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ABSTRACT 

 

Nitric oxide (NO) is widely recognized as a key signaling messenger involved in 

several important physiological processes in plants, from stress responses to normal 

plant growth and development. The biological effect of NO is mainly achieved by the 

direct post-translational modifications (PTMs) of target proteins, but can also influence 

the transcription of a wide set of plant genes. The identification of the molecular targets 

of NO is vital to understand its physiological function. Glutamine synthetase (GS) is a 

crucial enzyme for overall plant metabolism as it is essential for nitrogen (N) assimilation 

and recycling and was recently identified as a potential target of NO. The model legume 

Medicago truncatula contains a small GS gene family comprising four expressed genes, 

two encoding cytosol-located isoenzymes (MtGS1a and MtGS1b) and two encoding 

plastid-located polypeptides (MtGS2a and MtGS2b). The present study is intended to 

elucidate the role of NO in the transcriptional and post-translational regulation of all 

members of M. truncatula GS family, to clarify the mechanisms by which this regulation 

occurs and its implications for plant metabolism. 

The post-translational regulation of GS by NO was studied both in vitro and in 

planta. The effect of NO on each individual M. truncatula GS isoenzyme was evaluated 

in vitro using purified recombinant enzymes independently produced in Escherichia coli. 

All the M. truncatula GS isoenzymes are prone to be post-translationally modified by NO, 

but by different mechanisms and with distinct outcomes for GS activity. The cytosolic 

isoenzymes MtGS1a and MtGS1b are irreversibly inactivated by tyrosine nitration 

whereas the activity of plastid-located MtGS2a and MtGS2b is modulated by S-

nitrosylation. Using site-directed mutagenesis, we show that the regulatory Tyr residue 

is not conserved between the two cytosolic isoenzymes and demonstrate the importance 

of Cys 369 as an S-nitrosylation regulatory site in MtGS2a. Studies in planta revealed 

that the distinct GS isoenzymes are regulated by NO both in leaves and root nodules. 

Using novel quantitative approaches, we show that the status of Tyr nitration and S-

nitrosylation of GS isoenzymes changes under specific physiological conditions and it is 

influenced by the level of endogenous NO in M. truncatula root nodules formed by 

bacterial mutants of NO-degrading enzymes.  

The transcriptional regulation of the M. truncatula GS genes by NO was 

investigated using a set of NO donors and scavengers. Although a detailed examination 

of the promoter regions of each individual GS gene identified several important cis-

elements associated with NO-response, only the expression of MtGS2a was found to be 
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significantly affected by NO. These results suggest that the regulatory role of NO in the 

GS family of M. truncatula appears to occur mainly at a post-translational level. 

The physiological significance of the NO-mediated GS inactivation in root nodules 

was also investigated. We propose that the NO-mediated MtGS1a inactivation is linked 

to metabolite channeling to boost the nodule antioxidant responses. Glutamate, a 

substrate for GS activity is also the precursor for the synthesis of glutathione (GSH), a 

major non-protein thiol in root nodules, which plays a key role in the antioxidant defense. 

We propose that upon NO-mediated GS inhibition, Glu is channeled for the synthesis of 

GSH contributing to neutralize the deleterious effects of reactive nitrogen species (RNS). 

This hypothesis is supported by expression analysis of the genes involved in the GSH 

biosynthetic pathway by qPCR, which indicate that their transcription increases when GS 

nitration is increased, supporting an involvement of GS in the NO-antioxidant response 

in root nodules. 

Genes encoding GS of the prokaryotic type (GSI-like) are widespread in higher 

plants, but their function is currently unknown. Recently Arabidopsis GSI-like proteins 

have been implied in lateral root formation, a situation in which NO plays a key regulatory 

role. To gain insights into the role of GSI-like proteins, we characterized the expression 

of the GSI-like gene family of M. truncatula and investigated the functionality of the 

encoded proteins. M. truncatula contains two expressed GSI-like genes, MtGSIa and 

MtGSIb, encoding polypeptides of 454 and 453 amino acids, respectively, that do not 

retain GS activity. Detailed analyses of the GSI-like transcripts and polypeptides were 

performed in several organs of the plant, over a time course of nodule development and 

under different N regimens. The localization of MtGSI-like expression, using promoter-

gusA fusions in the homologous transgenic system, showed a specific and strong 

expression in the vascular bundles of both roots and root nodules and in uninfected cells 

of root nodules and interestingly, the expression is enhanced at the sites of nodule 

emergence being particularly strong in specific cells located in front of the protoxylem 

poles. The tissue-specific pattern of expression, the differential response to distinct N 

regimens and the finding that MtGSI-like proteins do not retain GS activity support an 

involvement of GSI-like in N sensing and signaling. Interestingly, GSI-like genes appear 

to be regulated by NO at the transcriptional level. The expression of both MtGSIa and 

MtGSIb was enhanced after treatment with NO scavengers, indicating that the 

expression of both genes is repressed by NO.  

Collectively, the results presented here provide new insights into the molecular 

details and physiological significance of the differential regulation of the individual M. 

truncatula GS isoenzymes by NO.  
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RESUMO 

 

O óxido nítrico (NO) é reconhecido como uma molécula essencial para a 

regulação de múltiplos processos fisiológicos nas plantas. O NO exerce o seu efeito 

biológico principalmente através de modificações pós-traducionais (PTM) das proteínas 

alvo, no entanto, também pode influenciar a transcrição de um amplo conjunto de genes 

nas plantas. A identificação dos alvos moleculares do NO é essencial para esclarecer a 

sua função fisiológica. A enzima glutamina sintetase (GS) desempenha um papel 

fundamental no metabolismo das plantas, uma vez que é essencial para a assimilação 

e reciclagem de azoto e recentemente foi identificada como um possível alvo do NO. A 

leguminosa modelo Medicago truncatula contém uma pequena família de genes GS, 

constituída por apenas quatro genes expressos: dois que codificam polipéptidos 

citosólicos (MtGS1a, MtGS1b) e dois que codificam polipéptidos plastidiais (MtGS2a, 

MtGS2b). Este estudo tem como objetivo clarificar o papel do NO na regulação de 

transcrição e pós-tradução de todos os membros da família GS em M. truncatula, 

elucidar quais os mecanismos pelos quais esta regulação ocorre e ainda perceber as 

implicações fisiológicas de tais processos. 

A regulação pós-tradução da GS pelo NO foi estudada in vitro e in planta. O 

efeito do NO na atividade de cada isoenzima GS de M. truncatula foi avaliado in vitro 

utilizando proteínas recombinantes produzidas em Escherichia coli. Os resultados 

indicam que o óxido nítrico influencia a atividade de todas as isoenzimas GS de M. 

truncatula, mas através de diferentes mecanismos. As isoenzimas citosólicas, MtGS1a 

e MtGS1b, são inativadas de forma irreversível por nitração de resíduos de tirosina 

enquanto que a atividade de MtGS2a e MtGS2b é regulada por nitrosilação de resíduos 

de cisteína. Através de ensaios de mutagénese dirigida, mostrou-se que o resíduo de 

tirosina, associado à regulação da atividade da MtGS1a não é conservado na MtGS1b, 

e a importância do resíduo de cisteína 369 para a regulação da atividade da isoenzima 

MtGS2a por nitrosilação. Estudos in planta mostraram que as isoenzimas da GS são 

reguladas pelo NO tanto nas folhas como nos nódulos radiculares. Utilizando novas 

abordagens quantitativas, mostra-se que o nível de nitração e de nitrosilação das 

isoenzimas varia em condições fisiológicas especificas e é influenciada pela 

concentração endógena de NO em nódulos radiculares formados por estirpes 

bacterianas mutantes em enzimas que degradam o NO.  

O efeito do NO na regulação da GS foi também estudado a nível da transcrição. 

Apesar de, através uma análise detalhada das regiões promotoras de cada um dos 

genes de GS, se detetar vários elementos que estão putativamente envolvidos na 
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resposta génica ao NO, apenas a transcrição de MtGS2a é afetada pelos vários dadores 

e sequestradores de NO testados. Estes resultados indicam que o papel regulador do 

NO na família GS em M. truncatula parece ocorrer maioritariamente ao nível da 

regulação pós-tradução. 

A importância fisiológica da inativação da GS, mediada pelo NO, em nódulos 

radiculares foi também investigada. É proposto que a inibição da MtGS1a causada pelo 

NO está ligada à canalização de metabolitos para aumentar as respostas antioxidantes 

dos nódulos radiculares. O glutamato, um substrato para a atividade da GS é também 

um percursor da síntese de glutationa (GSH), um tiol não proteico, abundante nos 

nódulos radiculares, que desempenha um papel fundamental nas defesas antioxidantes. 

Após a inibição da atividade enzimática da GS, causada pelo NO, o glutamato, é 

canalizado para a biossíntese de GSH contribuindo para neutralizar os efeitos tóxicos 

das espécies reativas de azoto. A análise da expressão dos genes envolvidos na 

biossíntese de GSH, por PCR quantitativo, mostrou que a transcrição destes genes 

aumenta quando a nitração da GS está aumentada, o que apoia uma possível 

participação da GS nas respostas antioxidantes ao NO em nódulos radiculares. 

Os genes que codificam GS do tipo procariótico (GSI-like) estão também 

presentes em plantas superiores, no entanto a sua função é, atualmente, desconhecida. 

Recentemente, foi mostrado que proteínas GSI-like de Arabidopsis podem participar na 

formação de raízes laterais, um processo no qual o NO desempenha um importante 

papel regulador. Para perceber qual a função da GSI-like no metabolismo das plantas, 

iniciou-se a caracterização da expressão dos genes GSI-like em M. truncatula e 

investigou-se a funcionalidade destas proteínas. A planta M. truncatula contém dois 

genes GSI-like expressos, MtGSIa e MtGSIb, que codificam polipéptidos de 454 e 453 

aminoácidos, respetivamente, que não retêm a atividade de GS. Os níveis de expressão 

dos dois genes e proteína foram avaliados em vários órgãos da planta, em particular 

durante o desenvolvimento do nódulo radicular, e sob diferentes regimes de 

fornecimento de azoto. As regiões promotoras dos genes MtGSIa e MtGSIb foram 

ligadas ao gene marcador gusA e introduzidas em M. truncatula. Verificou-se que os 

dois promotores conferem um padrão de expressão semelhante. Os genes MtGSI são 

expressos preferencialmente nos feixes vasculares de raízes e nódulos radiculares, em 

células não infetadas de nódulos radiculares e de forma particularmente forte em células 

especificas localizadas em frente aos pólos de protoxilema, locais onde emergem as 

raízes laterais e os nódulos radiculares. A especificidade do padrão de expressão nos 

diferentes tecidos da planta, juntamente com a resposta diferencial a diferentes regimes 

de N e a descoberta de que as proteínas MtGSI não retêm a atividade de GS sugerem 

um envolvimento das proteínas GSI-like na deteção e sinalização de azoto. 
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Curiosamente, a transcrição dos genes GSI-like parece ser regulada pelo NO. A 

expressão de MtGSIa e MtGSIb aumentou em resposta ao tratamento com 

sequestradores de NO, o que indica que a expressão de ambos os genes é reprimida 

pelo NO. 

Em conjunto, os resultados apresentados neste trabalho fornecem novas 

informações sobre os mecanismos moleculares e o significado fisiológico da regulação, 

diferencial, mediada pelo NO, de cada uma das isoenzimas da GS em M. truncatula.  

 

 

 

Palavras chave:  

glutamina sintetase, óxido nítrico, nitração de tirosinas, nitrosilação de cisteínas, 

metabolismo do azoto, Medicago truncatula 
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Abbreviations and other Symbols 
 
4-MU <> 4-methylumbelliferone 

4-MUG <> 4-methylumbelliferyl--D-

glucuronide 

ABA <>abscic acid 

ASC <> ascorbate 

ATG <> translational start site 

ATP <> adenosine triphosphate 

biotin-HPDP <> N-[6-

(biotinamido)hexyl]-3'-(2'-

pyridyldithio)propionamide 

BLAST <> Basic Local Alignment 

Search Tool 

BSA <> bovine serum albumin 

BST<> biotin switch assay 

C <> carbon 

cDNA <> complementary DNA 

CDS <> coding sequence 

cPTIO <> 2-(4-carboxyphenyl)-4,4,5,5-

tetramethylimidazoline-1-oxyl-3-oxide 

DAF-2DA <> 4,5-diaminofluorescein  

DEA/NO <> diethylammonium (Z)-1-

(N,N-diethylamino)diazen-1-ium-1,2-

diolate 

DNA <> deoxyribonucleic acid 

dNTP <> deoxyribonucleotide 

triphosphate 

DTT <> dithiolthreitol 

EDTA <> ethylenediaminetetraacetic 

acid 

ENOD <> Early nodulin  

EST <> expressed sequence tag 

GUS <>  - glucuronidase  

Hepes <> 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid 

HPLC <> high performance liquid 

chromatography 

ICs <> infected cells 

IPTG <> isopropyl β-D-1-

thiogalactopyranoside 

IT <> infection thread 

LB <> lysogen broth 

LMW <> low molecular weight 

MALDI-TOF <> matrix assisted laser 

desorption/ionization time of flight 

MBB <> monobromobimane 

MMTS <> methyl methanethiosulfonate 

Mr <> molecular mass 

MS <> mass spectrometry 

N <> nitrogen 

N2 <> atmospheric N 

NAD+/NADH <> nicotinamide adenine 

dinucleotide 

NCR <> nodule specific cysteine-rich 

NH3 <> ammonia 

NH+
𝟒
 <> ammonium 

NO <> nitric oxide 

NO• <> NO radical 

NO+ <> nitrosonium cation  

NO− <> nitroxyl anion 

NO2 <> nitrogen dioxide 

NO+
𝟐
 <> nitronium ion 

NO−
𝟐
 <> nitrite 

NO−
𝟑
 <> nitrate 

N2O3 <> nitrous anhydride 

O−
𝟐
• <> superoxide radical 

OD <> optical density 

ONOO− <> peroxynitrite 

ORF <> open reading frame 
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PAGE <> polyacrylamide gel 

electrophoresis 

PBS <> phosphate buffered saline 

PBM <> peribacteroid membrane 

PCR <> polymerase chain reaction 

pI <> isoelectric point 

PTM <> post-translational modification 

qPCR <> quantitative PCR 

RNA <> ribonucleic acid 

RNS <> reactive nitrogen species 

ROS <> reactive oxygen species 

SDS <> sodium deodecyl sulphate 

SIN-1 <> 3-morpholinosydnonimine 

hydrochloride 

SNO <> nitrosothiol 

Tm <> melting temperature 

TNM <> tetranitromethane 

UCs <> uninfected cells 

UTR <> untranslated region 

UV <> ultra violet 

v/v <> volume/volume 

wpi <> weeks post-inoculation 

wt <> wild type 

w/v <> weight/volume 

 <> molar extinction coefficient 

 

Units 

 
ºC <> degrees Celsius 

% <> percent 

bp <> base pair 

Da <> Dalton 

h <> hour 

kb <> kilobase 

kDa <> kiloDalton 

L <> liter 

M <> Molar 

mg <> miligram 

min <> minute 

mL <> mililiter 

mM <> milimolar 

nm <> nanometer 

rcf (g) <> relative centrifugal force 

rpm <> revolution per minute 

s <> second 

g <> microgram 

L <> microliter 

m <> micrometer 

mol <> micromole 

Mbp <> million base pair 

 

Amino Acids 

 
A (Ala) <> alanine 

C (Cys) <> cysteine 

D (Asp) <> aspartatic acid 

E (Glu) <> glutamic acid 

F (Phe) <> phenylalanine 

G (Gly) <> glycine 

H (His) <> histidine 

I (Ile) <> isoleucine 

K(Lys) <> lysine 

L(Leu) <> leucine 

M (Met) <> methionine 

N (Asn) <> asparagine 

P (Pro) <> proline 

Q (Gln) <> glutamine 

R (Arg) <> arginine 

S (Ser) <> serine 

T (Thr) <> threonine 

V (Val) <> valine 

W (Trp) <> tryptophan 

Y (Tyr) <> tyrosine
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Glutamine Synthetase 
 

 

The central role of glutamine synthetase in nitrogen metabolism  

 

Nitrogen (N) is a core nutrient for plant growth, development, and productivity. 

Plants require large amounts of N for the synthesis of amino acids, proteins, nucleic 

acids, chlorophyll and several other N-containing metabolites. Thus, N availability is the 

major limiting factor for plant growth and biomass production in natural and agricultural 

conditions (Masclaux-Daubresse et al., 2010; Kraiser et al., 2011). N is also essential for 

defense against biotic and abiotic stresses (Mur et al., 2017) it drives the generation of 

nitric oxide (NO) (Rőszer, 2014), an important signaling molecule, involved in the 

regulation of multiple aspects of plant biology. NO biosynthesis, mode of action and 

physiological relevance for plants will be detailed later in this section. 

N is mainly acquired through the plant root system from the soil in the form of 

ammonium (NH+
4
) and/or nitrate (NO -

3
) (inorganic N) and used for multiple metabolic 

processes (Krapp, 2015; O'Brien et al., 2016). The use of N in plants involves three major 

steps: uptake, assimilation, and remobilization (Lea and Miflin, 2010). NH+
4
, directly 

uptaken from soil or generated in plant tissues as result of the NO -
3
 reduction or other 

metabolic processes, is assimilated into amino acids by the enzyme glutamine 

synthetase (GS, EC 6.3.1.2) (Lea and Miflin, 2010; Esposito, 2016). GS catalyzes the 

ATP-dependent condensation of NH+
4
 with glutamate yielding glutamine (organic N), a 

major substrate for various metabolic pathways used for the biosynthesis of essentially 

all N-containing biomolecules. Upon absorption and assimilation, N is transported 

throughout the plant for utilization and storage (Balyan et al., 2016) (Fig. 1). 

Assimilation of inorganic N is energetically costly, requiring reducing equivalents, 

ATP and carbon (C) skeletons (Foyer et al., 2003; Stitt and Krapp, 1999). Thus, the 

optimal coordination and functioning of the N and C assimilatory pathways is critical for 

determining plant growth, biomass accumulation and, eventually, crop production 

(Krapp, 2015). N acquisition is connected to the photosynthetic activity and the overall C 

status of a plant in an intricate and tightly regulated system referred to as the C:N balance 

(Coruzzi and Bush, 2001; Pratelli and Pilot, 2014). Photosynthesis plays an important 

role in N assimilation; the photosynthates produced in the mesophyll cells of leaves are 

translocated to roots and metabolized, providing the energy and C skeletons necessary 

for N assimilation (Oaks and Hirel, 1985). 
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GS genes and isoenzymes 

 

GS is a crucial enzyme for N metabolism in all living organisms. The GS 

superfamily comprises three distinct classes, GS type I, II and III (Brown et al., 1994) 

easily distinguished by molecular size and number of subunits in the holoenzyme 

(Eisenberg et al., 2000). The distribution of the three classes is variable within the three 

domains of life and cases of multiple GS enzymes from different families in the same 

organism have been reported in both bacteria and eukaryotes (Brown et al., 1994; 

Kumada et al., 1990; Mathis et al., 2000; Robertson and Alberte, 1996). The three 

classes of GS proteins share a high degree of conservation in catalytic and structurally 

important regions, suggesting that all GS genes arose from an ancestral sequence prior 

to the divergence of the prokaryotes and eukaryotes (Hayward et al., 2009; Ghoshroy et 

al., 2010). 

