, the
respiratory NO-reductase enzyme is the main source of N;O in B. diazoefficiens, as

previously reported (Cabrera et al., 2016).
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6.2. Function of the haemoglobin Bjgb from B. diazoefficiens in NO

homeostasis in soybean nodules and in symbiotic nitrogen fixation

Several studies have shown that NO production in soybean nodules is induced by NOs
and hypoxia, that is promoted by flooding conditions (Meakin et al., 2007; Sanchez et
al., 2010). This molecule is a potent inhibitor of nitrogenase activity and expression
(Kato et al., 2010; Sanchez et al., 2010). In nodules, NO can also bind Lb contributing to
the formation of nitrosyl-leghaemoglobin (LbNO) complexes, that have a major role in
detoxifying RNS (Sanchez et al., 2010). It is also well established that the denitrification
pathway in B. diazoefficiens is the major source of NO and N2O in soybean nodules
(Sanchez et al.,, 2010; Tortosa et al., 2015). Previous experiments revealed that in
soybean plants inoculated with a B. diazoefficiens napA null strain, where
denitrification is inhibited, basal levels of NO and N2O were still detected in nodules
(Sadnchez et al., 2010; Tortosa et al., 2015). These observations suggested that, in
addition to denitrification, other mechanisms give rise to NO and N;O in nodules. The
recently identified haemoglobin Bjgb is one such system, which has been reported to
be involved in NO detoxification under free living conditions (Cabrera et al., 2011;
Sanchez et al., 2011a; Cabrera et al., 2016), however, its function inside the nodules is
unknown. In this work, the role of Bjgb in symbiotic N; fixation and NO homeostasis in
the B. diazoefficiens-Glycine max symbiosis has been investigated by inoculating plants
with a bjgb mutant. In order to induce NO formation in the nodules, soybean plants
were grown in the presence of KNO3 (4 mM) and 7 days before harvesting they were
subjected to flooding, as previously reported (Mesa et al., 2004; Meakin et al., 2007;
Sanchez et al., 2010). This NOs™ concentration was selected based in a previous work
(Mesa et al., 2004) where Glycine max L. Merr., cv. Williams inoculated with
B. diazoefficiens USDA 110 was grown in the presence of 0, 1, 2, 3, 4, 5 and 6 mM
KNOs. Mesa and colleagues (2004) found that 4 mM KNOs resulted in the induction of
bacteroidal denitrification by measuring N;O formation in nodules, and this
concentration did not inhibit either nodule formation or nitrogenase activity. Since the
effect of flooding on NNP was similar independently of the strain used for inoculation,
the increase in NDWP observed in plants where bjgb was used as inoculum is probably

due to a higher individual nodule weight. This observation suggests that the bjgb
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mutant has a beneficial effect on nodule development and growth, rather than on

nodule number formation.

The impact of flooding on N fixation was further investigated by calculating the
amount of fixed N in shoots (FN) employing the N isotope dilution method.
Consistent with previous observations (Sanchez et al., 2011b), this approach was used
to demonstrate the negative effect of flooding on N; fixation in plants grown in the
presence of NOs. The decrease of FN provoked by flooding was significantly less
pronounced in plants that were inoculated with the bjgb mutant, indicating that the
loss of Bjgb confers tolerance of N fixation to flooding. These findings were confirmed
by analysis of nitrogenase activity (ARA) and levels of leghaemoglobin (estimation of
nodule functionality). As reported previously, flooding significantly inhibited ARA and
Lb levels in WT nodules (Sanchez et al., 2010). However, the negative effect of flooding
on ARA and Lb levels was smaller in nodules from plants inoculated with the bjgb

mutant, compared to WT nodules.

In contrast to our findings, inoculation of M. truncatula plants with an
E. meliloti strain lacking the flavohaemoglobin (Hmp) strongly inhibited ARA and
provoked nodule senescence (Cam et al., 2012), as compared to those inoculated with
the WT. The authors attributed this effect to an increase in the NO levels observed in
nodules produced by the hmp mutant, which negatively affected N fixation and
increased root nodule senescence. Contrary to the higher NO levels observed in
M. truncatula nodules induced by the E. meliloti hmp mutant compared to those
produced by the WT (Cam et al.,, 2012), our results showed that NO formation was
significantly lower in bjgb than in WT nodules in response to flooding. The apparent
differences observed regarding the involvement of the E. meliloti hmp and
B. diazoefficiens bjgb mutants in N»-fixation and nodule NO formation could be due to
the different plant growth conditions used by Cam et al. (2012) and in this work. While
Cam and colleagues cultured M. truncatula in N-free medium, in the present work
soybean plants were grown with NOs3 and subjected to flooding for 7 days. In
B. diazoefficiens, denitrification accounts for about 90% of NO present in flooded
soybean nodules (Sdnchez et al., 2010), while in M. truncatula nodules, E. meliloti