GSI proteins comprise 12 subunits (Mr 44 - 60 kDa) and are typically found in 

prokaryotes and archaea (Brown et al., 1994; Almassy et al., 1986; Yamashita et al., 

1989). Interestingly, genes encoding GSI-like enzymes have also been identified in 

eukaryotes, including plants (Lee and Adams, 1994; Mathis et al., 2000; Doskocilova et 

al., 2011; Avila-Ospina et al., 2015). GSII enzymes are composed of 35 - 50 kDa subunits 

typically found in eukaryotes with the exception of few soil dwelling bacteria namely 

Rhizobium (Darrow and Knotts, 1977), Frankia (Edmands et al., 1987) and Streptomyces 

(Kumada et al., 1990). GSIII is the most divergent, poorly characterized and recently 

recognized group, which is found only in certain prokaryotes (van Rooyen et al., 2006; 

van Rooyen et al., 2011). Based on sequence similarity, no full sequence of GSIII was 

so far found in plant genomes (Swarbreck et al., 2011). 

GS isoenzymes are oligomeric proteins composed of two closed ring structures 

that associate across an interface and are arranged with dihedral symmetry (van Rooyen 

et al., 2011; Issoglio et al., 2016). The active sites are located at the interface between 

two monomers at each ring and contain two divalent cation binding sites (Eisenberg et 

al., 2000). GSI and GSIII are dodecameric proteins formed by two hexameric rings, with 

twelve active sites located between the monomers while GSII enzymes are decameric 

oligomers arranged as two pentameric rings with ten active sites per molecule 

(Eisenberg et al., 1987). 

Comparison of the deduced amino acid sequences of GS from Salmonella 

typhimurium and Medicago sativa identified four conserved regions that correspond to 

the funnel-shaped active site in the quaternary structure of the prokaryotic enzyme 

(Eisenberg et al., 1987). The glutamate residue at the position 327 belongs to a 
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conserved loop, termed “The Glu 327 flap”, that closes the active site entrance and shield 

the -glutamyl phosphate intermediate (Eisenberg et al., 2000). The GSII structures from 

maize (Unno et al., 2006), human (Krajewski et al., 2008) and Medicago truncatula 

(Torreira et al., 2014) revealed a high conservation among GSII proteins from different 

species.  

In higher plants, GS catalyzes the first step of the N-assimilatory pathway 

occupying a key position to play a regulatory role in N metabolism and plant productivity 

(Fig. 1). GS brings into plant metabolism the N required for the biosynthesis of all the 

essential plant nitrogenous compounds (Lea and Miflin, 2010; Xu et al., 2012; Seabra 

and Carvalho, 2015; Have et al., 2016). Most of GS proteins in plants belong to the GS 

type II class, however, members of GS type I have been identified in some plant species 

namely Arabidopsis, Saccharum spp. (sugarcane), Hordeum vulgare L. (barley) and M. 

truncatula (Doskocilova et al., 2011; Avila-Ospina et al., 2015; de Matos Nogueira et al., 

2005; Mathis et al., 2000). However, the function of GSI genes in plants remains largely 

unknown.  

Figure 1 – The central role of GS in plant metabolism. The ammonium derived from primary or secondary sources is 

assimilated through GS and, eventually, lead to the synthesis of all N-containing biomolecules in plants. GS – glutamine 

synthetase; GLN – glutamine; aa – amino acids; NH+
4
 – ammonium; NO -

3
 – nitrate; N2 – atmospheric nitrogen (adapted 

from Miflin and Habash (2002) and Bernard and Habash (2009)). 

 

 

GSII exists in higher plants as a number of isoenzymes encoded by a small 

multigene family, which is differentially expressed in organs and cell types according to 

the isoenzyme’s specific metabolic role (Bernard and Habash, 2009). The GS 

isoenzymes are located in the cytoplasm (GS1) and plastids (GS2) of all plant species. 

The primary sequence of cytosolic and plastid-located isoenzymes is highly conserved, 

but GS2 proteins contain an additional set of around 60 and 16 amino acid residues 
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located at the N-terminus and C-terminus, respectively. The GS2 polypeptide is 

synthesized as a precursor protein with an N-terminal transit peptide, which targets the 

protein to the chloroplast (Tingey et al., 1988; Tjaden et al., 1995). GS1 and GS2 are 

differentially expressed and regulated throughout the plant life cycle and perform 

nonoverlapping functions in NH+
4
 assimilation. GS1 is mainly involved in primary NH+

4
  

assimilation in the roots and in the reassimilation of NH+
4
 resulting from protein turnover 

in senescent leaves, whereas the main roles of GS2 are the reassimilation of 

photorespiratory NH+
4
 in the chloroplasts and the assimilation of NH+

4
 resulting from NO -

3
 

reduction in plastids (Bernard and Habash, 2009; Lea and Miflin, 2010; Perez-Delgado 

et al., 2015; Seabra and Carvalho, 2015; Have et al., 2016). This specialization ensures 

a rapid assimilation of NH+
4
 derived from multiple sources and places GS as an essential 

enzyme for both N assimilation and recycling (Miflin and Habash, 2002; Have et al., 

2016). GS1 isoforms are usually encoded by a multigene family of 3 - 5 elements 

(Bernard and Habash, 2009; Thomsen et al., 2014) whereas GS2 is encoded by a single 

nuclear gene with the exception of M. truncatula and close related species of the Vicioide 

subclade, in which a second gene encoding a plastid-located GS has been identified 

(Seabra et al., 2010; Betti et al., 2012). 

The resolution of the X-ray crystal structures of the cytosolic GSII from maize and 

M. truncatula evidenced that plant GSII are decameric enzymes organized in two face-

to-face pentameric rings with ten active sites each, localized at the interface between the 

N-terminal and C-terminal domains of the two neighboring monomers from the same 

pentamer (Unno et al., 2006; Torreira et al., 2014). Furthermore, electron cryo-

microscopy reconstruction showed a similar decameric structure for the plastid-located 

GS isoenzymes (Torreira et al., 2014) (Fig. 2).  

Several key residues in GS enzymes were functionally characterized by site-

directed mutagenesis. The residues Gly 49 and Ser 174 were shown to be critical 

residues for the high-affinity for NH+
4
 in Arabidopsis (Ishiyama et al., 2006). On the -

polypeptide from Phaseolus vulgaris Asp 56 was shown to be crucial for the GS activity, 

Glu 297 is possibly involved in stabilizing the transition state for a reaction subsequent 

to NH+
4
 binding (Clemente and Marquez, 1999a; 1999b), Cys 92 and Cys 179 were 

described as non-essential for the GS catalytic activity however, Cys 92 is important for 

thermal stability (Clemente and Marquez, 2000), while Cys 179 is a critical residue for 

the maintenance of the quaternary structure (Estivill et al., 2010). Furthermore, several 

residues were identified as relevant sites for the post-translational regulation of GS 

activity. A detailed description of the regulation of GS isoenzymes is given in pages 34 - 

38. 



FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

31  

 

Figure 2 – Quaternary structure of M. truncatula glutamine synthetase. (A) Three-dimensional structure of MtGS1a 

at atomic resolution. Top and side views of the decameric assembly showing inter-ring contacts. (B) Electron 

cryomicroscopy reconstruction of MtGS2a. The structure of MtGS2a, with approximate dimensions and positions of the 

symmetry axes is shown. The numbers 1 - 5 indicate the positions of the five subunits in the top and bottom rings, 

respectively (adapted from Torreira et al. 2014). 

 

 

GS family in Medicago truncatula 

 

M. truncatula provides an excellent model system to study GS, as it contains a 

very simple GSII gene family comprising only four expressed genes MtGS1a, MtGS1b, 

MtGS2a and MtGS2b (Seabra and Carvalho, 2015) (Fig. 3). 
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Figure 3 – Expression of GSII gene family in Medicago truncatula. The GS gene family of M. truncatula comprises 

four expressed genes which are distinctly expressed in organs and cell types (Seabra et al., 2013) according to the 

isoenzyme specific metabolic role. MtGS1a and MtGS1b encode subunits of 39 kDa that assemble homo- or 

heterologously in the cytosol. MtGS2a and MtGS2b encode inactive precursor polypeptides of 47 kDa that upon import 

into the plastid are cleaved into mature polypeptides of 42 kDa. Independent of the subcellular localization, GS assembles 

into a decameric enzyme. Cytosolic GS proteins are phosphorylated by calcium–independent kinases whereas MtGS2a 

is phosphorylated by calcium-dependent kinases. The phosphorylation of MtGS2a leads to 14-3-3 interaction and 

subsequent inactivation by proteolysis. The isoenzymes are also modified by NO (Seabra and Carvalho, 2015).  

 

 

The expression of the M. truncatula GSII genes has been extensively 

characterized in several organs by northern blot, qPCR, promoter-gusA fusions, in situ 

hybridization and immunolocalization (Carvalho et al., 1997; Carvalho et al., 2000a; 

Carvalho et al., 2000b; Melo et al., 2003; Seabra et al., 2010; Seabra et al., 2013). 

MtGS1a and MtGS1b encode cytosolic peptides while MtGS2a and MtGS2b encode 

plastid-located isoforms. A third gene encoding a cytosolic GS (MtGS1c) is also present 

in the M. truncatula genome, however, the corresponding mRNA was never detected in 

any organ of the plant and it is not present in the M. truncatula EST databases (Stanford 

et al., 1993). 
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MtGS1a and MtGS1b encode cytosolic polypeptides of 356 amino acids with a 

Mr of approximately 39 kDa, whereas MtGS2a and MtGS2b encode precursor 

polypeptides with a Mr of 47 kDa. The deduced amino acid sequences of MtGS2a and 

MtGS2b contain N-terminal and C-terminal extensions of 56 and 16 amino acids 

respectively (Seabra and Carvalho, 2015). The targeting sequences, consisting of the 

first 49 amino acids, of both MtGS2a and MtGS2b precursors, are cleaved upon import 

into the plastid, resulting in mature proteins with a Mr of around 42 kDa. The function of 

the C-terminal extension, typical of GS2 isoenzymes, is largely unclear, but recently it 

has been reported that the C-terminal extension of MtGS2a may influence glutamate 

affinity (Ferreira et al., 2017). The catalytically active isoenzymes are formed by GS 

monomers assembled into homo- or hetero-multimeric complexes. The homo- and 

hetero-oligomeric enzymes diverge in kinetic properties, which may represent additional 

means to better adapt GS activity to different metabolic contexts within different organs 

of the plant (Carvalho et al., 1997). The comparison of the kinetic properties in studies 

using homo-oligomeric MtGS recombinant isoenzymes revealed some differences 

between the four M. truncatula GS isoenzymes denoting a functional adaptation to the 

distinct metabolic contexts in which each isoenzyme operates (Seabra et al., 2013). 

MtGS1a is the predominant GS isoenzyme present in root nodules, playing an 

important role in the assimilation of NH+
4
 produced by N2 fixation (Carvalho et al., 2000a). 

Moreover, MtGS1a is also highly expressed in the vascular bundles of all plant organs 

possible supplying glutamine for transport (Carvalho et al., 2000a). MtGS1b is expressed 

in all organs of the plant playing a housekeeping role and also a function related to the 

reassimilation of the NH+
4
 derived from protein catabolism during senescence. MtGS2a 

is the main GS isoenzyme in all photosynthetic tissues being strongly expressed in the 

mesophyll cells of leaves, where it assimilates the NH+
4
 released during photorespiration. 

MtGS2a is also responsible for the primary NH+
4
 assimilation resulting from NO -

3
 

reduction (Seabra and Carvalho, 2015). Noteworthy, significant levels of MtGS2a have 

also been found in the root nodules but its function remains elusive. One possible role 

could be the assimilation of NH+
4
 released during the reaction catalyzed by the enzyme 

porphobilinogen deaminase during heme biosynthesis in root nodules (Melo et al., 2003). 

In root nodules of Lotus japonicus it has been shown that GS2 plays a role in C and N 

partitioning (Garcia-Calderon et al., 2012) thus a similar role is expectable for MtGS2a 

in M. truncatula nodules. MtGS2b, the second plastid-located isoenzyme, unique of M. 

truncatula and close related species, is exclusively expressed in developing seeds and 

its physiological role is probably related to the production of seed storage proteins 

(Seabra et al., 2010). 
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Additionally, M. truncatula contains genes encoding GS of the prokaryotic type 

(GSI-like genes) (Mathis et al., 2000), which are the subject of chapter 6.  

 

 

GS regulation  

 

The key position occupied by GS in plant N metabolism requires a strict regulation 

of its synthesis and activity. Moreover, due to the high energetic costs associated with 

its activity, approximately 15 % of the ATP requirement of the cell, a rigorous GS 

regulation at the gene, transcript, and protein levels is essential and indispensable for 

proper metabolic functions (Thomsen et al., 2014). Being a central enzyme for N 

assimilation and recycling, a proper understanding of the regulatory mechanisms 

affecting GS activity is of utmost importance. This knowledge is needed to manipulate 

N-assimilatory pathways and improve plant N-use efficiency and crop yield. A detailed 

description of regulatory mechanisms operating at different levels to regulate GS activity 

is given in the following sections. 

 

 

Transcriptional and post-transcriptional regulation 

 

The importance of transcriptional and post-transcriptional regulation of GS is well-

documented (Ortega et al., 1999; Zozaya-Hinchliffe et al., 2005; Ortega et al., 2006; 

Simon and Sengupta-Gopalan, 2010; Ortega et al., 2012). Several studies demonstrated 

that GS expression is controlled by developmental and environmental signals, namely N 

and C metabolites and light (Bao et al., 2015; Goel and Singh, 2015; Yang et al., 2015). 

Inorganic N (NH+
4
, NO -

3
 and urea) (Stanford et al., 1993; Morey et al., 2002; Hirel 

et al., 1987; Zanin et al., 2015; Ishiyama et al., 2004), amino acids such as proline, 

glutamate (Masclaux-Daubresse et al., 2005), glutamine (Watanabe et al., 1994), and 2-

oxoglutarate (Zozaya-Hinchliffe et al., 2005) were shown to influence the expression of 

GS genes. NH+
4
 up-regulates the expression of GS genes of Glycine max (Hirel et al., 

1987; Morey et al., 2002), Arabidopsis (gln1;2) (Ishiyama et al., 2004) and M. truncatula 

(MtGS1b) (Stanford et al., 1993). However, the Arabidopsis gln1;1 was found to be 

down-regulated by NH+
4

 supply (Ishiyama et al., 2004). NO -
3
 also modulates GS gene 

expression, an up-regulation of GS2 was detected in M. sativa and Pisum sativum roots 

upon treatment with NO -
3
 (Zozaya-Hinchliffe et al., 2005; Vezina and Langlois, 1989). 

Furthermore, two maize GS transcripts were found to be up-regulated in maize roots by 
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a combination of NO -
3
 and urea treatment (Zanin et al., 2015). Light impacts the 

expression of several genes encoding plastid-located proteins, including GS2. In pea 

(Tingey et al., 1988), tobacco (Migge et al., 1998) and tomato (Migge et al., 1996) the 

transcription of GS2 is up-regulated by light whereas GS1 transcription appears to be 

unaffected (Tingey et al., 1988). Moreover, several studies pointed out the influence of 

the circadian clock on GS activity, but the alterations observed during the diurnal rhythms 

appear to be highly dependent on the environmental conditions and on the plant species 

(Becker et al., 1992; Matt et al., 2001a; Matt et al., 2001b; Stohr and Mack, 2001; 

Valadier et al., 2008; Seabra et al., 2013).  

Abiotic stresses negatively affect the transcription of several plant genes 

including GS. Recently, it has been shown that GS genes are down-regulated in Brassica 

japonicus exposed to salinity (150 mM NaCl) or drought (250 mM mannitol) stresses or 

to extreme temperatures (4 ºC and 42 ºC) (Goel and Singh, 2015).  

A number of cis-regulatory elements (CREs) associated with the regulation of 

transcription in response to N, hormones, and light have been identified in the promoter 

regions of GS genes (Terce-Laforgue et al., 1999; Reisdorf-Cren et al., 2002; Gomez-

Maldonado et al., 2004a; Gomez-Maldonado et al., 2004b). The strong constitutive 

positive element (SCPE) required for the NH+
4
-regulated expression of the soybean GS 

(GS15) (Terce-Laforgue et al., 1999), the gibberellin-responsive element present the 

promoter region of Pinus taeda GS1b (Gomez-Maldonado et al., 2004b) and the 323-bp 

sequence responsible for the light response of pea GS2 (Tjaden et al., 1995) are 

examples of CREs associated with responses to developmental and environmental cues 

located in the promoter regions of GS genes. Transcriptional regulators including some 

members of MYB, IDD10 and Dof families interact directly with the promoter region of 

GS genes, regulating its transcription during the plant life cycle and/or in response to 

various environmental stresses (Gomez-Maldonado et al., 2004a; El-Kereamy et al., 

2012; Xuan et al., 2013a; Xuan et al., 2013b; Rueda-Lopez et al., 2008; Rueda-Lopez et 

al., 2015).  

Plant GS is also subjected to post-transcriptional regulation. For instance, the 

transcription of a G. max GS1 gene (Gmglnβ1) driven by a constitutive promoter (CaMV 

35S) in transgenic plants is regulated at a post-transcriptional level (Ortega et al., 2001; 

Ortega et al., 2006). The 3′ UTR of the Gmglnβ1 down-regulates mRNA levels at a post-

transcriptional step (Ortega et al., 2001). This 3’ UTR-mediated post-transcriptional 

regulation controls transcript turnover of cytosolic GS1 in G. max, M. sativa, and 

Nicotiana, influencing transcript stability and protein accumulation (Ortega et al., 2006; 

Ortega et al., 2012; Simon and Sengupta-Gopalan, 2010). Moreover, the 5’ UTR of GS1 
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may function as a translational enhancer through plant-specific factors (Ortega et al., 

2012). 

Transcriptional regulation is largely recognized as the main regulatory point 

controlling GS activity in plants and in M. truncatula the transcript levels of GS genes 

correlate with the protein content in most of the situations analyzed (Carvalho and 

Cullimore, 2003). 

 

 

Post-translational regulation 

 

Protein post-translational modifications (PTMs) are a fast and versatile 

mechanism used by the cells to regulate the function of proteins allowing a rapid 

metabolic adaptation in response to alterations in internal and external conditions. PTMs 

can modify the activity of proteins by allosteric regulation or by regulation of protein 

interactions, subcellular location and/or abundance. Over the last 40 years, several 

reports showed that GS activity is also regulated by post-translational mechanisms. 

The first significant post-translational regulatory mechanism operating on GS was 

identified in the prokaryotic enzyme. GSI enzymes are inactivated by adenylylation of 

Tyr 397, which is located at a surface loop in the prokaryotic enzyme. Adenylylation is a 

process specific to GSI enzymes since the residue Tyr 397 is not present in GSII 

enzymes (Streicher and Tyler, 1981; Atkins et al., 1991; Okano et al., 2010).  

In higher plants GS activity is modulated by numerous post-translational 

modifications including oxidative turnover (Ortega et al., 1999; Choi et al., 1999; Palatnik 

et al., 1999; Ishida et al., 2002), glycosylation (Nato et al., 1984), phosphorylation along 

with 14-3-3 interaction (Finnemann and Schjoerring, 2000; Riedel et al., 2001; Lima et 

al., 2006a), methionine sulfoxidation (Matamoros et al., 2013), Tyr nitration and S-

nitrosylation (Melo et al., 2011). 

Protein glycosylation is an essential PTM that plays an important role in many 

biological processes in eukaryotes, namely protein folding, glycan-dependent quality 

control processes in the endoplasmic reticulum, protein stability and protein-protein 

interactions (Strasser, 2016). The chloroplastic GS of Nicotiana tabaccum leaves was 

reported to be glycosylated (Nato et al., 1984). However, no evidence was found for 

glycosylation of GS2 from Nicotiana plumbaginifolia (Tingey and Coruzzi, 1987) or any 

other GS2 from any plant species. 

Reversible phosphorylation is one of the most common PTMs in plants and can 

affect protein function, subcellular localization, interaction with other proteins and 

stability. It represents one of the critical regulatory mechanisms in signal transduction 
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pathways controlling plant growth, development and responses to the environment 

(Wilson et al., 2016). GS was found to be regulated by phosphorylation and subsequent 

binding of 14-3-3 proteins (Finnemann and Schjoerring, 2000; Riedel et al., 2001; Lima 

et al., 2006a; Lima et al., 2006b). Nevertheless, the kinases responsible for GS 

phosphorylation are still unknown and only one calcium-dependent protein kinase 

(CDPK)-related kinase was suggested to regulate GS activity in Arabidopsis (Li et al., 

2006). In M. truncatula, both cytosolic (MtGS1a and MtGS1b) and plastid-located 

MtGS2a isoenzymes were shown to be in vitro and in vivo phosphorylated but by distinct 

plant kinases. A calcium-dependent protein kinase phosphorylates MtGS2a while both 

MtGS1a and MtGS1b are phosphorylated in the absence of calcium (Lima et al., 2006a; 

2006b). The physiological relevance of GS phosphorylation remains poorly understood, 

but it appears to increase the affinity of cytosolic MtGS1a for glutamate (Lima et al., 

2006b). The phosphorylation of plastid-located MtGS2a at Ser 97 leads to an interaction 

with a 14-3-3 protein followed by proteolytic inactivation (Lima et al., 2006a).  

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) can 

function as signaling molecules that play an important role in the redox regulation of 

multiple physiological processes throughout plant growth and development (Corpas and 

Barroso, 2015b; Waszczak et al., 2015; Singh et al., 2016; Begara-Morales et al., 2016; 

Fancy et al., 2017; Mittler, 2017). The redox regulation of protein function via ROS and 

RNS emerged as an important mechanism to control numerous metabolic processes 

(Kovacs and Lindermayr, 2013; Akter et al., 2015). GS isoenzymes undergo different 

types of redox modifications (Palatnik et al., 1999; Choi et al., 1999; Motohashi et al., 

2001; Melo et al., 2011; Akter et al., 2017). Cysteine residues are prone to a diverse 

range of oxidative modifications (Fig. 4), of which one is sulfenylation, the ROS-mediated 

formation of a sulfenic acid (-SOH) on a cysteine thiol (-SH) (Akter et al., 2017). GS2 

was identified as S-sulfenylated in Arabidopsis leaves (Akter et al., 2017) and in M. 

truncatula root nodules (Oger et al., 2012; Puppo et al., 2013), additionally GS2 from 

spinach interacts with thioredoxin, a small redox protein that catalyzes dithiol-disulfide 

exchange reactions controlling the activity of enzymes through reduction of disulfide 

bridges (Motohashi et al., 2001), further supporting the importance of redox regulation 

for the activity of GS proteins. Two Cys residues, unique to the plastid-located GS 

isoenzymes, were shown to be important for the redox regulation of GS activity in 

Canavalia lineata (Choi et al., 1999) and could represent a relevant site for this type of 

oxidative PTMs. Additionally, Arabidopsis GS2 has been identified as S-nitrosylated in 

different proteomic studies (Lindermayr et al., 2005; Abat and Deswal, 2009). 

Cytosolic GSs are also targets of oxidative regulation. Soybean GS1 

holoenzymes undergo oxidative turnover in the roots of plants supplied with exogenous 
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NH+
4
, this oxidative modification and subsequent proteolysis is lower when plenty NH+

4
 is 

available (Ortega et al., 1999). Interestingly, the M. truncatula root nodule isoenzyme 

(MtGS1a) has been identified as a target of methionine sulfoxidation, S-sulfenylation and 

Tyr nitration (Matamoros et al., 2013; Oger et al., 2012; Melo et al., 2011). 

The fact that GS proteins may be modified by S-nitrosylation and S-sulfenylation 

points out the precise and differential regulation of these proteins in relation to the cellular 

redox state (Spadaro et al., 2010; Couturier et al., 2013). Suggesting that GS could 

potentially act as redox sensors using the reversible oxidative modifications to change 

their activity in response to a changing redox environment. 

 

 

Figure 4 – Major oxidative modifications of cysteinyl residues. Exposure of free cysteine thiols (-SH) to an 

increasingly oxidized environment results in reversible (-SNO, -SOH, -SS, -SSG) and irreversible (-SO2H and -SO3H) 

modifications. Modifications are ordered from reduced (left) to hyper-oxidized states (right). 
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Legume – Rhizobium symbiosis 

 
 

The Legume-Rhizobium symbiotic association is a highly specific and strictly 

controlled process that results in the formation of new lateral organs on roots called root 

nodules (Oldroyd, 2013; Salavati et al., 2013). The newly formed and highly specialized 

structures are occupied by differentiated bacteria that fix N2 and promote plant growth, 

independently of exogenous N availability. The plant provides rhizobia with a C source 

and a proper cellular microenvironment suitable for N2 fixation by bacterial nitrogenase. 

The NH+
4
 produced by the bacterial nitrogenase is assimilated by cytosolic GS, which is 

abundant and plays a crucial role in root nodules. 

The formation of symbiotic N2-fixing nodules follows a well-defined morphological 

program that relies on a complex exchange of signals between legume and Rhizobium 

partners (Fig. 5). Nodule formation involves a coordinated development of bacterial 

infection and nodule organogenesis, two processes modulated by both symbiotic 

partners, that require the perception by the host plant of the rhizobial signaling molecule 

Nod factor (NF) (Oldroyd, 2013). The plant secretes into the rhizosphere specific 

flavonoid compounds that can diffuse across the bacterial membranes and activate 

transcription of the rhizobial nodulation genes (nod genes). These genes encode the 

enzymes necessary for the synthesis of bacterial NFs, a family of specific 

lipochitooligosaccharides that upon secretion by bacteria are sufficient to induce in the 

host plant several molecular, physiological and morphological alterations associated with 

the onset of bacterial infection and nodule organogenesis (Oldroyd, 2013; Limpens et 

al., 2015). The first contact is established at the surface of the growing tip of a root hair, 

then root hair curls to trap the bacteria, the cell wall is degraded and bacteria becomes 

in contact with the root hair plasma membrane. By vesicle targeting, the plant 

membranes form a tube-like structure, the infection thread (IT), that act as an effective 

barrier to confine and guides bacteria to their target cells in the root cortex. During the 

root invasion process nodule organogenesis initiates; the root cortical cells are 

reprogrammed and reenter into the cell cycle to form a nodule primordium (Xiao et al., 

2014). When the IT reaches these nodule primordium cells, bacteria are released and 

internalized into the plant cell cytoplasm by an endocytosis-like process. Individual 

bacteria become surrounded by a host cell-derived membrane, the peribacteroid 

membrane (PBM), and differentiate into an organelle dedicated to N2 fixation, the 

symbiosome, which enlarges and divides and, ultimately, completely fills the infected cell 

(Ibanez et al., 2017). 
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Figure 5 – Schematic representation of the nodulation process and biological nitrogen fixation. (A) At the first 

stage, plant secretes flavonoid signals to free-living soil bacteria, activating the bacterial NodD proteins. NodD proteins 

activate the expression of bacterial nodulation genes (nod genes) that encode enzymes involved in the production of 

nodulation factors (Nod factors). (B) Upon secretion, Nod factors are recognized by the plant, triggering growth alterations 

in the plant root that culminate with root nodule formation. Rhizobia enter the plant root by root hairs that grow around the 

bacteria attached to the root surface, trapping the bacteria inside a root hair curl. Infection threads are invasive 

invaginations of the plant cell that are initiated at the site of root hair curls and allow invasion of the rhizobia into the root 

tissue. The infection threads grow towards the emergent nodules and ramify within the nodule tissue. The bacteria are 

released into membrane-bound compartments inside the cells of the nodule, where it can differentiate into an N2-fixing 

state. (C) During the process of biological N2 fixation in nodules, N2 is reduced to two NH3 molecules by the rhizobial 

nitrogenase (Laranjo et al., 2014). 

 

 

The nodulation process is accompanied by the temporally and spatially regulated 

transcription of specific plant genes that encode proteins traditionally designated as 

nodulins (Heidstra and Bisseling, 1996; Moreau et al., 2011; Lee et al., 2014). Nodulin 

genes are usually described as legume genes that are specifically or preferentially 

expressed during symbiotic N2 fixation and encode proteins that participate in the 

formation and maintenance of root nodules (Verma et al., 1986; Legocki and Verma, 

1980; Patriarca et al., 2004). According to the timing of their expression during root 

nodule development, these genes have been classified as early and late nodulins 

(Stougaard, 2000; van de Sande and Bisseling, 1997). Early Nodulin genes (ENOD) are 

expressed during the early stages of nodulation and are thought to encode proteins 

involved in the initial signal events, infection processes, and nodule development. Late 
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nodulin genes are mainly expressed in mature nodules at the onset of N2 fixation and 

the corresponding proteins are involved in nodule functioning (Dupont et al., 2012). 

Nevertheless, the expression of several nodulin genes was detected in other organs and 

homologs of nodulin genes were found in the genome of several plants that are unable 

to nodulate (Khan et al., 2007; Gollhofer et al., 2011; Moreau et al., 2011; Denance et 

al., 2014) suggesting that nodulin-like genes may be involved in other processes of plant 

physiology. 

 

 

Nodule organogenesis 

 

Root nodules are complex structures formed by diverse cell types, which undergo 

differentiation over time, and include a central zone containing both infected and 

uninfected cells, inner and outer cortical layers, vascular tissues and, in some species, 

a persistent meristem (Maróti and Kondorosi, 2014). 

Nodule organogenesis comprises multiple sequential events: (i) root hair 

deformation; (ii) development and growth of ITs simultaneous with (iii) differentiation of 

specific root cortex cells; (iv) development of nodule primordium, formed by different cell 

types; (v) generation of a nodular meristem and/or foci of meristematic activities; (vi) 

differentiation of the nodular tissues, namely the outer cortex, endodermis, and 

parenchyma, containing the vascular strands, and the central tissue constituted by cells 

occupied by rhizobia (infected cells - ICs) and by uninvaded cells (uninfected cells – 

UCs); (vii) growth and maturation and finally (viii) senescence (Dupont et al 2012; 

Udvardi and Poole, 2013; Kondorosi et al., 2013; Xiao et al., 2014). The vascular 

bundles, located in nodule parenchyma, connect the nodule to the root stele and 

represent the route for import of photosynthates into the nodule and export of N-

containing compounds towards the root (Patriarca et al., 2004). 

Nodules can be classified as determinate or indeterminate according to their 

mode of development (Xiao et al., 2014; Ribeiro et al., 2015; Suzaki et al., 2015) (Fig. 

6). 
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Figure 6 – Structure of determinate and indeterminate nodules. (A) Determinate nodules are spherical, and the central 

region (III) contains uninfected cells and N2-fixing symbiotic cells. (B) Indeterminate nodules have an apical meristem (I), 

an infection zone (II), an interzone (II–III), the nitrogen fixation zone (III), and, in older nodules, a senescent zone (IV). 

(adapted from Kondorosi et al. (2013)). 

 
 

The symbiosis of Rhizobium with P. vulgaris, L. japonicus or G. max results in 

globular shaped nodules designated as determinate nodules. These nodules lose their 

meristematic activity at an early stage of development and nodule growth is mainly 

associated with cell expansion. The central tissue of determinate nodules is formed by 

ICs fully packed with N2-fixing bacteroids and some UCs (Dupont et al., 2012). 

Conversely, the symbiotic association of Rhizobium with M. truncatula, M. sativa, P. 

sativum or Trifolium yields cylindrical-shaped indeterminate nodules that retain a 

persistent apical meristem. The mature indeterminate nodules display a developmental 

gradient, with the youngest cells near the meristem, that creates the differentiation zones 

typical of these nodules (Maróti and Kondorosi, 2014). Several central histological and 

cytological zones, surrounded by the peripheral tissues, can be distinguished in 

indeterminate nodules: a meristematic zone (zone I), a bacteria-free zone that allows the 

nodule growth by cell division; the infection and differentiation (zone II) in which ITs 

invade plant cells and release rhizobia and where the differentiation of both plant and 

bacteria initiates; the N2 fixation zone (zone III) wherein the fully differentiated bacteroids 

reduce atmospheric N2 to NH3. Some small uninfected cells (UCs) are present in 

between the large infected cells (ICs), and probably play an essential role in metabolite 

transport to and from ICs (Vance, 2008); and at the root proximal region, a senescence 

zone (zone IV) is detected in older nodules where the symbiosomes are degraded. The 

peripheral tissues are formed by the outer cortex, the nodule endodermis and the nodule 

parenchyma where the nodule vascular bundles are located (Kondorosi et al., 2013; Xiao 

et al., 2014). Bacteroid formation in determinate and indeterminate nodules results from 

distinct differentiation programs controlled by plant-host effectors (Van de Velde et al., 
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2010; Oldroyd et al., 2013), such as nodule specific cysteine-rich (NCR) peptides. 

Exclusive of inverted repeat-lacking clade legumes (including Medicago, P. sativum, 

Vicia faba, and Trifolium repens), NCRs are defense-like antimicrobial peptides 

recognized as major players in the interaction between legume hosts and rhizobia (Haag 

et al., 2013; Kim et al., 2015). The differentiation of the bacteroids in indeterminate 

nodules occurs after the concomitant division of the internalized rhizobia and PBM while 

on determinate nodules bacteria divides within the membrane compartment and form a 

small mass of cells. The differentiation of bacteroids in indeterminate nodules is driven 

by some plant-derived NCR peptides and is linked to massive morphological and 

cytological changes in bacteria, namely genomic endoreplication associated with cell 

swell and elongation, and loss of reproductive capacity (Mergaert et al., 2006; Prell and 

Poole, 2006). In contrast, the bacteroids within determinate nodules possess the same 

cell size, genomic DNA content and reproductive capacity as the free-living rhizobia 

(Udvardi and Poole, 2013; Maróti and Kondorosi, 2014; Kim et al., 2015). 

 

 

Nodule functioning 

 

The symbiotic nodules are model factories for C and N metabolism. The reduction 

of N2 to NH3 requires a substantial energy input; functional nodules consume 13 - 28 % 

of the total photosynthates of legumes (Vance, 2008). The intensive energetic cost of N2 

fixation requires a high rate of O2 flux to enable the ATP synthesis necessary for the 

reduction of N2 to NH3 catalyzed by nitrogenase (EC 1.18.6.1) (Fig. 5), thus the structure 

of a mature nodule developed to fulfill the requirements of this nutrient exchange 

between both symbiotic partners.  

Nitrogenase consists of two components: the homodimeric iron protein, a 

reductase encoded by nifH, and the tetrameric molybdenum-iron protein, encoded by 

nifD and nifK, which reduces N2 to NH3 (Hoffman et al., 2014). The nitrogenase complex 

is extremely vulnerable to free O2, thus, one essential feature for the initiation of N2 

fixation is the reduction of oxygen tension within the nodule tissue (Prell and Poole, 

2006). The O2 diffusion barrier, at the inner cortex layer, together with the nodule-specific 

leghemoglobin (Lb), that accumulates up to mM levels in the cytoplasm of infected cells, 

provide a unique microoxic environment compatible with N2 fixation, while maintaining 

the high O2 flux required for bacteria respiration and ATP production (Hichri et al., 2016). 

When the concentration of free O2 reach values around 7 - 11 nM (Appleby, 1984) a 

global change in bacterial gene expression is activated and the differentiation of 
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bacteroids starts. The O2-sensing two-component regulatory system FixL-FixJ activates 

the transcription of the regulators nifA and fixK genes, which induce the expression of nif 

and fix genes involved in N2 fixation and respiration (Prell and Poole, 2006; Dixon and 

Kahn, 2004).  

The fixed NH3, usually NH+
4
 in the aqueous cytoplasm, is secreted to the plant 

cytosol for assimilation and is then exported, as N-containing compounds, via xylem 

stream to the shoots. The fixed N is transported via the xylem to the shoots mainly as 

asparagine in legumes with indeterminate nodules or as ureides (allantoin and allantoic 

acid) in legumes with determinate nodules (Cooper and Scherer, 2012; Hawkesford et 

al., 2012). In exchange for fixed N, the host plant provides its symbiont with a C source, 

typically in the form of dicarboxylic acids (malate and succinate), and in some cases 

other crucial nutrients (Udvardi and Poole, 2013; Mus et al., 2016). 

 

 

Nodule senescence 

 

The N2-fixing capacity is optimal early in the life of the root nodule, beginning to 

decline 3 - 5 weeks post-infection (Puppo et al., 2005). After this period, there is a 

reduction in N2 fixation capacity and a senescence process occurs in the N2-fixing zone 

of the nodule (Puppo et al., 2005; Van de Velde et al., 2006). Nodule senescence is a 

complex and genetically-controlled process associated with morphological, physiological 

and biochemical modifications that lead to the death of infected cells (Puppo et al., 2005; 

Van de Velde et al., 2006; Ribeiro et al., 2015). The reduction of N2-fixing activity and Lb 

content and the increase of proteolytic activity are key features of nodule senescence 

(Puppo et al., 2005; Sainz et al., 2015). 

A typically visible sign of nodule senescence is the alteration of nodule color. The 

N2-fixing zone III changes from pink to green as a result of Lb breakdown (Meakin et al., 

2007; Navascues et al., 2012). At the molecular level, the expression of several cysteine 

proteases is up-regulated resulting in an extensive protein degradation (Pierre et al., 

2014). The senescence of determinate nodules is a well-known process that starts at the 

center of the tissue and then extends radially towards the outside, reaching the periphery 

after a few weeks (Puppo et al., 2005). For years it has been assumed that the 

senescence of indeterminate nodules occurs as result of the spread of the zone IV until 

it extends throughout the nodule. However, recently it has been shown that the early 

signs of senescence are detected in the center of the N2-fixing zone and a conical 
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organization of the senescence process, similar to the one occurring in determinate 

nodules, has been proposed (Pérez Guerra et al., 2010; Meilhoc et al., 2015).  

Both plant and bacteroid cells undergo sequential degradation. The degeneration 

of bacteroids and PBMs with the formation of lytic symbiosome compartments is followed 

by the decay of the host plant cells leading to a complete degradation of the proximal 

part of the nodule (Van de Velde et al., 2006; Pérez Guerra et al., 2010). The formation 

of these lytic vacuolar compartments facilitates nutrient remobilization and a sink-to-

source transition in senescing nodules (Dupont et al., 2012) 

Nodule redox state is also subject to major modifications during the process of 

nodule senescence. Besides affecting O2 content, the degradation of Lb is associated 

with an increase in ROS production via the Fenton reaction promoted by the iron 

released from the heme-group (Gupta et al., 2011). ROS increase imbalances the redox 

state of senescing nodules, inducing lipid peroxidation and protein oxidations and the 

degradation of membranes (Loscos et al., 2008). The physiological relevance of a 

balanced redox state and the importance of ROS, RNS and antioxidant systems for 

nodule establishment, functioning and senescence will be described in the section 

dedicated to NO. 

 

 

Medicago truncatula as a model legume  

 

The legume Medicago truncatula is a well-established model for legume genomic 

and genetic studies (Khan et al., 2016). M. truncatula has several advantages for plant 

genomic research: it is diploid (2n=16), autogamous, it has relative small genome (~375 

Mbp), which has been sequenced and annotated (Young et al., 2011; Tang et al., 2014; 

Krishnakumar et al., 2015) and a relatively short generation time (approximately 4 

months seed to seed) (Khan et al., 2016). Moreover, it is amenable to Agrobacterium-

mediated transformation and regeneration procedures (Thomas et al., 1992; Boisson-

Dernier et al., 2001) allowing the analysis of in vitro modified genes in a homologous 

transgenic system. Numerous genetic, genomic and bioinformatics resources are also 

available to the Medicago research community. 