produces only ~35% of NO detected (Cam et al., 2012). The apparent contradictory
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observations found between the roles of E. meliloti Hmp and B. diazoefficiens Bjgb
might be also due to metabolic differences in their NOs-reducing pathways. While
B. diazoefficiens is a complete denitrifier which grows anoxically by NOs respiration,
E. meliloti is unable to respire NOs™ under anoxic conditions (reviewed by Torres et al.,
2016). Furthermore, it might also be possible that the nature of nodule-type supports
different mechanisms of dealing with the nitrosative stress, considering that
indeterminate nodules (M. truncatula) are characterized by a persistent meristem and
a continuous growth, while determinate nodules (G. max) are characterized by a not

persistent meristem and a limited growth potential.

The decreased levels of NO produced by bjgb nodules could explain the
tolerance of Ny fixation to flooding observed in plants inoculated with the bjgb mutant.
In B. diazoefficiens there are two main processes involved in NO formation, which are
denitrification and NOs™ assimilation. Under low oxygen NOs-dependent free-living
conditions, pathways for both respiratory denitrification and NOs  assimilation are
active to promote bacterial survival. In fact, both respiratory (Nap) and assimilatory
(NasC) nitrate reductases contribute similarly to the total activity. Under these
conditions, a bjgb mutant showed substantial growth inhibition compared to WT cells,
suggesting a NO detoxifying role for Bjgb (Cabrera et al., 2016). However, under
symbiotic conditions, where growth is not needed, the contribution of assimilatory
NOs reduction in the bacteroids is only ~10% (Sanchez et al., 2010). Consequently, it
may be possible that low NO concentrations arising from NOs assimilation in the
bacteroids cytoplasm does not present toxicity in nodules. These observations may
also explain that, in contrast to the reported role in NO detoxification during NOs™-
dependent anaerobic growth, Bjgb would not be directly involved in NO detoxification

inside nodules and, thus, it may instead act as an NO-buffer.

The assimilatory nitrate reductase (NasC) is encoded by the nark-bjgb-flp-nasC
operon, that also contains the gene encoding the sdHb (Bjgb). Cabrera and colleagues
(2016) reported that NO produced by NasC in the cytoplasm acts as signalling
molecule, which activates expression of the denitrifying nor genes. In this context, it
has been recently demonstrated that NO is the signalling molecule that induces nor

genes in B. diazoefficiens (Bueno et al., 2017). Under free-living conditions, expression
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of the respiratory Nor was significantly up-regulated in a bjgb mutant relative to WT,
probably due to increased intracellular NO levels that arise during assimilatory NOs"
reduction (Cabrera et al., 2016). In soybean nodules, NO produced by the periplasmic
denitrifying enzyme NirK is the main source of NO, and Nor the principal system for NO
removal (Sdnchez et al., 2010). It might be possible that, as it has been demonstrated
in free-living cells (Cabrera et al., 2016), NO produced in the cytoplasm from NOs3
assimilation is increased in bacteroids induced by the bjgb mutant. Then, this molecule
would act in the cytoplasm as a signal that induces nor genes expression. In fact,
induction of norC expression by flooding was greater in the bjgb nodules than in WT
nodules. Furthermore, analysis of Nor activity showed a higher N,O formation capacity

in bjgb nodules, compared to those of the parental strain.