M. truncatula is internationally recognized as an excellent model for the study of 

the Legume-Rhizobium symbiosis (Khan et al., 2016). Additionally, M. truncatula can 

associate with mycorrhizal fungi in the soil, representing a very suitable and well-

developed model system to study both symbiotic interactions. Besides, M. truncatula is 
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closely related to many economically important legumes, thus its investigation is of high 

applicability for agriculture (Colditz and Braun, 2010). 

 

 

Legumes and agricultural systems 

 

N is a major limiting factor for plant growth and crop production in agricultural 

systems. The production of chemical nitrogenous fertilizers represents a significant cost 

for the efficient growth of various crops in modern agriculture (Woods et al., 2010; Tilman 

et al., 2002). Legumes account for one-third of the primary crop production in the world 

and represent the second major source of food, feed for livestock and raw material for 

industry (Graham and Vance, 2003). These plants, through their symbiotic abilities to 

reduce atmospheric N and overcome the N limitations in soil, represent an important 

component of both natural and agricultural systems (Suso et al., 2016; Shennan, 2008).  

The efficiency of the Legume-Rhizobium symbiosis relies on the capacity of this 

interaction to maintain functional nodules, in which N2 fixation takes place, during the life 

cycle. Despite the fact that the average nodule lifespan is 10 - 12 weeks, their N2-fixing 

capacity starts to decline 3 - 5 weeks after initiation (Puppo et al., 2005). Hence, an 

extension of the active N2 fixation period by fine tuning the senescence process might 

contribute to maximize crop yield. 

The products of symbiotic N2 fixation are exported from the nodule to the rest of 

the plant where they are incorporated into essential macromolecules that promote plant 

growth, development, and crop yield. Besides the huge contribution to the N-economy 

of leguminous crops, root nodules provide crops with a free and renewable source of N, 

having a key role in the sustainable and environment-friendly agricultural practices 

(Benedito et al., 2008). Therefore, the process of biological nitrogen fixation represents 

an attractive way, both economic and ecologic, to reduce the utilization of chemical N-

fertilizers and improve the crop yield in an agricultural setting (Mus et al., 2016). 
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Nitric Oxide 

 

Nitric oxide (NO) is a small reactive gaseous molecule recognized as a key 

mediator of multiple physiological processes in animals, plants, fungi and bacteria 

(Thalineau et al., 2016; Canovas et al., 2016; Astuti et al., 2016; Mur et al., 2017; Corpas 

and Barroso, 2015b). In plants, NO regulates a broad spectrum of biological processes 

(Begara-Morales et al., 2013). NO is essential for seed germination (Arc et al., 2013), 

primary and lateral root growth (Fernandez-Marcos et al., 2012; Corpas and Barroso, 

2015a), stomatal closure (Neill et al., 2008), flowering, pollen tube growth regulation, fruit 

ripening, senescence, response to biotic and abiotic stresses and symbiosis (Corpas 

and Barroso, 2015b; Fancy et al., 2017; Hichri et al., 2016).  

The biological effects of NO are determined by its chemical reaction with several 

distinct molecules rather than through classical receptor-ligand interactions observed for 

most signaling molecules (Yu et al., 2014). The signaling properties of NO result from its 

physiochemical nature. The mode of action of NO has been associated with three 

different NO species, i.e., the NO radical (NO•), nitrosonium cation (NO+), and nitroxyl 

anion (NO−) (Arnelle and Stamler, 1995). The distinct NO oxidative states and chemical 

intermediates (NO-derivatives/ NO-related molecules) are broadly designated as 

reactive nitrogen species (RNS) (Table 1). In the form of free radical NO exhibits an 

extremely high chemical reactivity linked to the unpaired electron in its  orbital. Under 

biological conditions, the stabilization of the unpaired electron can occur either by the 

reaction of NO• with another free radical or through the interaction of NO• with a 

transition metal to form metal nitrosyl complexes. The reaction of NO• with other free 

radicals such as superoxide (O -
2
•) generates additional oxides of N including peroxynitrite 

(ONOO−), nitrogen dioxide (NO2) and nitrous anhydride (N2O3), which can react with, and 

modify, various cellular macromolecules (e.g., DNA, lipids, and proteins) (Arnelle and 

Stamler, 1995; Kovacs and Lindermayr, 2013). The most well-studied of these 

modifications are nitrosation/nitrosylation (addition of an NO+) or nitration (addition of a 

nitronium ion (NO+
2
)) of target proteins (Astier and Lindermayr, 2012; Kovacs and 

Lindermayr, 2013). 
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Table 1 – Reactive nitrogen species. 

Reactive nitrogen species 

Free radicals Non radicals 

Nitric Oxide – NO• Nitrous acid – HNO2 

Nitric dioxide – NO2• Nitrosonium cation – NO+ 

Nitrate radical – NO3• Nitronium ion (NO
+
2
) 

 Nitrosyl anion – NO- 

 Peroxynitrite – ONOO- 

 Alkylperoxynitrites – ROONO 

 Nitrogen dioxide – NO2 

 Nitrous anhydride – N2O3 

 

 

Metal-nitrosylation, S-nitrosylation, and Tyr nitration are the most important PTMs 

induced by NO (Yu et al., 2014; Del Rio, 2015) (Fig. 7). The study of the regulation of 

protein function by NO-related PTMs is important to elucidate the mode of action of NO 

in regulating many processes in plants.  

 

 

 

 

 

Figure 7 – Overview of the 

biologically relevant  

NO-dependent post-translational 

modifications. Metal-nitrosylation, 

S-nitrosylation – Nitrosylation of 

cysteine residues and Tyr nitration 

– nitration of tyrosine residues. 

Proteins are represented as “P” 

letters in a dark yellow shape 

(adapted from Freschi (2013)). 

 

 

Despite the importance of NO as a signaling molecule, the origins of NO in plant 

cells and the mechanisms of its action are far from being fully understood. Hence, the 

identification of NO molecular targets, NO sources, and subcellular location remains 

essential to understand the mechanism underlying NO physiological action in plants.  
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NO biosynthesis 

 

NO biosynthesis in animals by NO synthase (NOS, EC 1.14.13.39) is a well-

documented process (Daff, 2010) but in higher plants there is no NOS ortholog, 

indicating that NO biosynthesis occurs through different pathways (Farnese et al., 2016; 

Jeandroz et al., 2016; Santolini et al., 2017).  

Distinct enzymatic and chemical processes have been recognized as sources of 

NO in plants. These mechanisms can be classified, according to the N-containing 

precursors, as either oxidative or reductive pathways (Mur et al., 2013). In the oxidative 

pathways, substrates such as L-arginine, polyamines or hydroxylamines, are oxidized 

leading to NO formation whereas in the reductive pathways NO -
2
 is reduced, yielding NO 

(Mur et al., 2013; Rőszer, 2014; Sanz et al., 2015; Farnese et al., 2016). The subcellular 

localization of NO production is important for its involvement in plant processes.  

 

 

Oxidative pathways of NO biosynthesis 

 

NO synthase (NOS)  

 

NO biosynthesis in animal cells is largely catalyzed by the enzyme Nitric Oxide 

Synthase (NOS, EC 1.14.13.39). NOS are a family of homodimeric flavohemoproteins, 

distributed amongst eukaryotes and prokaryotes (Crane et al., 2010; Daff, 2010) that 

catalyze the oxidation of L-arginine to NO and L-citrulline in the presence of NADPH and 

molecular oxygen (O2).  

NOS-like activities have also been described in higher plants including in Zea 

mays, A. thaliana, N. tabacum, Lupinus albus and P. sativum (del Rio et al., 2004; 

Yamasaki et al., 2010). The existence of a plant NOS-like enzyme was mainly supported 

by pharmacological evidence and assays for NOS-like enzyme activity (Frohlich and 

Durner, 2011; Mur et al., 2013) however, no typical NOS sequences were identified in 

the available genomes of those plants nor in other 1087 sequenced transcriptomes of 

land plants (Jeandroz et al., 2016; Santolini et al., 2017). Thus, the hypothesis that NO 

biosynthesis in plants is mediated by an NOS-like enzyme is still a subject of discussion.  

In photosynthetic organisms, only a few algal species contain NOS orthologs. To 

date, genes encoding functional homologs to human NOS have only been identified in 

the green algae Ostreococcus tauri, Ostreococcus lucimarinus and Bathycoccus 

prasinos (Mamiellophyceae, Chlorophyta), an early-diverging class within green plant 
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lineage (Foresi et al., 2010; Kumar et al., 2015). More recently, Jeandroz and colleagues 

identified a NOS orthologue from the 1000 Plants (1KP) international multidisciplinary 

consortium’ s transcriptome database (http://www.onekp.com/), unequally distributed, in 

15 algae species of the 265 analyzed (Jeandroz et al., 2016). 

Recently, it has been suggested that the production of NO via an NOS-like protein 

in land plants is unlikely (Jeandroz et al., 2016; Santolini et al., 2017). The multiple routes 

for NO biosynthesis present in plants cells further support that a NOS enzyme may not 

be required for NO production in plants. Nevertheless, the identity and relevance of 

proteins with NOS-like activity similar to the animal NOS (del Rio et al., 2004) remain an 

intriguing topic. More recently, Corpas and Barroso hypothesized that the NOS-like 

activity detected in higher plants could be the result of cooperation between separate 

proteins that act together as a “protein complex” to generate NO through an L-Arg-

dependent pathway (Corpas and Barroso, 2016). The existence of these multimeric 

complexes would explain the absence of findings at the molecular level of a protein 

similar to mammal NOS. Still, the search in 1KP transcriptome database for similar 

sequences to O. tauri NOS using the N-terminal and C-terminal domains as queries, 

retrieved no results strengthening that land plants do not have an enzyme homologous 

or structurally related to animal NOS (Jeandroz et al., 2016). Nevertheless, the authors 

did not exclude the possibility that one or several proteins unrelated to NOS may account 

for the NOS-like activities detected in higher plants. 

 

 

Other forms of oxidative NO synthesis 

 

Polyamines and hydroxylamine increase NO biosynthesis in plant cells, through 

uncertain mechanisms, under hypoxia conditions (Tun et al., 2006; Rőszer, 2014; 

Filippou et al., 2012). Additionally, other enzymes, namely catalase, xanthine 

oxidoreductase and horseradish peroxidases were shown to produce NO in addition to 

their primary enzymatic activities under specific conditions. But the contribution of these 

enzymes to NO biosynthesis in plants remains unclear (Moreau et al., 2010; Rőszer, 

2014). 
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Reductive pathways of NO biosynthesis 

 

The reductive pathways towards NO synthesis depending on NO -
3
/NO -

2
 as a 

primary substrate may occur practically within the whole plant cell environment, including 

the cytoplasm, mitochondria, chloroplasts, peroxisomes as well as the apoplast (Rőszer, 

2014). NO -
2
 reduction can occur either enzymatically, through the action of nitrate 

reductase (NR, EC 1.6.6.1) or the mitochondrial electron transfer system, or non-

enzymatically under reducing conditions and low pH (Stohr et al., 2001; Planchet et al., 

2005; Bethke et al., 2004).  

  

 

Nitrate reductase 

 

NR, which primarily catalyzes the reduction of NO -
3
 to NO -

2
, can also catalyze the 

reduction of NO -
2
 to NO under certain conditions (Gupta and Igamberdiev, 2011; Mur et 

al., 2013), namely when NO -
2
 accumulates and cellular pH decreases (Kaiser and 

Brendle-Behnisch, 1995; Kaiser and Huber, 2001). The presence of an NR-dependent 

pathway of NO biosynthesis in cyanobacterium Anabaena doliolum indicates that this 

mechanism may be one of the most ancient endogenous sources of NO in plants 

(Rőszer, 2014).  

NO produced via NR-dependent pathway is involved in multiple biological 

processes associated with normal plant growth and in the plant response to pathogen 

attack and other stresses (Gibbs et al., 2014; Farnese et al., 2016). The NR-dependent 

pathway is also recognized as an important mechanism of NO production in mature root 

nodules (Horchani et al., 2011). NR is now accepted as a predominant source of NO in 

plant cells (Jeandroz et al., 2016).  

 

 

Mitochondrial Electron Transport Chain 

 

The primary function of mitochondria is generate ATP, which makes these 

organelles vital for plant survival. Molecular O2 is essential for ATP synthesis, thus, any 

change in its concentration can affect ATP levels and by extension all biochemical 

reactions that require energy. Under hypoxia, the terminal enzymes of the mitochondrial 

respiratory chain (cytochrome oxidase and alternative oxidase (AOX)) have a limited 

capacity to function (Igamberdiev and Hill, 2009; Igamberdiev et al., 2016). The lack of 
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terminal electron acceptor in the electron transport chain (ETC) impairs mitochondrial 

infrastructure (Igamberdiev et al., 2005) and ATP production (Gupta and Igamberdiev, 

2016). To overcome O2 limitation and keep the production of ATP, the mitochondrial 

respiratory chain is able to use NO -
2
 as a terminal electron acceptor, instead of O2, to 

generate ATP and recycle NADH (Igamberdiev et al., 2016; Alber et al., 2017). The 

mechanism of NO -
2
 reduction by ETC results in the generation of NO in mitochondria. 

Additionally, NO -
2
 reduction to NO may be performed by the isolated action of cytochrome 

c, AOX or other heme-proteins (Basu et al., 2008; Planchet et al., 2005; Gupta and 

Kaiser, 2010). The NO resulting from the reduction of NO -
2
 diffuses freely from the 

mitochondrial matrix to the cytosol, where it is oxidized back to NO -
3
 by plant 

hemoglobins. NO -
3
 is then reduced by NR to NO -

2
, which recycles into mitochondria and 

is reduced to NO (Gupta and Igamberdiev, 2011; Gupta and Igamberdiev, 2016). This 

NO -
2
/NO/NO -

2
 recycling process designated by Hb/NO respiration allows the cell to 

maintain its energy status under hypoxic conditions and it is particularly important in root 

nodules where a microoxic environment is required for symbiotic N2 fixation (Hichri et al., 

2016).  

 

 

Non-enzymatic NO synthesis 

 

The NO release from nitrous acid (HNO2) occurs in plant cells through a chemical 

reaction favored by acidic conditions and stimulated by phenolic compounds (Yamasaki, 

2000; Bethke et al., 2004). This chemical process was shown to take place in the 

apoplast of the aleuron layer of Hordeum vulgarae and is thought to contribute to the 

antimicrobial protection of seeds in soil (Bethke et al., 2004). Moreover, the chemical 

release of NO from NO -
2
 together with the enzymatic NO -

2
/NO reduction could contribute 

to induce the NO burst required for a proper germination (Rőszer, 2014). 

The existence of many mechanisms for NO synthesis raises questions about the 

individual contribution and regulation of these distinct NO sources in plant physiological 

processes (Jeandroz et al., 2016). 

  

 

NO homeostasis  

 

NO is considered to be toxic or protective/beneficial depending on its 

concentration, combination with ROS compounds, and subcellular location (Correa-
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Aragunde et al., 2015). Thus, a precise balance of the intracellular NO concentration is 

required to limit its toxic effects and allow its signaling and metabolic functions to occur 

(Hichri et al., 2016; Mur et al., 2017). The NO steady-state concentration results from a 

balance between its synthesis, scavenging and/ or degradation (Mur et al., 2013) (Fig. 

8).  

Figure 8 – Overview of the main mechanisms of NO production and removal in plants. NO production and removal 

comprise distinct enzymatic and chemical processes. NOS – nitric oxide synthase, NR – nitrate reductase, ETC – 

mitochondrial electron transport chain, Phytogbs – phytoglobins, GSNOR – S-nitrosoglutathione reductase, NO – nitric 

oxide, L-Arg – L-arginine, HA – hydroxylamine, PAs – polyamines, NO -
3
 – nitrate, NO -

2
 – nitrite, O2 – molecular oxygen, 

GSH – reduce glutathione, GSSG – oxidized glutathione, GSNO – S-nitrosoglutathione, O2
- – superoxide, ONOO- – 

peroxynitrite, NH3 – ammonia (adapted from Freschi (2013)). 

 

 

Plants have developed efficient antioxidant mechanisms for controlling 

intracellular NO concentration. The importance of the control of NO biosynthesis, S-

nitrosoglutathione reductase (GSNOR), phytoglobins, and the antioxidant systems for 

the maintenance of NO homeostasis is described in the following sections. 

 

 

Regulation of NO biosynthesis 

 

NO production in plants is regulated by the availability of substrates and 

cofactors; by the chemical environment, which allows the non-enzymatic release of NO; 

and by the upstream signaling events that can modulate transcription and activity of the 

enzymes involved in NO synthesis (Rőszer, 2014). 
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The availability of NO -
2
 and L-arginine is determinant for NO generation in plants. 

The accumulation of NO -
2
 in the cytosol, induced by stress conditions (e.g hypoxia, 

inhibition of the photosynthetic electron transport or increased NO -
3
 absorption from the 

soil) leads to an increase in NO production via NR-dependent pathway (Gupta et al., 

2011; Mur et al., 2013). Conversely, when NO -
2
 availability is limited and L-arginine is 

available the oxidative pathway may become the dominant form of NO production in 

plants (Flores et al., 2008; Shi et al., 2013). The NADPH and O2 required for the oxidative 

NO synthesis are provided by the light reactions of photosynthesis (Jasid et al., 2006). 

Additionally, photosynthetic light provides the carbohydrates and ATP necessary for L-

arginine synthesis and reduces NO -
2
 levels in chloroplasts through its reduction to NH+

4
 

(Sakihama et al., 2002). Hence, oxidative and reductive NO synthesis that occurs in 

chloroplasts may be temporally separated, due to a photoperiodic change in L-arginine 

and NO -
2
 availability (Rőszer, 2014). The regulation of the activity of NO producing 

proteins can also affect cellular NO homeostasis (Mandal et al., 2012; Frungillo et al., 

2014).  

The crosstalk between NO and phytohormones represents an important 

interaction network involved in the regulation of plant development and stress responses 

(Freschi, 2013; Sanz et al., 2015). Several phytohormones have been identified as 

elicitors of NO biosynthesis in plants (Mioto and Mercier, 2013; Freschi, 2013; Sanz et 

al., 2015), but the mechanisms by which hormones regulate NO synthesis are not fully 

clarified yet. Exogenous application of auxin and salicylic acid increase NO generation 

under specific temporal and spatial contexts both by reductive and oxidative routes (Hu 

et al., 2005; Jin et al., 2011; Zottini et al., 2007; Poór and Tari, 2012). Cytokinin triggers 

NO production in a dose-dependent manner in both plant cell cultures and intact 

seedlings (Tun et al., 2001; Carimi et al., 2005; Tun et al., 2008; Shen et al., 2013), 

nevertheless, recently, it was shown that zeatin, a prevalent cytokinin in Arabidopsis, 

reacts with ONOO- lowering the intracellular NO levels (Liu et al., 2013). Interestingly, it 

has been shown that ABA induces NO generation in an ROS-dependent manner 

(Freschi, 2013), placing ROS as a mediator in the NO-dependent ABA response and 

indicating the existence of an interplay between RNS/ROS/phytohormones in the 

regulation of plant processes.  
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Ascorbate/Glutathione cycle 

 

Ascorbate (ASC) and GSH (Glu-Cys-Gly) are the major water-soluble 

antioxidants in cellular metabolism and redox signaling in plants (Foyer and Noctor, 

2011; Noctor et al., 2012). Legumes contain a GSH homolog, homoglutathione (hGSH; 

Glu-Cys-Ala), that may partially or completely replace GSH (Moran et al., 2000; Frendo 

et al., 2001; Matamoros et al., 2003; Baldacci-Cresp et al., 2012). For many years it was 

believed that hGSH fulfills the same functions as GSH, however recently it has been 

shown that hGSH and GSH play distinct functional roles during cell cycle activation and 

differentiation in M. sativa (Pasternak et al., 2014). Moreover, the finding that GSH and 

hGSH have a distinct tissue-specific distribution (Colville et al., 2015) may reflect the 

differential metabolic roles of these two low molecular weight thiols. ASC and GSH act 

as antioxidants either by directly quenching and destroying ROS and RNS or indirectly 

as substrates of enzymes with ROS scavenging activities (Foyer and Noctor, 2011; 

Noctor et al., 2012).  

GSH can react with NO yielding S-nitrosoglutathione (GSNO) described as the 

main reservoir of NO bioactivity in the cells and a major transnitrosylating agent 

(Broniowska et al., 2013; Corpas and Barroso, 2015b). Recently it has been reported 

that GSNO modulates NO biosynthesis via inhibition of NR activity (Frungillo et al., 

2014). A mechanism that suggests that NO controls its own bioavailability. In addition, 

ASC and (h)GSH, together with NADPH, are substrates of enzymatic activities that 

control intracellular H2O2 content in a series of reactions designated as the 

ascorbate/glutathione cycle (Foyer and Noctor, 2011). The ASC/GSH cycle, first 

described in root nodules 30 years ago (Dalton et al., 1986), provides one of the central 

antioxidant mechanisms in plants. The cycle comprises the enzymes ascorbate 

peroxidase (APX; EC 1.11.1.11), monodehydroascorbate reductase (MDAR; EC 

1.6.5.4), dehydroascorbate reductase (DHAR; EC 1.8.5.1), and glutathione reductase 

(GR; EC 1.6.4.2) plus the antioxidant metabolites ASC and GSH and the reductive 

coenzyme NADPH (Foyer and Noctor, 2011). In the first step, APX reduces H2O2 to 

water using ASC as the electron donor. The oxidized ASC (monodehydroascorbate 

(MDA) or dehydroascorbate (DHA)) is then regenerated by MDAR and DHAR using GSH 

with the simultaneous formation of oxidized glutathione (GSSG). Finally, GSSG is 

reduced back to GSH by the NADPH-dependent GR (Noctor et al., 2012) (Fig. 9).  
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Figure 9 – Regulation of the ascorbate/glutathione cycle by nitric oxide. NO modulates the ASC/GSH cycle by Tyr 

nitration and/or S-nitrosylation of APX, MDAR and DHAR proteins. Under nitro-oxidative stress conditions, these 

modifications could compromise the antioxidant capacity of the cycle. Interestingly, APX activity is enhanced by S-

nitrosylation, while GR activity is not significantly affected by S-nitrosylation nor Tyr nitration, suggesting the existence of 

a mechanism that maintains GSH regeneration, in order to sustain the antioxidant response of the ASC/GSH cycle against 

nitro-oxidative conditions. APX – ascorbate peroxidase, MDAR – monodehydroascorbate reductase, DHAR – 

dehydroascorbate reductase, GR – glutathione reductase, H2O2 – hydrogen peroxide; H2O – water; ASC – ascorbate; 

MDA – monodehydroascorbate DHA – dehydroascorbate, GSH – reduced glutathione; GSSG – oxidized glutathione 

(adapted from Begara-Morales et al. (2016)). 

 

 

The biosynthesis and degradation of NO and ROS impact each other (Del Rio, 

2015; Begara-Morales et al., 2016; Romero-Puertas and Sandalio, 2016). Under stress 

situations, ROS induce NO synthesis in various plant species and in turn NO limits ROS 

accumulation through the activation of the antioxidant systems (Gross et al., 2013). The 

regulation of the enzymes of ASC/GSH cycle by NO is predicted to represent a critical 

interface in the interaction between NO and ROS metabolism (Lindermayr and Durner, 

2015). Proteomic studies identified APX, MDAR, DHAR, and GR either as Tyr-nitrated 

or S-nitrosylated proteins (Chaki et al., 2009; Lin et al., 2012; Tanou et al., 2012) with 

different effects on protein activity (Kato et al., 2013; Begara-Morales et al., 2014; 

Begara-Morales et al., 2015) (Fig.9).  

Remarkably, NO stimulates GSH biosynthesis and in this manner impacts 

tolerance against oxidative stresses (Innocenti et al., 2007; Kovacs et al., 2015). A 

detailed description of the GSH biosynthetic pathway and how it is modulated by NO is 

given in chapter 4. 
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Plant Hemoglobins – Phytoglobins 

 

Hemoglobins (Hbs) are a large and diverse family of heme-containing proteins 

found in all kingdoms of life, that sense, store and transport O2 (Arredondo-Peter et al., 

2014; Hill et al., 2016). Hbs are also known to scavenge NO. The ability of oxygen-bound 

Hb (oxy-Hb) to scavenge NO was mainly ascribed to the fast and irreversible 

dioxygenation reaction (Helms and Kim-Shapiro, 2013). The reaction between oxy-Hb 

and NO results in an oxidation of NO, producing NO -
3
 and (oxy)methemoglobin ((oxy)Hb-

Fe3+) that is reduced to regenerate oxyHb in a cyclic pathway referred as the Hb/NO 

cycle (Hill, 2012). The NO dioxygenase activity exhibited by Hbs provides a mechanism 

to limit NO diffusion and toxicity placing these proteins as vital components of NO 

scavenging pathways (Kundu et al., 2003; Smagghe et al., 2008; Gardner, 2012; Sanz-

Luque et al., 2015).  

For many years, Lb was the only known Hb-like protein in plants (Appleby, 1984). 

The discovery of other Hb-like proteins in plants (unrelated to symbiosis) led to the term 

“nonsymbiotic Hbs (nsHbs)” to differentiate those from Lbs (Bogusz et al., 1988). 

Recently, a new nomenclature has been introduced; the term Phytoglobin abbreviated 

as Phytogb, is now used to describe the Hb-like proteins present in plants (Hill et al., 

2016). 

Phytoglobins (Phytogbs) are ubiquitous in plant tissues and constitute a diverse 

group of heme-proteins that, according to their phylogenetic origin, O2 binding properties 

and structure can be distinguished into three major families: class 1, class 2 or class 3 

(Smagghe et al., 2009; Hill, 2012; Gupta and Igamberdiev, 2016). Members of classes 

1 and 2 are structurally similar to human/animal myoglobins and Hbs (Trevaskis et al., 

1997) whereas class 3 phytoglobins resemble the prokaryotic truncated Hbs (Watts et 

al., 2001). Members of each class bear unique kinetic properties and structural 

fingerprints and display specificity in their expression pattern, indicative of their distinct 

physiological roles (Gupta and Igamberdiev, 2016; Igamberdiev et al., 2016).  

Several studies demonstrated the importance of Phytogbs for the regulation of 

NO homeostasis during diverse processes of plant physiology namely stress responses, 

development, programmed cell death, and the establishment of the Legume-Rhizobium 

symbiosis (Hebelstrup et al., 2006; Perazzolli et al., 2004; Hebelstrup and Jensen, 2008; 

Wang et al., 2011; Mur et al., 2012; Hebelstrup et al., 2013; Lindermayr and Hebelstrup, 

2016). Together with Lb, all three classes of non-symbiotic plant Phytogbs and several 

rhizobial proteins contribute to control NO levels in root nodules (Herold and Puppo, 

2005; Vieweg et al., 2005; Shimoda et al., 2009; Cam et al., 2012; Meilhoc et al., 2013). 

It has been reported that the overexpression of class1 Phytogb reduces NO content in 
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L. japonicus root nodules (Shimoda et al., 2009). Moreover, the expression of non-

symbiotic Phytogbs of all three classes was found to be enhanced during symbiosis in 

L. japonicus (Bustos-Sanmamed et al., 2011) suggesting a complementary role of all 

types of plant Phytogbs in the tight regulation of O2 and NO concentration in root nodules.  

 

 

S-nitrosoglutathione reductase (GSNOR) 

 

The activity of the enzyme S-nitrosoglutathione reductase (GSNOR, EC 1.2.1.46) 

is conserved among animals, plants, and bacteria and contributes to NO homeostasis 

by controlling intracellular NO availability (Malik et al., 2011; Mur et al., 2013; Arora et 

al., 2016).  

GSNO is a stable reservoir of latent NO signal in plant cells, thus the control of 

GSNO levels represents an important step in NO regulation (Mur et al., 2013). The 

synthesis of GSNO takes place by an O2-dependent reaction of NO with reduced 

glutathione (GSH) (Singh et al., 1996). GSNOR controls the bioactive NO pool and 

nitrosothiol (SNO) levels being a key enzyme in most NO-regulated processes (Malik et 

al., 2011; Frungillo et al., 2014; Romero-Puertas and Sandalio, 2016; Kolbert, 2016). 

GSNOR, a class III alcohol dehydrogenase, reduces GSNO to the unstable intermediate, 

S-hydroxylaminoglutathione, that spontaneously rearrange in glutathione sulphonamide, 

which, in the presence of GSH, forms oxidized glutathione (GSSG) and hydroxylamine 

(Igamberdiev et al., 2016). Hydroxylamine is further reduced in the cell to NH+
4

 by class 

1 phytoglobin (Sturms et al., 2011), showing that Phytogs also contribute to GSNO 

scavenging (Ticha et al., 2016; Igamberdiev et al., 2016). The resultant GSSG can be 

reduced by glutathione reductase (GR) back to GSH and reenter the GSH pools. 

GSNOR plays a vital role in the regulation of the equilibrium between GSNO levels and 

S-nitrosylated proteins (Malik et al., 2011). Importantly, GSNOR does not directly reverse 

the S-nitrosylation of a given protein. GSNOR turns over GSNO, reducing the cell store 

of NO bioactivity and by extension leading to a depletion of S-nitrosylated proteins (Xu 

et al., 2013; Arora et al., 2016). 
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Nitric oxide in the Legume – Rhizobium 

symbiosis 

 

NO is a crucial player for the establishment and maintenance of the Legume-

Rhizobium symbiosis being present at various stages of the interaction and playing 

multifaceted roles from symbiotic recognition to nodule senescence (reviewed in Hichri 

et al. (2016)) (Fig. 10). 

 

 

Figure 10 – Detection of NO production at various stages of the Medicago – Sinorhizobium symbiotic interaction. 

The upper part of the figure shows a schematic illustration of the successive stages of the symbiotic interaction where NO 

production was detected, as shown in the lower part of the figure. NO was detected by microscopy using the fluorescent 

probe 4,5-diaminofluorescein (DAF-2DA) on Medicago roots and root nodules collected at (a) 4 hpi (Nagata et al., 2008); 

(b, c) 3 dpi (del Giudice et al., 2011); (d) 5 dpi and (e) 19 dpi (Baudouin et al., 2006). I, II, III, and IV correspond to the 

meristematic, infection, fixation, and senescence zones of mature indeterminate-type nodules, respectively. Green 

asterisks indicate the sites of NO production. hpi, hours post-inoculation; dpi, days post-inoculation (adapted from Meilhoc 

et al. (2015)). 

 

 

NO production was detected in the epidermis of roots of M. sativa, L. japonicus 

and T. repens 4 h after infection with their cognate microsymbionts (Nagata et al., 2008; 

Shimoda et al., 2005). During the early steps of the M. truncatula-S. meliloti symbiosis 

NO is present in infected root hairs, at the colonized curl and along the IT as well as in 
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the nodule primordia, which suggests a role for NO in the early exchange of signals 

between the two partners (del Giudice et al., 2011). Furthermore, the early abortion of 

ITs, the significant delay in nodule formation and the reduction of microsymbiont 

infectivity caused by NO depletion highlight the importance of NO for an optimal bacterial 

infection and nodule development (del Giudice et al., 2011; Meilhoc et al., 2015). 

The presence of NO in the mature N2-fixing nodules of M. truncatula, M. sativa, 

G. max, P. sativum and Arachis hypogaea was also reported (Baudouin et al., 2006; Pii 

et al., 2007; Kanayama and Yamamoto, 1990; Meakin et al., 2007; Maiti et al., 2012). 

The role of NO at the later stages of the symbiosis is complex and still an open debate 

(Hichri et al., 2016). On the one hand, NO reduces N2-fixing capacity by inhibition of 

either nitrogenase (Trinchant and Rigaud, 1982; Shimoda et al., 2009; Kato et al., 2010; 

Cam et al., 2012) and plant GS (Melo et al., 2011), which triggers nodule senescence 

(Cam et al., 2012). On the other hand, NO is an important metabolic intermediate for the 

maintenance of the nodule energy supply under hypoxic conditions (via the NO -
3
/NO 

respiration) (Horchani et al., 2011; Gupta et al., 2011). Therefore, a precise regulation of 

the intracellular levels of NO is required to allow the signaling and metabolic functions of 

NO and limit the toxic effects (Hichri et al., 2016). This NO steady-state level, estimated 

to be in the micromolar range (Meilhoc et al., 2010), results from the balance between 

its synthesis, scavenging and/or degradation (Meilhoc et al., 2015) sustained by 

enzymatic and non-enzymatic antioxidants (Becana et al., 2010). In M. truncatula root 

nodules, both symbiotic partners contribute to NO biosynthesis (Horchani et al., 2011) 

and scavenging (Gupta et al., 2011; Hill, 2012; Cam et al., 2012; Blanquet et al., 2015). 

The major contributors to NO detoxification are, from the plant side, phytoglobins and 

the ASC/GSH cycle (Becana et al., 2010) and from the bacterial side, flavohemoglobin 

(Hmp), NO reductase (Nor) and two NnrS proteins (NnrS1 and NnrS2) (Cam et al., 2012; 

Meilhoc et al., 2013; Blanquet et al., 2015). Noteworthy, it has been reported that M. 

truncatula root nodules elicited by S. meliloti mutants affected in NO degradation display 

a higher NO content, and reduced N2 fixation efficiency and the plant’s shoot dry weight 

is also reduced (Cam et al., 2012).  

So far several studies evidence the dual effect of NO during symbiosis: a 

beneficial effect during the early steps of the interaction and a detrimental effect on the 

later stages (Hichri et al., 2016). More work is necessary to clarify the multiplicity of NO 

effects at the different stages of symbiosis. 
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Aims and thesis overview  

 

This thesis is intended to investigate the impact of nitric oxide (NO) in the 

regulation of all members of the glutamine synthetase (GS) family in the model legume 

Medicago truncatula. Using a set of in vitro and in vivo experiments, we investigate the 

role of NO in the modulation of each individual GS member both at the transcriptional 

and post-translational levels. The results obtained are divided into five sections and are 

presented in chapters 2 to 6. 

Chapter 2 describes the characterization of the specific NO-mediated protein 

post-translational modifications (PTMs) affecting each M. truncatula GS isoenzyme and 

to the identification of the regulatory residues. Each isoenzyme was independently 

produced in Escherichia coli and used for a series of in vitro assays designed to 

characterize specific PTMs and its effects on GS activity. The regulatory NO-modified 

residues were identified by site-directed mutagenesis and MALDI-TOF/TOF. 

In chapter 3, we study the physiological significance of the differential NO-

mediated regulation of MtGS isoenzymes in planta. This chapter is divided into two main 

sections. The first section addresses the physiological significance of GS tyrosine 

nitration in root nodules and includes results obtained in collaboration with the Laboratory 

of Plant-Microorganisms Interactions (INRA/CNRS, France), which are published in the 

journal Molecular Plant-Microbe Interactions (MPMI 28 (2015) 1353-1363). The second 

section details additional findings on NO-mediated PTMs of GS proteins in root nodules 

and extends these studies to the leaves. Additional experiments were strategically 

designed to identify physiological situations in which the NO-mediated PTMs of GS 

isoenzymes are subjected to variations, particularly in root nodules during aging and in 

leaves during the diurnal cycle.  

In chapter 4, we propose a model to explain the physiological significance of GS 

nitration for nodule functioning, which was published as a hypothesis and theory article 

in Frontiers in Plant Science. According to this model, GS inactivation by Tyr nitration is 

related to metabolite channeling to boost nodule antioxidant defenses. The section 

includes complementary experiments in favor of the proposed theory.  

Chapter 5 presents results of the analysis of the role of NO in the transcriptional 

modulation of the M. truncatula GS genes. The results include analysis of GS expression 

following treatment with NO donors and scavengers and bioinformatics analysis of the 

promoter sequence of each individual GS gene for the presence of cis-regulatory 

elements associated with the NO-response.  
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Chapter 6 is dedicated to newly identified M. truncatula GS genes of the 

prokaryotic type, which appear to be involved in N signaling and possibly in transferring 

the NO signals to root developmental processes. We characterize the GSI-like gene 

family of M. truncatula and investigate the functionality of the encoded proteins. The 

results were published in Plant Science 240 (2015) 98-108 and include a thorough 

analysis of GSI-like expression in the root system, particularly during the Legume-

Rhizobium symbiosis. This chapter includes additional experiments, which indicate that 

the expression of MtGSI-like genes is influenced by NO. 

The results are integrated and discussed in the final chapter. 
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Abstract 

 

Glutamine synthetase (GS) is a crucial enzyme for overall plant metabolism, 

which activity is modulated by nitric oxide (NO) in Medicago truncatula. We have 

previously shown that MtGS1a and MtGS2a are post-translationally inactivated by NO, 

but by different mechanisms. Here, we investigate the effects of NO on the activity of all 

four members of the M. truncatula GS family. The effect of NO on GS activity was 

evaluated in vitro using purified recombinant enzymes produced in Escherichia coli. 

Using chemical reagents that selectively modify cysteine or tyrosine residues we show 

that the NO-mediated MtGS1a and MtGS1b inactivation results from Tyr modifications 

whereas MtGS2a and MtGS2b are regulated through modifications on Cys residues. By 

site-directed mutagenesis, we show that the regulatory Tyr residue is not conserved 

between the two cytosolic isoenzymes and demonstrate the importance of Cys 369, 

identified by MALDI-TOF/TOF as an S-nitrosylated residue, for the regulation of MtGS2a 

activity by NO. Taken together these results provide relevant information into the 

molecular details of the differential regulation of the individual GS isoenzymes by NO-

derived molecules. 

 

 

Introduction 

 

NO is a potent regulator of multiple physiological processes in plants (Corpas and 

Barroso, 2015; Thalineau et al., 2016; Mur et al., 2017) that exerts its biological effect 

mainly through the covalent post-translational modification (PTM) of target proteins 

(Astier and Lindermayr, 2012). The direct interaction of the NO radical and reactive 

nitrogen species (RNS) with proteins leads to PTMs, which can influence their 

functionality, stability and/or subcellular localization (Romero-Puertas et al., 2013). 

Metal-nitrosylation, S-nitrosylation, and Tyr nitration are the most important PTMs 

induced by NO (Yu et al., 2014; Del Rio, 2015).  

Metal-nitrosylation consists in the direct interaction of NO with the transition 

metals in metalloproteins yielding a metal-nitrosyl complex (Astier and Lindermayr, 2012; 

Kovacs and Lindermayr, 2013). It is a precise and reversible PTM that induces 

conformational changes that impact the reactivity or the activity of the targeted 

metalloproteins (Astier and Lindermayr, 2012), allowing cells to respond to alterations in 

their environment (Arasimowicz-Jelonek et al., 2016). Metal-nitrosylation has been 
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widely studied in living organisms (Astier and Lindermayr, 2012; Kovacs and Lindermayr, 

2013). In plants, the best-characterized proteins undergoing metal-nitrosylation are 

phytoglobins. NO targets the heme group of phytoglobins resulting in the formation of 

nitrosyl complexes (Perazzolli et al., 2004); the reaction of NO with the heme group of 

phytoglobins results in NO scavenging and represents a mechanism that regulates NO 

bioavailability.  

Protein nitration is a chemical process in which a nitro group (-NO2) is added to 

a tyrosine (Tyr), tryptophan (Trp), cysteine (Cys) or methionine (Met) residue (Corpas et 

al., 2009). However, Tyr nitration is best studied and corresponds to the irreversible 

addition of an -NO2 group to one of the two equivalent ortho-carbons of the aromatic ring 

of Tyr residue leading to the formation of 3-nitrotyrosine (Arasimowicz-Jelonek and 

Floryszak-Wieczorek, 2011; Radi, 2013; Mata-Perez et al., 2016; Kolbert et al., 2017). 