It has been previously reported that soybean plants inoculated with a
B. diazoefficiens nirKk mutant, whose nodules do not produce NO from denitrification,
were more tolerant to flooding than plants inoculated with the WT strain (Sanchez et
al., 2011b). Similarly, results obtained in this work suggest that inoculation with the
bjgb mutant partially diminished the negative effect of flooding on N; fixation
observed in WT-inoculated plants. This advantage is probably due to the increased
capacity of bjgb deficient nodules to induce expression of nor genes, whereby the gene
product removes the NO produced by denitrification. The decreased levels of NO
observed in bjgb nodules compared to WT nodules in response to flooding lead us to
suggest that B. diazoefficiens Bjgb, instead of functioning as a direct NO-detoxifying
protein in the nodules, it would contribute indirectly by modulating cytoplasmic NO
levels, the signalling molecule required for induction of the denitrifying nitric oxide
reductase enzyme, which is the major protein involved in NO removal in soybean
nodules (see Figure 6.1.). In conclusion, this work reveals a strategy for nitrogenase
protection and, consequently, for efficient symbiotic N; fixation, that requires the
modulation of NO levels in root nodules by the microsymbiont. Therefore, using
rhizobia strains that modulate NO levels in nodules is an important practice that would
enhance legume production and promote sustainable agriculture. From this
perspective, the contribution of bjgb mutation is positive for nitrogenase protection.

However, elevated N,O production resulting from increased NO reduction results in
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release of a potent and stable greenhouse gas, that has a negative environmental

impact and may contribute to climate change.
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Figure 6.1. Proposed role of Bjgb in soybean nodules, alongside well-characterized sources of
NO in nodules. The large green circle represents the plant cell, and the square represents the
bacteroid, where the periplasm is shown in orange and the cytoplasm is shown in beige.
Adapted from Torres et al. (2016).

As shown in Figure 6.1., in addition to the reported plant sources of NO in
legume nodules, denitrification in the bacteroids also contributes to the formation of
this molecule. During this process, NO2> and NO produced by Nap and NirK,
respectively, can bind Lb producing LbNO complexes. It has also been reported that NO
is an inhibitor of nifH expression. Results from this work suggest that, in addition to
denitrification, assimilatory NO3™ reduction by NasC might be another source of NO in
nodules. NO produced in the bacteroid cytoplasm by this system would act as a

signalling molecule to activate nor genes.
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6.3. Role of nitrate assimilation in the B. diazoefficiens-soybean symbiosis

The capacity of B. diazoefficiens to assimilate NOs™ under free-living conditions by
reducing it to NO2 and NH4* through the activity of the assimilatory nitrate (NasC) and
nitrite (NirA) reductases, respectively, is well established (Cabrera et al., 2016).
However, the involvement of NasC and NirA inside the nodules is unknown. In this
work, the role of NasC and NirA in symbiotic N; fixation in the B. diazoefficiens-
Glycine max symbiosis has been investigated by inoculating soybean plants with a nasC
or nirA B. diazoefficiens mutants. Similarly to the experiments performed in Chapter
5.2., after inoculation, soybean plants were grown in the presence of KNO3 (4 mM)

and, 7 days before harvesting, they were subjected (or not) to flooding.

Regardless of the plant growth conditions, inoculation with the nasC or the nirA
mutants did not affect nodulation or plant dry weight, relative to those plants
inoculated with the WT strain (data not shown). By measuring acetylene reduction
activity (ARA) in nodules, ARA of nodules from plants inoculated with a nasC mutant
showed a similar response to flooding than that of those nodules isolated from plants
inoculated with the parental strain. These results suggest that NasC does not show a
relevant role in N3 fixation. Supporting this suggestion, we have also observed in this
Thesis that nitrate reductase (NR) activity of nasC bacteroids from flooded nodules was
similar to that from bacteroids produced by the parental strain. In contrast, NR activity
of bacteroids from plants inoculated with a napA mutant was not detected, as
previously reported by Sdnchez and colleagues (2010) (Figure 5.3.1.C.). Taking these
results together, we conclude that the periplasmic NR (NapA), that initiates the
denitrification process, is the main enzyme involved in NOs3 reduction in