The introduction of an -NO2 group causes a marked shift of the local pKa of the hydroxyl 

group from 10.07 in Tyr to 7.50 in 3-nitrotyrosine (Abello et al., 2009) that can affect the 

activity of the target protein (Radi, 2013). The mechanism of Tyr nitration involves two 

steps: first, the phenolic ring of Tyr is oxidized to a tyrosyl radical, which in one of its 

resonance forms, is then nitrated in the second step (Radi, 2013; Mata-Perez et al., 

2016). The low levels of NO2-Tyr, when compared to Tyr content, under physiological 

conditions (Bartesaghi et al., 2007) suggest that protein Tyr nitration may be a 

physiological regulator of the signaling pathways in which nitrated proteins are involved.  

Tyr nitration is considered a specific and selective process depending on protein 

structure and environment (Corpas et al., 2009; Radi, 2013). Most proteins contain Tyr 

residues often surface-exposed but not all Tyr, neither all proteins are nitrated; normally, 

only one or two of the Tyr residues present in a protein become preferentially nitrated 

(Abello et al., 2009). However, the analysis of the primary sequences of nitrated proteins 

failed to reveal a specific amino acid sequence that may determine the specificity for this 

modification. Nevertheless, some structural features were identified as potential factors 

that can influence Tyr nitration. It has been proposed that nitrated Tyr residues are 

located in loops that contain a large solvent-accessible region (Lozano-Juste et al., 2011; 

Bayden et al., 2011). Moreover, the hydrophobicity and/or hydrophilicity of the 

surrounding environment may increase the susceptibility of a given Tyr residue to 

nitration (Radi, 2013).  

The specific nitration of Tyr residues on target proteins (Bayden et al., 2011) may 

induce conformational alterations and change protein function. The loss of function is the 

most common consequence of the NO-induced Tyr nitration (Radi, 2004) however the 

alternative scenario of a gain-of-function by Tyr nitration has been shown for a few 

proteins (Cassina et al., 2000; Li et al., 1997; Vadseth et al., 2004; Balafanova et al., 
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2002). Currently, protein Tyr nitration is considered an irreversible process (Mata-Perez 

et al., 2016). Although there is some evidence for the existence of denitrase activities in 

mammalian cells, which specifically reverse nitration (Gorg et al., 2007; Deeb et al., 

2013), a specific Tyr denitrase protein has not been identified in plants. 

Protein S-nitrosylation is a precisely targeted and rapidly reversible PTM that 

emerged as the most relevant mechanism for transduction of NO bioactivity (Kovacs and 

Lindermayr, 2013; Begara-Morales et al., 2016; Zaffagnini et al., 2016). In addition to the 

Cys residues of proteins, NO also reacts with low molecular weight thiols such as 

glutathione (GSH) or Cys generating S-nitrosoglutathione (GSNO) or S-nitrosocysteine 

(CysNO), respectively (Morakinyo et al., 2010; Broniowska and Hogg, 2012). The distinct 

mechanisms underlying S-nitrosylation are important for understanding NO bioactivity. 

Three main mechanisms for protein S-nitrosylation have been described in biological 

systems: (1) direct nitrosylation, (2) metal-mediated nitrosylation, in which SNO is 

donated by a metal-NO complex and (3) trans-nitrosylation in which a nitrosyl moiety is 

transferred from another nitrosothiol (Smith and Marletta, 2012; Kovacs and Lindermayr, 

2013; Zaffagnini et al., 2016). Independently of the mechanism, the generation of S-

nitrosothiol (SNO) requires an electron acceptor (Gow et al., 1997). The most important 

mechanism of SNO formation in the biological context is achieved by the exchange of 

the nitrosyl moiety from an S-nitrosylated protein, GSNO or CysNO in a reaction 

designated by transnitrosylation (Lindermayr and Durner, 2009). The transnitrosylation 

reaction occurs through the nucleophilic attack of a thiolate anion of the acceptor protein 

at the nitrogen of the SNO moiety of the donor molecule (Kovacs and Lindermayr, 2013; 

Souza et al., 2016). GSNO ability to mediate S-nitrosylation in plants is well documented 

(Dahm et al., 2006) justifying why GSNO is the most commonly used NO donor in 

proteome-wide studies.  

S-nitrosylation appears to be restricted to specific Cys residues (Lamotte et al., 

2015). The susceptibility of a given Cys to be S-nitrosylated is influenced by several 

factors namely solvent accessibility, the pKa of the thiol and the microenvironment 

surrounding the residue (Zaffagnini et al., 2016). Moreover, the Cys residues prone to S-

nitrosylation are often surrounded by an acid-base consensus motif (Stamler et al., 1997; 

Hess et al., 2001; Jia et al., 2014; Lamotte et al., 2015). Recently two acid–base motifs 

that could facilitate the formation of nucleophilic thiolate anion were proposed: [KRHDE]-

C-[DE] (Kovacs and Lindermayr, 2013) and I/L-X-C-X2-D/E (Jia et al., 2014). 

Additionally, a GSNO binding motif has been described ([HKR]-C-[hydrophobic]X[DE]) 

(Hess et al., 2005). However, since residues nearby the reactive Cys in the protein three-

dimensional structure may not flank the Cys in the primary sequence (Liu et al., 2010), 
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any predicted consensus motif that directs specific S-nitrosylation must be carefully 

considered. 

As S-nitrosylation represents the main route by which NO exerts its biological 

function in plants (Zaffagnini et al., 2016) the identification of S-nitrosylated substrates 

and of their target Cys residues is crucial to unravel the physiological significance of NO-

mediated modulation. The detection the S-nitrosothiol moiety can be either direct (the 

SNO group is detected as such) or indirect (the labile SNO moiety is replaced with a 

more stable adduct for further analysis) through distinct techniques (Foster, 2012; Raju 

et al., 2012). The most widely used method for the indirect detection of protein S-

nitrosothiols is the biotin switch technique (BST). Developed by Snyder and colleagues 

(Jaffrey et al., 2001), BST provides an efficient tool for the study of S-nitrosylated 

proteins. The BST was the first assay elaborated to detect the S-nitrosylated Cys thiol 

and its publication is considered as a decisive breakthrough in the study of S-nitrosylated 

proteins. Essentially, the BST is a three step chemical process that allows the exchange 

of S-nitrosocysteine residues in proteins to biotinylated Cys residues that can be easily 

detected or enriched by affinity chromatography (Fig. 1). In the first step, the blocking 

step, the reduced protein thiols are blocked under denaturing conditions with S-

thiomethylating agents mainly methyl-methanethiosulfonate (MMTS). Following the 

blocking step, ascorbate converts S-nitrosothiols to free thiols so that it can be 

biotinylated. Ascorbate, an antioxidant with unique reactivity towards SNOs, acts as a 

nucleophile and undergoes a transnitrosylation reaction with the protein-SNO (Holmes 

and Williams, 2000; Forrester et al., 2009). The third step of the BST involves the 

reversible biotinylation of the nascent free thiol with a sulfhydryl-specific biotinylating 

agent such as N-[6-(biotinamido)hexyl]-3'-(2'-pyridyldithio)propionamide (biotin-HPDP). 

Steps 2 and 3 are performed simultaneously to allow the immediate labeling of the newly 

formed thiols. The conjugation of these residues to biotin enables the enrichment of the 

modified targets (i.e. previous S-nitrosylated proteins) from a complex mixture using 

avidin-based affinity capture and further detection by immunoblotting, if the proteins of 

interest are known, or digested with trypsin and subjected to liquid chromatography-

tandem mass spectrometry (LC-MS/MS) for identification (reviewed in Murray and Van 

Eyk (2012)). The specificity of the BST for S-nitrosylated proteins is based on ascorbate 

unique reactivity towards SNOs (Jaffrey et al., 2001; Forrester et al., 2009). 
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Figure 1 – Schematic diagram of the biotin switch method. Unmodified cysteine residues are blocked with a thiol 

reactive agent (MMTS) (step 1), then SNO-modified residues are selectively reduced with ascorbate (step 2) and labeled 

with thiol-specific agent biotin-HPDP via intermolecular disulfide bond formation (S-S-biotin) (step 3). The biotin-labeled 

proteins (formerly S-nitrosylated) can be easily purified by avidin-affinity chromatography and after -mercaptoethanol 

elution detected using protein-specific antibodies (adapted from Jaffrey and Snyder (2001)). 

 

 

The identification of the molecular targets of NO and the elucidation of the 

structural features associated with the modifications of protein function induced by NO 

remain essential to understand the mechanism underlying its physiological action. 

Glutamine synthetase (GS) has been identified as a molecular target of NO in root 

nodules of M. truncatula. Tyr nitration of MtGS1a results in loss of activity and occurs in 

vivo in response to impaired N2 fixation, modifying MtGS1a activity according to the 

necessity of NH+
4
 assimilation, which suggests that MtGS1a nitration is relevant for root 

nodule functioning (Melo et al., 2011). Here, we extended the initial studies to all four M. 

truncatula GS isoenzymes, assessed the influence of NO-derived molecules on each 

individual member of the GS family and studied the mechanisms by which the NO-

mediated regulation occurs.  
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Results 

 

Regulation of GS activity by RNS 

 

To investigate whether the individual members of the GS family could be affected 

by NO we started by evaluating in vitro the effect of two RNS producers on the activity 

of the four distinct GS isoenzymes. Each of the four M. truncatula GS isoenzymes was 

independently produced in E. coli with a C-terminal His-tag, purified by Ni-affinity 

chromatography and used to assess GS activity following incubation with increasing 

concentrations of peroxynitrite (ONOO-) and tetranitromethane (TNM).  

ONOO- and TNM are two powerful oxidizing agents commonly used to assess 

the effect of RNS in the structure or activity of biomolecules, including proteins. ONOO- 

is a highly reactive nitrogen/oxygen species, produced during diverse physiological 

processes, which can participate in Tyr nitration reactions, directly oxidize sulfhydryl 

groups or mediate oxidation reactions with several target biomolecules (Ducrocq et al., 

1999; Radi, 2004). ONOO- affects protein function by modifying both Tyr residues or 

essential reactive thiol groups leading to the formation of 3-nitrotyrosine or oxidized thiol 

groups, respectively (Radi, 2013). TNM is a synthetic oxidizing agent known to oxidize 

sulfhydryls groups at both pH 6 and 8 and to selectively nitrate Tyr residues at pH 8 

(Sokolovsky et al., 1966; MacMillan-Crow et al., 1998), which allows the determination 

of the relative contribution of each of these modifications on protein activity. 
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Figure 2 – Effect of peroxynitrite on the activity of MtGS1a, MtGS1b, MtGS2a and MtGS2b. Each purified isoenzyme 

was incubated with increasing concentrations of peroxynitrite and assayed for GS activity. GS activity was normalized to 

that found in the absence of the NO donor and is represented as means ± SD of at least three independent experiments, 

assayed in duplicate. Asterisks indicate statistically significant differences (*p<0.05 and ****p<0.001, Student’s t-test).  

 

 

Both ONOO- and TNM cause a dose-dependent inactivation of MtGS1a, 

MtGS1b, MtGS2a, and MtGS2b as shown in Fig. 2 and Fig. 3. The inhibitory effect of 

TNM on the activity of MtGS1a, MtGS1b and MtGS2a was observed at pH 6 and also at 

pH 8, but MtGS2b appears to be particularly susceptible to TNM-induced inactivation at 

pH 8. The enzyme reaches total inactivation after incubation with 5 M TNM, while at pH 

6 full inactivation only occurs at a ten-fold higher concentration (50 M) (Fig. 3D). To 

further confirm Tyr nitration induced by TNM at pH 8, we performed immunoblot analysis 

of the treated proteins with a specific anti-nitrotyrosine antibody. Nitrotyrosine 

immunoreactivity increases with increasing concentrations of TNM (pH 8) for all four 

isoenzymes (Fig. 3C, 3D, 3G, 3H) indicating that all of the M. truncatula GS isoenzymes 

are susceptible to Tyr nitration induced by TNM. 
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Figure 3 – Evaluation of the effects of TNM on GS activity and nitration. Purified MtGS1a, MtGS1b, MtGS2a or 

MGS2b was incubated with increasing concentrations of TNM at pH 6 (oxidizing) or pH 8 (nitrating), assayed for GS 

activity (A, B, E and F), and immunodetected with an anti-nitrotyrosine HRP-conjugated antibody (abcam) (NO2-Y) (C, D, 

G, and H). GS immunodetection with anti-GLN1|GLN2 antibody (Agrisera) was used as loading control. The experiment 

was repeated at least twice and representative NO2-Y and GS western blots of treated proteins (500 ng per lane) are 

shown. GS activity was normalized to that found in the absence of TNM and is represented as means ± SD from duplicate 

samples (*p<0.05, **p<0.01, ***p <0.005 and ****p<0.001, Student’s t-test).  
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Nitrotyrosine immunoblots of MtGS2b exposed to increasing concentrations of 

TNM at either pH 6 and 8 (Fig. 4) confirms that the Tyr nitrating properties of TNM are 

highly pH-dependent. MtGS2b is minimally nitrated by TNM at pH 6, at concentrations 

well above those that cause complete inactivation of the enzyme (Fig. 3F), while, at pH 

8, TNM causes a dose-dependent nitration of MtGS2b (Fig. 3H and Fig. 4). The extent 

of nitration of MtGS2b at pH6 was estimated to be less than 1 % of the nitration at pH 8, 

illustrating well the differential effect of TNM at distinct pH. 

 

 

 

 

 

 

 

 

 
 

 

Figure 4 – Evaluation of the effects TNM on GS nitration. Purified MGS2b was treated with the indicated concentrations 

of TNM at pH 6 or pH 8 and subjected to western blot analysis with an anti-nitrotyrosine HRP-conjugated antibody (abcam) 

(NO2-Y). GS immunodetection with an anti-GLN1|GLN2 antibody (Agrisera) was used as loading control. The experiment 

was repeated at least twice and representative NO2-Y and GS western blots of treated proteins (500 ng per lane) are 

shown. 

 

 

The immunoblot analysis of the TNM-treated proteins using an anti-GS specific 

antibody ensures that the integrity of GS proteins is not affected by TNM at pH 8 (Fig. 

3C, 3D, 3G, 3H). Therefore, the reduction in GS activity observed upon treatment can 

be associated with NO-induced PTMs.  

To further investigate whether the inactivation of GS correlates with the increase 

in Tyr nitration or results from other oxidative processes triggered by RNS, we tested the 

effect of a number of reagents known to selectively modify Tyr, Cys, or Met residues on 

the activity of each GS isoenzyme. The widely used sulfhydryl-reactive alkylating 

reagent, iodoacetamide, was used to specifically modify Cys residues, the Tyr O-

acetylating agent N-acetylimidazole was used as a Tyr modifying agent, and hydrogen 

peroxide was used to oxidize Met, Cys, His and Trp residues (Drozdz et al., 1988). 

Purified MtGS1a, MtGS1b, MtGS2a, or MtGS2b was exposed to increasing 

concentrations of each compound and the functional effects of the site-selective 

chemical modifications were assessed by measuring GS activity upon each chemical 

treatment.  
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Figure 5 – Evaluation of the effects of selective modifications of tyrosine and cysteine residues on the activity of 

all M. truncatula GS isoenzymes. Purified MtGS1a, MtGS1b, MtGS2a or MGS2b were incubated with increasing 

concentrations of N-acetylimidazole (A), iodoacetamide (B), and hydrogen peroxide (H2O2) (C) and assayed for GS 

activity. GS activity was normalized to that found in the absence of chemical reagents and is represented as means ± SD 

of at least three independent experiments, assayed in duplicate. 

 

 

The activities of MtGS1a, MtGS1b, and MtGS2b are not affected by exposition to 

increasing concentrations of iodoacetamide (0 to 2 mM) while the activity of MtGS2a is 
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significantly reduced by treatment with 1 mM and 2 mM iodoacetamide (Fig. 5A). In 

contrast, N-acetylimidazole (0 to 10 mM) induces a dose-dependent inactivation of all 

GS isoenzymes (Fig. 5B). The two plastid-located isoenzymes, MtGS2a and MtGS2b, 

are inactivated by increasing concentrations of hydrogen peroxide (0 to 100 mM). 

Regarding the cytosolic enzymes, MtGS1b is slightly inhibited but the activity of MtGS1a 

is unaffected by this powerful oxidizing agent (Fig. 5C). Taken together, our results 

indicate that both cytosolic enzymes, MtGS1a and MtGS1b, are inactivated upon 

modification on Tyr residues. The regulation of plastidic enzymes by RNS appears to be 

more complex, both Tyr and Cys residues appear to be important for the regulation of 

MtGS2a, whereas MtGS2b was found to be inactivated upon Tyr modifications by N-

acetylimidazole, but the treatment with H2O2 indicates that the enzyme is also inactivated 

by oxidative modifications other than Cys modifications, since it is insensitive to 

iodoacetamide.  

 

 

Effect of GSNO on GS activity 

 

To assess the susceptibility of the individual members of the M. truncatula GS 

family to S-nitrosylation we started by measuring the in vitro effect of GSNO on the 

activity of the four distinct isoenzymes. GSNO was found to reduce the activity of the two 

plastid-located isoenzymes, MtGS2a and MtGS2b. A significant reduction in activity was 

observed upon incubation of the purified enzymes with 500 M GSNO whereas the 

compound had no significant effect on the activity of the cytosolic isoenzymes MtGS1a 

and MtGS1b (Fig. 6).  

These results indicate that cytosolic enzymes are not significantly affected by S-

nitrosylation, but this PTM appears to be important for the NO-mediated regulation of GS 

activity of the plastid-located isoenzymes. However, the activity of plastid-located 

isoenzymes also appears to be affected by Tyr nitration, particularly MtGS2b (Fig. 3E 

and 3F). 
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Figure 6 – Effect of GSNO on the activity of MtGS1a, MtGS1b, MtGS2a and MtGS2b. Each purified GS isoenzyme 

was incubated with increasing concentrations of S-nitrosoglutathione (GSNO) and assayed for GS activity. GS activity 

was normalized to that found in the absence of GSNO and is represented as means ± SD of at least three independent 

experiments, assayed in duplicate. Asterisks indicated statistically significant differences (**p<0.01 and ****p<0.001, 

Student’s t-test). 

 

 

To further investigate which of the enzymes is subjected to S-nitrosylation we 

applied the biotin switch technique (BST) (Jaffrey and Snyder, 2001) to each GS 

isoenzyme following treatment with 500 M GSNO. Application of the BST subsequent 

to incubation of recombinant GS with GSNO revealed that all GS isoenzymes are 

amenable to be S-nitrosylated in vitro (Fig. 7). The replacement of GSNO by GSH and 

the omission of ascorbate during the BST prevent tagging of GS, demonstrating the 

specificity of the assay. The immunoblot detection of GS before avidin-affinity 

chromatography (Fig. 7 – GS) was used as column- loading control. These results show 

that both the cytosolic and the plastid-located GS isoenzymes are susceptible of being 

S-nitrosylated in vitro, but only the plastid-located isoenzymes were found to be 

inactivated by this redox modification (Fig. 6).  

 



FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

91  

 

 
Figure 7 – Analysis of GS S-nitrosylation using the biotin switch technique. Ten g of recombinant MtGS1a, 

MtGS1b, MtGS2a or MtGS2b were treated with 500 M GSNO or 500 M GSH and subjected to the biotin switch assay. 

Biotinylated proteins were purified by avidin-affinity chromatography, separated by SDS-PAGE and visualized by western 

blotting using an anti-GLN1|GLN2 antibody (Agrisera) (SNO-GS). The addition (+) or omission (-) of GSH, GSNO, MMTS 

or ascorbate (ASC) during the assay is indicated. Immunoblot detection of GS before affinity chromatography (GS) was 

used as loading control. This result is representative of two independent experiments. 

 

 

Identification of regulatory amino acid residues  

 

We have previously shown that MtGS1a is inactivated through nitration at Tyr 

167 (Melo et al., 2011). MtGS1b is also inactivated by NO but it lacks Tyr at position 167 

(Fig. 8), which is substituted by a Phenylalanine (Phe) residue, indicating that it must be 

differently regulated. Given that the activity of cytosolic and plastid located GS 

isoenzymes appears to be differentially regulated by NO-mediated modifications, either 

through Tyr nitration (MtGS1) or by both Tyr nitration and S-nitrosylation (MtGS2), we 

searched the amino acid sequence of MtGS1b for a Tyr residue, other than Tyr 167, 

which is conserved in both cytosolic isoforms but absent in the plastid located 

isoenzymes.  
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Figure 8 – Alignment of the amino acid sequences of the four MtGS isoenzymes. Tyrosine and cysteine residues 

are highlighted in red and blue, respectively. The Tyr residues substituted in MtGS2a and the cysteine residues exclusive 

of GS2 are numbered. The GS conserved regions I to IV defined by Eisenberg et al. (1987) are also indicated. The 

MtGS2a and MtGS2b transit peptides and C-terminal extension characteristics of plastid-located GS are shown in orange. 

(*) Residues fully conserved; (:) highly conserved; (.) poorly conserved and () and not conserved. 

 

 

An alignment of the amino acid sequences of the four M. truncatula GS 

polypeptides identified one Tyr residue in MtGS1b, Tyr 263, which is substituted in the 

plastidic isoenzymes (Fig. 8). To investigate whether this residue could be a regulatory 

nitration site of MtGS1b, we mutated residue Tyr 263 to Phe by site-directed 
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mutagenesis and tested the susceptibility of the mutated protein (MtGS1bY263F) to 

inactivation induced by TNM. The recombinant MtGS1bY263F protein was found to be 

active, and its specific activity was similar to non-mutated MtGS1b (Fig. 9). The mutation 

of Tyr 263 did not affect the susceptibility of the enzyme to TNM-induced inactivation 

(Fig. 9). Surprisingly, MtGS1bY263F seems to be more susceptible to inactivation 

induced by 20 M TNM (pH 8) than the non-mutated enzyme, reaching total inactivation 

after incubation with 40 M TNM (pH 8) (Fig. 9). These results indicate that Tyr 263 is 

not the relevant site for the inactivation of MtGS1b by Tyr nitration. However, its 

conservative substitution appears to induce structural modifications in MtGS1b that 

increase its susceptibility to NO. 

 

 

Figure 9 – Evaluation of the effects of in vitro nitration on the activity of MtGS1b and MtGS1bY263F mutant. 

Purified MtGS1b and mutated MtGS1bY263F were incubated with TNM (pH 8) at increasing concentrations and assayed 

for GS transferase activity. GS activity was normalized to that measured in the absence of TNM and is represented as 

means ± SD of at least three independent experiments assayed in duplicate. The specific activity of each enzyme is also 

shown (*p<0.05, Student’s t-test). 

 

 

Both cytosolic and plastid-located GS isoenzymes are S-nitrosylated (Fig. 7) 

although only the activity of plastid-located isoenzymes is affected by this redox 

modification (Fig. 6). MtGS2a is highly expressed in all photosynthetic tissues and is the 

isoform responsible for the reassimilation of the NH+
4
 released during photorespiration 

whereas the role of seed-specific MtGS2b remains unclear. For that reason, our studies 

on the search for the regulatory S-nitrosylation site focused on MtGS2a. 

MtGS2a contains five Cys residues (Cys 148, Cys 215, Cys 235, Cys 304 and 

Cys 369) that might function as S-nitrosylation sites. With the aim of identifying which of 

the five Cys residues is (are) target (s) of this modification, we analyzed S-nitrosylated 

MtGS2a by MALDI-TOF/TOF mass spectrometry. Since the SNO group is unstable for 
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MALDI-TOF/TOF analysis (Kaneko and Wada, 2003), S-nitrosylated recombinant 

MtGS2a was assayed by the BST in order to replace the SNO group by biotin prior to 

MALDI-TOF/TOF MS examination (Fig. 10). 

Figure 10 – Schematic diagram of the strategy used for the identification of the S-nitrosylation site(s) by MALDI-

TOF/TOF mass spectrometry. Proteins were assayed for the biotin switch in order to replace the unstable SNO group. 

After the BST, the proteins were subjected to proteolytic digestion with trypsin or chymotrypsin, under non-reducing 

conditions, and examined by MALDI-TOF/TOF MS. The comparison of the resultant spectra of the control (GSH) and the 

GSNO-treated samples allows the identification of the biotin-HPDP tagged peptides. A theoretical protein is represented 

with cysteine residues in the free thiol (-SH), disulfide (S-S) or nitrosothiol (SNO) conformation.  

 

 

After labeling with biotin-HPDP, the samples were subjected to trypsin digestion, 

under non-reducing conditions, and the resulting peptides were analyzed by MALDI-

TOF/TOF mass spectrometry. As control, GSH-treated MtGS2a was also analyzed. The 

expected and observed mass-to-charge (m/z) values of the tryptic peptides containing 

Cys residues either unmodified, alkylated with MMTS or modified with biotin-HPDP are 

summarized in table 1. The differences detected between the expected and observed 

masses result from modifications during the trypsin digestion.  

The direct comparison of the MALDI-TOF/TOF spectra obtained from GSNO-

treated and GSH-treated samples identified Cys 369 as modified by biotin-HPDP, 

consequently, this Cys residue represents an S-nitrosylation site. A peptide of m/z 

963.474 in good agreement with the expected m/z value of a Cys 369 harboring peptide 

(368GCSIR372) modified with biotin-HPDP (increased in mass by 428.61) was detected 

only in GSNO-treated MtGS2a (Fig. 11B). Moreover, in GSNO-treated sample, an ion of 

m/z 979.474 compatible with the oxidation product of 368GCSIR372 modified with biotin-

HPDP (+ 16 Da) was also detected. The detection of an ion with an m/z 535.249 
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compatible with 368GCSIR372 but with the unmodified Cys residue indicates that the 

labeling reaction of the nascent thiol during the BST was incomplete.  

 

 

Figure 11 – Identification of the MtGS2a S-nitrosylation site(s) by MALDI-TOF/TOF analysis. Purified MtGS2a was 

treated with 500 M GSH (A) or 500 M GSNO (B), subjected to biotin switch assay and digested with trypsin under non-

reducing conditions. The tryptic peptides were then analyzed by MALDI-TOF MS, using a 4800 Plus MALDI TOF/TOF 

Analyzer. Signal to noise ratio was calculated by dividing the maximum signal intensity by the average baseline signal 

intensity. The comparison of the MALDI-MS spectra of the GSNO-treated MtGS2a and control is shown. Peaks with an 

m/z compatible with the 368GCSIR372 peptide unmodified, modified with MMTS or with biotin-HPDP are indicated. 
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Table 1 – Summary of tryptic peptides harboring Cys residues identified with MALDI-TOF/TOF. 
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Noteworthy, Cys 369 integrates the GS conserved region IV defined by Eisenberg 

et al. (1987) (Fig. 8) and, together with Cys 304, is conserved in all plastid-located GSs 

(Choi et al., 1999). Moreover, Cys 304 and Cys 369 were described as important for 

enzyme regulation by ROS species and thioredoxin (Choi et al., 1999; Motohashi et al., 

2001). Hence, Cys 369 appears to be an important residue for the catalytic function of 

MtGS2a. 

In order to explore the significance of Cys 369 to the NO-mediated regulation of 

MtGS2a activity, site-directed mutagenesis studies were undertaken. The Cys residue 

at position 369 was changed to serine (Ser) to produce a mutant MtGS2a enzyme 

(C369S) that has a hydroxyl group in place of the sulfhydryl group. The replacement of 

the Cys by a Ser residue mimics the unmodified form of the MtGS2a.  

 

Table 2 – Specific activity of MtGS2a and MtGS2a mutant proteins. 

 

  
GS activity 

(mol min-1 mg-1) 

MtGS2a 

wt 241 ± 19 

C215S nd 

C304S 72.4 ± 7.1 

C369S 204 ± 8.9 

C215S/C369S nd 

C304S/C369S 61.0 ± 8.7 

  nd – not detected 

 

 

Using the same expression and purification system, the wild type and C369S 

mutant enzymes were expressed in equivalent amounts, yielding ≈ 13.5 - 17.0 mg L−1 of 

purified protein that was then examined for enzyme catalysis (Table 2) and GSNO 

sensitivity (Fig. 12). C369S was found to be active and its specific activity is similar to 

the non-mutated MtGS2a (Table 2). The inhibitory effect of GSNO on the single cysteine-

to-serine mutant is significantly reduced. The sensitivity of C369S to 500 M GSNO is 

approximately 20 % lower than the observed for the non-mutated enzyme (Fig. 12A), but 

the inhibition is readily reversed by incubation with reducing agents. In addition, C369S 

shows a pattern of S-nitrosylation comparable with the non-mutated enzyme (Fig. 12B), 

which suggests that more than one Cys can be S-nitrosylated in MtGS2a. This 

observation is puzzling since MALDI-TOF/TOF analyses detected ions of m/z compatible 
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with tryptic peptides harboring Cys 148, Cys 215, Cys 235 or Cys 304 modified with 

MMTS (Table 1). 

 

 

Figure 12 – Evaluation of the relevance of Cys 369 for MtGS2a inactivation by S-nitrosylation. (A) Reversibility of 

the GSNO-induced inactivation of MtGS2a and C369S mutant by DTT. Purified enzymes were exposed to 500 M GSNO 

followed by incubation with 10 mM DTT and assayed for GS activity. GS activity was normalized to that found in the 

absence of reagents and is represented as means ± SD of at least three independent experiments assayed in duplicate. 

Asterisk indicates statistically significant difference compared to non-mutated enzyme (*p<0.05, Student's t-test). (B) 

Biotin switch assay of MtGS2a and C369S mutant enzymes treated with 500 M GSNO. After BST, biotinylated proteins, 

purified by avidin-affinity chromatography, were analyzed by western blot using an anti-GLN1|GLN2 antibody (Agrisera) 

(SNO-GS). The addition (+) or omission (-) of GSH, GSNO, MMTS or ASC during the assay is indicated. Immunoblot 

detection of GS in each sample before affinity chromatography (GS) was used as column- loading control. These results 

are representative of two independent experiments. 

 

 

A distinct MALDI-TOF/TOF MS analysis, using an alternative protease (i.e. 

chymotrypsin) was performed in an attempt to identify another S-nitrosylated residue (s), 

but the results were similar to the trypsin digestion (Table 3). An ion with an m/z 3038.542 

compatible with the expected value of a chymotryptic peptide harboring Cys 369 modified 

with biotin-HPDP, was detected only in GSNO-treated MtGS2a (Table 3). This 

observation corroborates the previous identification of Cys 369 as an S-nitrosylation site 

of MtGS2a. 

Given the importance of Cys 304 to the redox regulation of plastid-located 

isoenzymes (Choi et al., 1999) and given the fact that this Cys is also located in one of 

the strongly conserved segments of GS proteins defined by Eisenberg et al. (1987) 

(Region III, Fig. 5) we investigated whether Cys 304 could represent a second S-

nitrosylation site. The single Cys 304 to Ser mutant (C304S) and the double mutant 

C304S/C369S were generated, overexpressed, purified and tested for GSNO sensitivity 

(Fig. 13). 
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Table 3 – Summary of chymotryptic peptides harboring Cys residues identified with MALDI-TOF/TOF. 
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The substitution of the Cys 304 to Ser reduces the specific activity of the enzyme 

to approximately 30 % of the observed in wild type enzyme (Table 2) and the mutant was 

inactivated by GSNO in a similar way to non-mutated MtGS2a. The double mutant 

C304S/C369S has a specific activity comparable to C304S mutant, which indicates the 

importance of Cys 304 for MtGS2a activity. Nevertheless, the possibility that Cys 304 

could correspond to the second S-nitrosylation site is reduced since the biotin switch 

signal was not abolished by the double substitution of Cys 304 and Cys 369 residues 

(Fig. 13B).  

 

 

Figure 13 – Analysis of the effects of GSNO on the activity of MtGS2a wild type protein and cysteine to serine 

mutants. (A) Evaluation of the GSNO-induced inactivation of MtGS2a, C304S, C369S and C304S/C369S mutants. 

Purified enzymes were exposed to 500 M of GSNO and assayed for GS activity. GS activity was normalized to that found 

in the absence of GSNO and is represented as means ± SD of at least three independent experiments assayed in 

duplicate. Asterisks indicate statistically significant differences compared to non-mutated enzyme (*p<0.05, Student's t-

test). (B) Biotin switch of MtGS2a, C304S, C369S and C304S/C369S mutant enzymes treated with 500 M GSNO. After 

BST, biotinylated proteins purified by avidin-affinity chromatography were analyzed by western blot using an anti-

GLN1|GLN2 antibody (Agrisera) (SNO-GS). The addition (+) or omission (-) of GSH, GSNO, MMTS or ASC during the 

assay is indicated. Immunoblot detection of GS in each sample before affinity chromatography (GS) was used as column- 

loading control. These results are representative of two independent experiments. 
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MtGS1a and MtGS2a share a high percentage of amino acid identity (73 % 

identity) thus it is possible to use the structural features of MtGS1a, which was 

determined by X-ray crystallography (Torreira et al., 2014) as template to model the 

hypothetical three-dimensional conformation of MtGS2a and gain insights into the spatial 

disposition of the Cys residues within the three-dimensional structure of the protein. The 

three conserved Cys residues (Cys 148, Cys 215 and Cys 235 in MtGS2a) appear to be 

present as free amino acids and, therefore, represent possible targets for NO. Cys 304 

and Cys 369 are substituted in MtGS1a by Ala 248 and Ala 313, respectively, which are 

located far from each other within the three-dimensional structure, and thus, only a 

significant alteration in protein conformation would allow their interaction to form a 

disulfide bridge. Therefore, there is a high probability that these Cys residues are also 

free amino acids in MtGS2a. Cys 148 and Cys 235 appear to be buried in the protein 

core while Cys 215 and Cys 369 appear to be located in positions easily accessible. 

Moreover, Cys 215 and Cys 369 are located near the interface between two subunits in 

the close proximity to the active center channel. Accordingly, it is reasonable to assume 

that Cys 215 might represent the second S-nitrosylation site.  

To elucidate whether Cys 215 is a target for S-nitrosylation we substituted this 

residue in the C369S mutant and evaluate the GSNO sensitivity of the double mutant 

C215S/C369S. The single Cys 215 to Ser mutant was also analyzed. Interestingly, 

mutation of the highly conserved Cys 215 drastically reduced MtGS2a activity to levels 

that could not be detected using the GS colorimetric assay (Table 2). However, protein 

S-nitrosylation was not affected in C215S/C369S mutant (Fig. 14). Together these 

results indicate that neither Cys 215 nor Cys 304 represent the second member of the 

pair of S-nitrosylated residues and raise questions about the number of Cys residues 

that are amenable to S-nitrosylation in MtGS2a. 

 

Figure 14 – Analysis of the effect of GSNO on 

MtGS2aC215S and C215S/C369S mutants.  

Biotin switch of C215S and C215S/C369S MtGS2a 

mutant enzymes treated with 500 M GSNO. After 

BST, biotinylated proteins purified by avidin-affinity 

chromatography were analyzed by western blot 

using an anti-GLN1|GLN2 antibody (Agrisera) 

(SNO-GS). The addition (+) or omission (-) of GSH, 

GSNO, MMTS or ASC during the assay is 

indicated. Immunoblot detection of GS in each 

sample before affinity chromatography (GS) was 

used as column- loading control.  
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Discussion 

 

Protein post-translational modifications mediated by NO play a central role in 

regulatory mechanisms by fine-tuning the activity of proteins linked to numerous plant 

physiological processes (Zaffagnini et al., 2016). In this study, we evaluated the effect of 

NO on the activity of the four members of M. truncatula GS family and characterized the 

differential regulation of each GS isoenzyme by NO-derived molecules. Previously, we 

reported the NO-mediated regulation of MtGS1a and MtGS2a (Melo et al., 2011), but at 

the time, all the in vitro studies were performed using recombinant N-terminal histidine-

tagged proteins. Here, we used the carboxyterminal histidine-tagged GS proteins to 

assess the effects of RNS and other chemical compounds on the activity of all members 

of GS family, because we were only able to overexpress and purify successfully MtGS1b 

and MtGS2b tagged at the C-terminal end. The His tag was not removed because it was 

previously shown that the C-terminal extension of six histidines does not influence the 

catalytic activity of GS isoenzymes (Seabra et al., 2013)  

We demonstrate that the four M. truncatula GS isoenzymes are inactivated by 

RNS in a dose-dependent manner either by Tyr nitration (cytosolic isoenzymes) or by S-

nitrosylation (plastidic isoenzymes), indicating subtle differences in their mechanism of 

regulation, in spite of the high degree of sequence conservation. MtGS2a and MtGS2b 

are strongly inhibited upon treatment with the specific transnitrosylating agent, S-

nitrosoglutathione. Intriguingly, the chemical modification of Tyr also reduces MtGS2a 

and MtGS2b activities suggesting that Tyr residues may also be involved in the 

regulation of the activity of these isoenzymes by RNS. 

Protein S-nitrosylation is considered the major mechanism by which NO exerts 

its biological function in plants (Astier and Lindermayr, 2012). Thus, the identification of 

S-nitrosylated substrates and their corresponding exact sites is crucial to understand the 

molecular mechanisms underlying this modification. Here, we show that the four GS 

isoenzymes are prone to be S-nitrosylated in vitro by GSNO, but only the activity of 

plastid-located isoenzymes is inhibited by this redox-based modification.  

PTMs inducible by NO are considered selective processes determined by several 

structural factors and by the proximity to the NO source (Bayden et al., 2011; Lamotte et 

al., 2015). The amino acid sequence of the cytosolic and plastid-located MtGS 

isoenzymes is very similar, so the fact that they are differentially regulated by NO, either 

through Tyr nitration or S-nitrosylation reflects the specificity of each NO-induced 

modification. The nodule isoenzyme MtGS1a is post-translationally inhibited by NO 

through Tyr nitration at residue Tyr 167 (Melo et al., 2011). The second M. truncatula 
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cytosolic GS isoenzyme MtGS1b is also inactivated by Tyr nitration, but lacks the Tyr at 

position 167, indicating that it is differently regulated by NO. An alignment of the amino 

acid sequences of GS isoenzymes identified only one Tyr residue in MtGS1b, Tyr 263, 

which is substituted in the plastid-located isoenzymes and could represent a relevant site 

for regulation of GS activity by Tyr nitration. However, the susceptibility of MtGS1b to 

RNS-induced inactivation was not affected by the conservative substitution of Tyr 263, 

indicating that this is not a relevant site for the NO-mediated regulation by Tyr nitration. 

Moreover, the MtGS1bY263F mutant is totally inactivated at low concentrations of NO 

indicating that the substitution of Tyr 263 leads to conformational changes, which 

increase the protein susceptibility to NO-induced inactivation. Fifteen Tyr residues 

remain to analyze in order to discover the relevant nitration site. One of them, common 

to all four GS members, is located in the conserved region I and may represent a good 

candidate for Tyr nitration. Since MtGS1b is a ubiquitous enzyme and there is still no 

physiological evidence for a functional significance of an NO-mediated regulation of its 

activity, and the identification of the regulatory residue turned out to be a difficult task, 

we did not pursue the studies to identify the nitration site.  