B. diazoefficiens bacteroids.

By contrast to nasC nodules, nitrogenase activity of the nodules from plants
inoculated with nirA was more tolerant to flooding, compared to those nodules from
plants inoculated with the parental strain. These observations were confirmed by
monitoring the levels of Lb, as a parameter indicative of the N; fixation activity of the
nodules (Dakora, 1995). Since either the nasC or the nirA mutants are defective in NHs*
formation from NOs (Cabrera et al., 2016), the different response of nitrogenase

activity to flooding observed in the nasC or the nirA nodules cannot be attributed to
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the lack of NHi* production from NOsz assimilation. It has been previously
demonstrated the capacity of NasC to produce NO from NO; (Cabrera et al., 2016). In
this context, Cabrera and colleagues (2016) reported that NO produced by NasC in the
cytoplasm acts as signalling molecule, which activates expression of the denitrifying
nor genes encoding the main enzyme involved in NO removal in the bacteroids. It is
also well established that NO is a potent inhibitor of nitrogenase activity and
expression (Kato et al., 2010; Sanchez et al., 2010). Results from Chapter 5.2. have
shown that, in bacteroids of a bjgb mutant, increased intracellular NO levels, that arise
from assimilatory NO3™ reduction, induce expression of Nor. Consequently, NO levels in
the nodules decreased, and protection of nitrogenase activity occurs. Cabrera and
colleagues (2016) showed that, under free-living conditions, a nirA mutant is unable to
use NOz as N source and to grow by reducing it to NH4*. In addition to be the source of
NirA, NO; could be also the source of NasC to produce NO, as it has been reported for
the new class of NO-forming nitrite reductases molybdoenzymes (for a review see
Maia and Moura, 2015; Maia et al., 2017). In this context, it might be possible that
increased NO;y levels in the cytoplasm of the nirA mutant provoke induction of NO
formation by NasC. Similarly, as we have observed in nodules produced by the bjgb
mutant, increased intracellular NO levels might induce expression of Nor, that removes
NO produced through denitrification in the periplasm, and, consequently, inhibition of
nitrogenase activity by this toxic molecule is prevented. However, more experiments

need to fully support this hypothesis.

In this Thesis, we have also investigated the role of NOs assimilation in the
B. diazoefficiens-soybean symbiosis by using another approach consisting in the use of
nodules induced by B. diazoefficiens mutants defective in N3 fixation. For this purpose,
we inoculated soybean plants with a nifH mutant, where N; fixation does not occur
(Hahn et al., 1984). When plants were grown in the absence of NOs’, inoculation with
the nifH mutant, defective in the Fe-protein from nitrogenase, induces the formation
of bacteroids unable to produce NHs* and provide it to the host plant, resulting in N-
starved plants (Hahn et al., 1984). In fact, it has been recently reported that the

amount of several ureides and its purine precursors was reduced in nifH nodules, likely
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because no NH4* is produced by the bacteroids, and, as a consequence, synthesis and

transport of ureides is impaired (Lardi et al., 2016).

As previously reported by Hahn and colleagues (1984), inoculation of plants
with the nifH mutant produced the same number of nodules (NNP) than the WT. In
this work, we also found that nodule fresh weight (NFWP) was reduced 3-fold in plants
inoculated with the nifH mutant, compared to those inoculated with the parental
strain (Table 5.3.1.). These results suggest that nodule growth, estimated by
calculating the individual weight of nodules by dividing NFWP between NNP, was
significantly reduced in plants inoculated with the nifH mutant and grown
without NOs, compared to those inoculated with the WT. In contrast, in plants grown
with NOs’, nifH nodules showed similar growth rates as WT nodules. According to
these observations, it might be possible that NO3™ assimilation by nifH nodules has a
positive effect on nodule development. As expected, bacteroids produced by the nifH
mutant were unable to produce NHs* when plants only depended on Ny fixation.
Surprisingly, we found that in NOs™-grown plants, bacteroids from nodules induced by
the nifH mutant were able to produce NH4* (Figure 5.3.3.). Consequently, it might be
possible that the capacity to produce NHs* from NOs assimilation by the bacteroids
has a positive effect on nodule growth and development. In order to investigate the
relevance of NOs assimilation by bacteroids in NOsz-treated plants, we analyzed
transcript levels of narK, which is the lead gene of the narK-bjgb-flp-nasC (blr2803-
blr2809) transcriptional unit (Cabrera et al., 2016) that contains NOs assimilation
genes, such as nasC. We found that narK expression was significantly induced in nifH
nodules from plants treated with NOs", compared to parental nodules. Confirming our
results, recent transcriptomic data with nodules induced by the nifH mutant showed
an activation of the gene cluster blr2803-blr2809 and gene nirA (bll4571) encoding the
assimilatory nitrite reductase (Cabrera et al., 2016; Lardi et al., 2016). Transcriptomic
analyses made by Lardi and colleagues (2016) also showed an activation of the
bacterial N stress response (Ntr) with two P-Il proteins encoding genes (g/nB and gInK),
as well as the two-component response regulator ntrC gene, being strongly up-

regulated in nodules infected by a nifH mutant (Lardi et al., 2016).
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It has been reported that NtrC is a transcriptional activator of nirA (Franck et
al., 2015) and narK-bjgb-flp-nasC operon (Lépez et al., 2017). NtrC is required for the
expression of assimilatory NO3” and NO reductase activities in B. diazoefficiens free
living cells (Lépez et al., 2017). It is well known that, in Gram-negative bacteria,
the NOs™ assimilation (nas) genes are subjected to dual control: ammonia repression by
the general N regulatory (Ntr) system and specific NO3* or NO; induction (Luque-
Almagro et al., 2011). In B. diazoefficiens free-living cells, NtrC induces nark-bjgb-flp-
nasC expression in the absence of NHs* (Lopez et al., 2017). In this bacterium, nasTS-
nirA cluster encodes a NO3/NO; responsive TCS, NasS-NasT (Sanchez et al., 2014), and
a NO; ferredoxin-dependent reductase, NirA (Cabrera et al., 2016). The RNA-binding
protein NasT has been shown to positively and directly regulate nark-bjgb-flp-nasC and
nirA (Cabrera et al., 2016). NasS forms a complex with NasT, avoiding transcription
antitermination activity of this protein in the absence of NOs'. In the presence of NOs,,
NasS dissociates from NasT, enabling this protein to bind mRNA for its transcription
antitermination effect (Luque-Almagro et al., 2013; Sdnchez et al., 2014). In addition to
NtrBC, NasST might also act as a transcriptional regulator of narK-bjgb-flp-nasC and

nirA genes in soybean nodules.

By concluding, as result of all of the above mentioned observations, we suggest
that, in NOs-treated soybean nodules induced by the nifH mutant, the absence of NH4*
and the presence of NOs™ are the optimal conditions to induce expression of the NtrC
dependent nark-bjgb-flp-nasC operon, that will produce NH4* from NOs assimilation
and, consequently, might have a positive effect on nodule health and development.
We propose that assimilatory NOs™ reduction might have an important function in
soybean nodules in those cases in which N; fixation is impaired and, consequently,

NH4* production in bacteroids is significantly reduced.
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7. CONCLUSIONES

1. La hemoglobina (Bjgb) de Bradyrhizobium diazoefficiens contiene un grupo
hemo b como cofactor que se une a éxido nitrico (NO) in vitro. La flavoproteina
(Flp) actta reduciendo a Bjgb in vitro.

2. La lisina-52 de la Bjgb de B. diazoefficiens tiene un papel critico en la
homeostasis de NO in vivo.

3. La inoculacidn de plantas de soja con una mutante bjgb de B. diazoefficiens
confiere tolerancia a la fijacién simbidtica de nitrogeno (N2) al encharcamiento.
Esta ventaja se debe a la capacidad de los nédulos deficientes de Bjgb de
inducir la expresion de los genes norCBQD, que codifican la enzima respiratoria
oxido nitrico reductasa (Nor), la principal proteina implicada en la eliminacion
de NO en los nédulos de soja.

4. La Bjgb de B. diazoefficiens, en lugar de funcionar como una proteina
directamente implicada en la destoxificacion de NO en los nddulos, puede
contribuir indirectamente modulando los niveles citoplasmaticos de NO en los
bacteroides, la molécula sefial necesaria para la induccién de Nor.

5. La nitrato reductasa asimilativa de B. diazoefficiens (NasC) no tiene un papel
relevante en los nddulos de la soja. La nitrato reductasa periplasmica (NapA) es
la principal enzima que interviene en la reduccién de nitrato (NOs) en los
bacteroides.

6. La deleccidén del gen nirA, que codifica la nitrito reductasa asimilativa (NirA),
protege a la fijacion de N2 en la simbiosis B. diazoefficiens-soja durante
condiciones de encharcamiento.

7. En plantas tratadas con NOs, la inoculacion con una mutante nifH de
B. diazoefficiens induce la expresion de la asimilacion de NOs en los
bacteroides.

8. La reduccién asimilativa de NOs3 en los bacteroides puede tener un efecto
positivo en el desarrollo y funcionalidad de los nédulos en aquellos casos en los

que la fijacién de N3 se ve afectada.
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CONCLUSIONS

1. Bradyrhizobium diazoefficiens haemoglobin (Bjgb) contains a b-type haem
cofactor that binds nitric oxide (NO) in vitro. The flavoprotein (Flp) acts as a

redox partner for Bjgb in vitro.

2. Lysine-52 from B. diazoefficiens Bjgb has a critical role for NO homeostasis in
vivo.

3. Inoculation of soybean plants with a B. diazoefficiens bjgb mutant confers
tolerance of symbiotic nitrogen (N;) fixation to flooding. This advantage is due
to the ability of Bjgb deficient nodules to induce the expression of norCBQD
genes, which encodes the respiratory nitric oxide reductase (Nor) enzyme, the

major protein involved in NO removal in soybean nodules.

4. B. diazoefficiens Bjgb, instead of functioning as a direct NO-detoxifying protein
in the nodules, may contribute indirectly by modulating cytoplasmic NO levels

in the bacteroids, the signalling molecule required for the induction of Nor.

5. B. diazoefficiens assimilatory nitrate reductase (NasC) does not have a relevant
role in soybean nodules. Instead, the periplasmic nitrate reductase (NapA)

remains the main enzyme involved in nitrate (NO3") reduction in bacteroids.

6. Deletion of nirA, encoding the assimilatory nitrite reductase (NirA), protects N
fixation of B. diazoefficiens-soybean symbiosis during flooding conditions.

7. In NOs-treated plants, inoculation with a B. diazoefficiens nifH mutant induces
expression of NO3™ assimilation in the bacteroids.

8. Assimilatory NOs reduction in bacteroids may have a positive effect on nodule

health and development when N fixation is impaired.
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9. ANEXOS

9.1. Abreviaturas y simbolos

A

ABC
ADN/DNA
ADNc/cDNA
ADP

AEBSF

Ap
APS
ARA

ARN/RNA
ARNmM/mRNA
ATP

b

BNF

Cm
cPTIO

CRP
C-terminal
cv

DEPC
DMSO
DNRA

DO/OD
DTT
EDTA

FAD
FC
Fe
Fe-S
Flp

Adenina

ATP-binding cassette
Acido desoxirribonucleico
ADN complementario
Adenosin difosfato
4-(2-aminoethyl)
benzenesulfonyl fluoride
hydrochloride

Ampicilina

Persulfato amdnico
Actividad reductora de
acetileno

Acido ribonucleico

ARN mensajero

Adenosin trifosfato

Base nitrogenada

Fijacién bioldgica de
nitrégeno
Citosina/Carbono
Cloranfenicol
2-4-carboxyphenyl-4,4,5,5
tetramethylimidazoline-1-
oxyl-3-oxide

Cyclic AMP receptor protein
Carboxi terminal
Volumen de columna
Dietil policarbonato
Dimetilsulféxido
Dissimilatory nitrate
reduction to ammonium
Densidad optica
Ditiotreitol

Acido etilendiaminotetra
acético

Flavin adenin dinucleétido
Fold change

Hierro

Grupo hierro-azufre
Flavoproteina

FMN
FN
FNR

For

Gm
Hb
Bjgb

fHb
sdHb

tHb
HCO
Hcp
IPTG

Kwm

Km

KNOs

Lb

LbNO

MFS
Mo-[MGD];
n
NAD*/NADH
NADP*/NADPH
Nap

Nar

Nas

NCBI

Flavin mononucledtido
Nitrégeno fijado
Fumarate-nitrate reductase
regulator

Forward

Guanina

Gentamicina
Hemoglobina
Hemoglobina de dominio
Unico de B. diazoefficiens
Flavohemoglobina
Hemoglobina de dominio
Unico

Hemoglobina truncada
Oxidasa hemo-cobre
Hybrid cluster protein
Isopropil-B-D-1-
tiogalactopirandsido
Constante Michaelis-
Menten

Kanamicina

Nitrato de potasio
Leghemoglobina
Nitrosil-leghemoglobina
Major facilitator
superfamily
Mo-bis-molibdeptorin
guanina dinucledtido
Numero de réplicas
Nicotin adenin dinucleétido
Nicotin adenin dinucleétido
fosfato

Nitrato reductasa
periplasmica

Nitrato reductasa de
membrana

Nitrato reductasa
asimilativa

National center for
biotechnology information
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Ndfa

NDW
NDWP

NFW
NifH

Nir/NiR
NNEDA
NNP

NnrR

Nor
cNor
gCuaNor
gNor

NOS

Nos

NOy

NR

NrtABC

NssR

N-terminal
ONPG

ORF
P

pb/bp
PCR
PDW
gRT-PCR

Rev
RFU
RNS
ROS

rnm

242

Nitrégeno derivado del N;
atmosférico

Peso seco de nddulo
Peso seco de nddulo por
plantas

Peso fresco de nddulo
Fe-proteina del complejo
nitrogenasa

Nitrito reductasa
N-(1-Naftil) etilenodiamina
Numero de nddulos por
planta

Nitrite/nitric oxide
reductase regulator
Oxido nitrico reductasa
tipo ¢

tipo qCua

tipo q

Oxido nitrico sintasa
Oxido nitroso reductasa
Oxidos de nitrégeno
Nitrato reductasa
Transportador de NOs de
tipo ABC

Nitrosative stress-sensing
regulator

Amino terminal
Orto-nitrofenil-B-
galactdsido

Open reading frame
Promotor

Pares de bases

Reaccion en cadena de la
polimerasa

Peso seco de planta

PCR cuantitativa a tiempo
real

Resistencia

Reverso

Unidades de fluorescencia
Especies reactivas de
nitrégeno

Especies reactivas de
oxigeno

Revoluciones por minuto

S Azufre

SDS Dodecilsulfato sédico

SDS-PAGE Electroforesis en gel de
poliacrilamida-SDS

Sm Estreptomicina

S-NO Sulfo-nitrosotiol

SNP Nitroprusiato sddico

Spc Espectinomicina

T Timina

Tc Tetraciclina

TCS Two-component system

TEMED Tetra-metiletilendiamina

TN Nitrégeno total

umMm/MU Unidades Millers

uv Ultravioleta

v/v Volumen/volumen

Vis Visible

WT Wild type

w/v Peso/volumen

X-gal 5-bromo-4-cloro-3-indolil-
B-D-galactopirandsido
Fusion
Delta, delecidn

o] Factor sigma

Unidades

°C Grado centigrado

A Amperio

Da Dalton

g Gramo

g Fuerza gravitatoria

h Hora

J Julio

I Litro

m Metro

M Molar

min Minuto

Pa Pascal

s Segundo

\Y Voltio



Anexos

Prefijos
T Tera
M Mega
k Kilo
m Mili
I Micro
n Nano
p Pico

Moléculas
CO; Didéxido de carbono
COs Carbonato
CuS0O, Sulfato cuprico
FeCls Cloruro férrico
HNO;3 Acido nitrico
H,0, Peréxido de hidrégeno
KCl Cloruro potasico
KH,PO4 Fosfato monopotasico
MgSO, Sulfato magnésico
MnCl; Cloruro de magnesio
N, Nitrégeno molecular
NaCl Cloruro sédico
Na,CO3 Carbonato sddico
NaHCOs Bicarbonato sédico
Na;HPO,4 Fosfato disddico
NaH;PO, Fosfato monosdédico
Na;MoO, Molibdato de sodio
NaNO; Nitrito sédico
NaOH Hidréxido sddico
NH,OH Hidroxilamina
NH; Amoniaco
NHz* Amonio
NO Oxido nitrico
NO Nitroxilo
NO* Nitrosonio
NO, Didxido de nitrégeno
NOy Nitrito
NOs Nitrato
N0 Oxido nitroso
0, Oxigeno molecular
OH Hidroxilo
ONOO" Peroxinitrito
RbCl Cloruro de rubidio
ZnS0, Sulfato de cinc
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9.2. Abreviaturas de especies

Azotobacter vinelandii
Bacillus anthracis

Bacillus azotoformans
Bacillus bataviensis

Bacillus subtilis

Bacillus vireti

Bradyrhizobium diazoefficiens
Campylobacter jejuni

Ensifer meliloti

Escherichia coli

Paracoccus denitrificans
Pseudomonas aeruginosa
Pseudomonas stutzeri
Rhizobium etli

Rhodobacter capsulatus
Rhodobacter sphaeroides
Salmonella enterica serovar Typhimurium
Shewanella loihica
Staphylococcus aureus
Vitreoscilla stercoraria

Wolinella succinogenes
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