The identification of the exact site of S-nitrosylation is necessary to gain insights 

into the biological significance of this NO-induced modification. However, the labile 

nature of the SNO moiety has created a unique challenge for the identification of the 

nitrosylation sites by mass spectrometry methods (Devarie-Baez et al., 2013). The 

instability of the SNO moiety to ionization and the reducing agents routinely used for 

improving the efficiency of polypeptide enzymatic hydrolysis for sample preparation limit 

the application of the MALDI-TOF/TOF MS to the identification of the S-nitrosylation site. 

Here, we used a modified MALDI-TOF/TOF MS approach in which the SNO moiety was 

replaced by biotin-HPDP, via the BST, and the reducing agents were avoided to prevent 

the break of the disulfide bond. The analysis of the tryptic and chymotryptic peptides 

containing Cys residues modified with biotin-HPDP led to the identification of Cys 369 

as an S-nitrosylation specific site in MtGS2a. Experimental evidence that Cys 369 is a 

regulatory S-nitrosylation site is given by the fact that a mutation of this residue to Ser 

results in a reduced GSNO-induced inhibition. However, it is not the only relevant Cys to 

the modulation of MtGS2a activity by S-nitrosylation, since the single mutation of this 

residue did not abolish the biotin switch signal and the GSNO-mediated inactivation of 

MtGS2aC369S mutant could be readily reversed by incubation with reducing agents.  

The high degree of homology between MtGS1a and MtGS2a isoenzymes allows 

the use of the crystal structure of MtGS1a (Torreira et al., 2014) to predict the spatial 

disposition of the Cys residues within the three-dimensional structure of MtGS2a and 

identify possible candidates for S-nitrosylation. MtGS2a contains a total of five Cys 



104 FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

 

residues at positions 148, 215, 235, 304 and 369. Cys 148, Cys 215 and Cys 235 are 

highly conserved among all GS proteins while Cys 304 and Cys 369 are exclusive of 

plastid-located GS proteins and have been described as important residues for the redox 

regulation of GS activity (Choi et al., 1999; Motohashi et al., 2001). Interestingly, Cys 

215 (Cys 159 in MtGS1a) is located in close proximity to the catalytic center. Moreover, 

the surrounding environment of Cys 215 and Cys 369 (Ala 313 in MtGS1a) is similar 

suggesting that these two residues might be prone to identical PTMs. Cys 215 has also 

been identified as an essential residue for the quaternary structure and, by extension, 

for the enzymatic activity of the cytosolic GS from Phaseolus vulgaris (Estivill et al., 

2010). Therefore, we anticipated that either Cys 215 or Cys 304 were good candidates 

to represent the second member of the pair of S-nitrosylated residues in MtGS2a. 

However, and despite the importance of Cys 215 and Cys 304 to MtGS2a catalytic 

activity, the Cys to Ser substitution of these residues in combination with Cys 369 to Ser 

alteration do not abolish the biotin switch signal. Indicating that neither Cys 215 nor Cys 

304 represent the second member of the pair of S-nitrosylated residues. Consequently, 

the relevance of Cys 215 and Cys 304 to GS activity is probably linked to protein 

structural features rather than to a direct participation of these residues in a redox-

regulatory process. 

Taken together these results raise a question regarding the number of Cys 

residues that are amenable to S-nitrosylation in MtGS2a and those that are, in fact, 

modified under physiological conditions. The MALDI-TOF/TOF MS analyses clearly 

identified Cys 148, Cys 215, Cys 235 and Cys 304 as modified by MMTS, consequently, 

these Cys residues are unmodified in wild type protein. Thus, it is possible that the 

substitution of Cys 369 induces an alteration in the conformation of MtGS2a holoenzyme 

that may result in the exposition of Cys residues, which are not accessible when MtGS2a 

is in its proper folding. We cannot exclude the possibility that Cys 148 or Cys 235 could 

represent second S-nitrosylation sites, but this is unlikely due to the localization of the 

residues within the protein structure. Alternatively, MtGS2a could be S-nitrosylated in 

three or more Cys residues. 

 

 

Conclusions 

 

This work characterizes the molecular details of the post-translational regulation 

of GS isoenzymes by NO. It is shown that the four members of the GS family of M. 

truncatula are differentially regulated by NO. Although the four proteins were found to be 
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susceptible to be nitrated and S-nitrosylated in vitro, the activity of each GS isoenzyme 

is affected by NO in a specific way. Cytosolic MtGS1a and MtGS1b are inactivated by 

Tyr nitration whereas the plastid-located MtGS2a and MtGS2b are modulated by S-

nitrosylation. MtGS1a and MtGS1b are inactivated upon Tyr nitration at a Tyr residue 

that is not conserved between the two cytosolic isoenzymes indicating subtle differences 

in their mechanisms of regulation. This study provides new insights into the molecular 

details of the NO-mediated regulation of GS and highlights the differences in its 

regulatory effects on the highly conserved but functionally distinct GS isoenzymes, 

supporting the prevalent idea that NO signaling is specific under defined physiological 

contexts. The characterization of the specific NO-mediated PTMs of GS proteins in 

planta is therefore essential to understand the physiological significance of the regulation 

of GS by NO, which is the subject of the following chapter. 

 

 

Materials and Methods 

 

Bacterial strains and growth conditions 

 

DH5 and BL21 codon+ (DE3) RIL were grown at 37 ºC in LB medium (1 % (w/v) 

bacto tryptone; 0.5 % (w/v) yeast extract; 1 % (w/v) NaCl, pH 7.0). When necessary 

antibiotics were added to the growth medium at following concentrations: 50 g/L 

kanamycin, 34 g/L chloramphenicol. For LB solid agar plates 1.5 % (w/v) bacto agar 

was added.  

 

Table 4 – The main characteristics of the bacterial strains used in this study. 
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Purification of recombinant GS isoenzymes  

 

The M. truncatula GS isoenzymes MtGS1a, MtGS1b, MtGS2a, and MtGS2b were 

produced in E. coli BL21-CodonPlus (DE3)-RIL cells harboring MtGS1a::pET24dT, 

MtGS1b::pET24dT, MtGS2a::pET24dT, or MtGS2b::pET24dT construct, encoding C-

terminal His6-tagged fusion proteins (Seabra et al., 2013). Protein expression was 

induced with 0.1 mM IPTG at mid-exponential growth (O.D.600nm = 0.6) and proceed 

overnight at 20 ºC. Cells were harvested by centrifugation at 2800 g and resuspended in 

extraction buffer (50 mM sodium phosphate buffer (NaPi), pH 8; 500 mM NaCl; 5 mM 

MgSO4; 5 mM sodium glutamate and 2 mM-mercaptoethanol) supplemented with 200 

g/mL lysozyme. After incubation at room temperature, cells were disrupted by 

sonication and centrifuged at 20 000 g for 30 min at 4 ºC to remove cell debris. 

Recombinant GS was purified under native conditions by Ni-affinity chromatography (Ni-

NTA His-bind resin) following supplier’s instructions (Novagen, Millipore), 500 L of 

column bed volume was used. Proteins were eluted with 300 mM imidazole and dialyzed 

to 50 mM NaPi, pH 7.5, 5 mM MgSO4, 5 mM sodium glutamate. The concentration of 

protein preparations was determined spectrophotometrically using a Nanodrop 

spectrophotometer (Thermo Scientific) and the purity was evaluated by SDS-PAGE. 

 

Determination of GS activity  

 

GS activity was determined spectrophotometrically by measuring the formation 

of -glutamyl hydroxamate as described by Cullimore and Sims (1980). The activity of 

recombinant enzymes MtGS1a, MtGS1b and MtGS2a was determined by the 

transferase reaction and the biosynthetase reaction was used to measure the activity of 

recombinant MtGS2b isoenzyme. One unit of activity is equivalent to -glutamyl 

hydroxamate at 1 mol min–1 produced per total amount of protein (g–1) at 30 °C. 

 

Reaction of GS with peroxynitrite (ONOO-), tetranitromethane 

(TNM) and S-nitrosoglutathione (GSNO) 

 

For treatment with ONOO- or GSNO, recombinant GSs, diluted in 20 mM 

phosphate buffer (pH 7.2), were exposed to varying concentrations of each chemical 

reagent. GS activity was determined following incubation with increasing concentrations 

of either ONOO- (10 min) or GSNO (30 min). As control, enzymes were treated with 50 
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M of decomposed ONOO- or 500 M GSH. The concentration of ONOO− (302 = 1670 

M−1cm−1) and GSNO (335= 922 M−1cm−1) was determined spectrophotometrically at 302 

nm and 335 nm, respectively, before each experiment.  

Depending on pH, TNM acts either as nitrating agent (pH ≥ 8) or oxidizing agent 

(pH ≤ 6) (Sokolovsky et al., 1966). GS was treated with increasing concentrations of TNM 

(diluted in ethanol) at either pH 6 or pH 8. GS was diluted in 20 mM phosphate buffer at 

pH 6 or pH 8 and exposed to TNM. GS activity was measured after 15 min reaction at 

room temperature. The volume of TNM added to the enzyme samples was always <5 % 

(v/v) and did not influence pH. Assays were performed with a final concentration of 25 

ng/L of MtGS1a or MtGS1b and 50 ng/L of MtGS2a or MtGS2b. GS activity was 

measured and aliquots were taken for western blot analysis. 

 

Chemical modification of tyrosine and cysteine residues  

 

Purified recombinant GS proteins diluted in 20 mM sodium phosphate buffer (pH 

7.2) were incubated for 30 min with increasing concentrations of N-acetylimidazole (0, 2, 

5, 10 and 20 mM), iodoacetamide (0, 0.1, 0.5, 1 and 2 mM) or hydrogen peroxide (0, 1, 

10 and 100 mM). Assays were performed with a final concentration of 25 ng/L of 

MtGS1a or MtGS1b and 50 ng/L of MtGS2a or MtGS2b. GS activity was measured and 

aliquots were taken for western blot analysis.  

 

Gel electrophoresis, western blot, and densitometric analysis 

 

Proteins were separated by 12 % (w/v) SDS-polyacrylamide gel electrophoresis 

(SDS-PAGE) and electrotransferred onto nitrocellulose membranes (Whatman®) using 

a Criterion Blotter from Bio-Rad. After transfer nitrocellulose membranes were blocked 

with 3 % (w/v) milk in PBS with 0.1 % (v/v) Tween® 20 (PBST) for 1 h at room temperature 

and then incubated 2 h at room temperature to overnight at 4 ºC with primary antibodies. 

Immunodetection of GS polypeptides was performed using an anti-GLN1|GLN2 antibody 

(AS08 295, Agrisera, 1:10000 in 3 % (w/v) milk PBST) and a goat anti-rabbit peroxidase 

conjugated antibody (sc-2004, Santa Cruz Biotechnology, 1:5000 in 3 % (w/v) milk 

PBST, 1 h at room temperature) as a secondary antibody. The immunocomplexes were 

visualized using the ECLTM (GE Healthcare, Life Sciences) detection systems and 

chemiluminescent blots were imaged with ChemiDoc MP imager (Bio-Rad). 
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Site-Directed Mutagenesis 

 

Site-directed mutagenesis was performed using the NZYMutagenesis 

kit (NZYTech, Lda) following manufacturer’s protocol. Single mutations were generated 

by PCR amplification using plasmids MtGS1b::pET24dT or MtGS2a::pET24dT (Seabra 

et al., 2013) as templates and overlapping primers containing the desired mutation. PCR 

amplified products were independently transformed in NZYStar Competent Cells 

(NZYtech, Lda) and the plasmid DNA was extracted and sequenced (StabVida, Portugal) 

to confirm the production of the desired mutation. Double mutants were obtained in the 

same way using MtGS2aC369S DNA sequence as template. Primers were designed 

following manufacturer’s instructions and the sense sequences are listed below. Altered 

codons are underlined. 

 

Table 5 – List of primers used for site-direct mutagenesis. 

 

 

Biotin switch assay 

 

For detection of in vitro S-nitrosylated GS, 10 g of each recombinant protein 

were first treated with 500 M GSH or GSNO for 30 min at room temperature. GS 

samples were then desalted using PD MiniTrap G-25 columns (GE Healthcare, Life 

Sciences) and assayed for biotin switch as described by Jaffrey et al., (2001) with minor 

modifications. Briefly, recombinant proteins, diluted in HEN buffer (50 mM Hepes-NaOH, 

pH 7.7; 5 mM EDTA; 0.5 mM neocuproine), were incubated with 20 mM S-methyl-

methanethiosulfonate (MMTS) and 2.5 % (w/v) SDS at 50 °C for 20 min with frequent 

vortexing. Unreact MMTS was removed by precipitation with 2 volumes of cold acetone 

(-20 °C) and the proteins were resuspended in HENS buffer (50 mM Hepes-NaOH, pH 

7.7; 5 mM EDTA; 0.5 mM neocuproine; 1 % (w/v) SDS). After addition of 0.1 mM biotin-

HPDP and 50 mM sodium ascorbate, the mixture was incubated for 3 h at room 

temperature in the dark and frequently vortexed. The excess of ascorbate and biotin-
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HPDP was removed by acetone precipitation and biotinylated proteins were then purified 

by avidin-affinity chromatography.  

Biotinylated samples were diluted in 5 volumes of neutralization buffer (20 mM 

Hepes-NaOH, pH 7.7; 150 mM NaCl; 5 mM EDTA; 0.5 % (v/v) TritonTM X-100) 

supplemented with 20 L of neutravidin-agarose (Pierce Biotechnology, Thermo 

Scientific) and incubated for 1 h at room temperature, with gentle shaking. The matrix 

with bound proteins was washed several times with 200 L of washing buffer (20 mM 

Hepes-NaOH, pH 7.7; 750 mM NaCl; 5 mM EDTA; 0.5 % (v/v) TritonTM X-100) and 

transferred to an empty tube. Finally, biotinylated proteins were eluted by incubation for 

5 min at 95 °C with SDS-PAGE sample buffer, supplemented with 100 mM -

mercaptoethanol, and analyzed by immunoblotting with appropriate antibodies.  

 

MALDI-TOF/TOF analysis  

 

For MALDI-TOF/TOF MS analysis, proteins were resolved by 12 % (w/v) SDS-

PAGE under non-reducing conditions and stained with BlueSafe (Nzytech, Lda) 

according to the manufacturer's instructions. The proteins were excised from the gel and 

digested with trypsin or chymotrypsin (sequencing grade; Promega, Madison, WI, USA) 

according to Osorio and Reis (2013) with minor alterations. The protein gel plugs were 

washed with water, destained with methanol / 50 mM NH4HCO3 and acetonitrile / 50 mM 

NH4HCO3 (1:1 v/v each) and in-gel digested, under non-reducing conditions, with 10 L 

of 2 ng/L trypsin for 3 h at 37 °C in the presence of 0.01 % (v/v) surfactant 

(ProteaseMAX, Promega), and the resulting peptides were extracted with 20 L of TFA 

2.5 % (v/v) for 15 min. Peptides were desalted and concentrated using reversed phase 

micro-columns ZipTip® (Millipore, Bedford, MA, USA) according to the manufacturer 

protocol. Samples were crystallized onto a MALDI plate with a solution of 5 - 10 mg/mL α-

cyano-4-hydroxycinnamic acid in 50 % (v/v) acetonitrile / 0.1 % (v/v) trifluoroacetic acid. 

Samples were analyzed using a 4800 Plus MALDI TOF/TOF Analyzer (AB SCIEX, 

Framingham, MA). Peptide mass fingerprint (PMF) data was collected in positive MS 

reflector mode in the range of 500-5000 (m/z) and was calibrated internally using trypsin 

autolysis peaks. MS spectra were processed and analyzed using the software GPS 

Explorer (version 3.6, AB SCIEX, Framingham, MA) and were searched together against 

the UniProt protein sequence database using the Mascot search engine (version 2.4, 

Matrix Science, London, UK) limited to M. truncatula taxonomy. The search was directed 

to cysteine-containing peptides and allowed for up to two missed trypsin cleavage sites. 

The MS tolerance was 0.8 Da for MS/MS analysis; fixed modifications, “methylthio” (C); 
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variable modifications, “biotin-HPDP” (C); keratins were filtered out. To be considered a 

match, a confidence interval (CI), calculated by the AB SCIEX GPS Explorer/Mascot 

software, of at least 99 % was required. 

 

Statistical analysis 

 

Statistical analyses were performed using PRISM 6.0 software (GraphPad 

Software, San Diego, CA). Statistical significance was determined by Student’s t-test, 

assuming equal variance. The results were considered significant if the p-value was 

<0.05. 
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3.1 – Sinorhizobium meliloti controls nitric 
oxide – mediated post-translational 
modification of a Medicago truncatula nodule 
protein 
 

 

The results have been published in: 

 

 

Pauline Blanquet*, Liliana Silva*, Olivier Catrice, Claude Bruand, Helena Carvalho 

and Eliane Meilhoc Sinorhizobium meliloti controls nitric oxide – mediated post-

translational modification of a Medicago truncatula nodule protein Molecular Plant 

Microbe Interactions (2015) 28 (12): 1353-1363 

 

* equal contribution 

  



116 FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

 

  



FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

117  

 

 

  



118 FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

 

 

  



FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

119  

 

 

  



120 FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

 

 

  



FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

121  

 

 

  



122 FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

 

 

  



FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

123  

 

 

  



124 FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

 

 

  



FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

125  

 

 

  



126 FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

 

 

  



FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

127  

 

 

  



128 FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

 

 

  



FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

129  

 

 

  



130 FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

 

 

  



FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

131  

 

 

  



132 FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

 

 

  



FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

133  

 

 

  



134 FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

 

 

  



FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

135  

 

3.2 – Nitric oxide-mediated modifications in 

planta  

 

 

Abstract 

 

Previously, we demonstrated that all members of the Medicago truncatula 

glutamine synthetase (GS) family are susceptible to NO-mediated modifications in vitro 

and identified the specific post-translational modification (PTM) affecting each 

isoenzyme. Here, we evaluate the status of tyrosine nitration and S-nitrosylation of GS 

within a biological context. The studies focused on two plant organs in which GS plays 

crucial roles, namely in root nodules where cytosolic GS plays a crucial role in the 

assimilation of ammonium (NH+
4
) derived from nitrogen fixation, and in leaves, where 

plastid located GS is essential for the assimilation of NH+
4
 released during 

photorespiration. We show, for the first time, that GS is S-nitrosylated in planta, both in 

root nodules and in leaves. Quantification of MtGS1a and MtGS2a S-nitrosylation rates 

using a novel quantitative approach based on the biotin switch assay, revealed that 

MtGS1a and MtGS2a are differentially S-nitrosylated during the root nodule aging 

process. Using genetic and pharmacological approaches to modulate the levels of NO 

inside root nodules, we also monitored the effects of NO content on Tyr nitration and GS 

S-nitrosylation. Interestingly, an increase in endogenous NO levels inside root nodules 

leads to decreased S-nitrosylation rates of GS proteins, indicating that S-nitrosylation is 

a specific and well-controlled process in planta. Taken together the results indicate a 

specific regulation of GS isoenzymes by NO under defined metabolic backgrounds in M. 

truncatula. 

 

 

Introduction 

 

NO plays essential roles in seed germination, modulation of plant growth, 

development and senescence as well as in the response to biotic and abiotic stresses 

(Begara-Morales et al., 2013; Corpas and Barroso, 2015; Fancy et al., 2017). NO is also 

essential for the establishment and maintenance of the Legume-Rhizobium symbiosis 
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being present at various stages of the interaction and playing multifaceted roles in 

different stages of the symbiotic interaction, from symbiotic recognition to nodule 

senescence (Hichri et al., 2016).  

The biological effect of NO is mainly achieved through covalent PTMs of target 

proteins that can impact their functionality, stability and subcellular localization (Astier 

and Lindermayr, 2012). S-nitrosylation and Tyr nitration are the most common and 

extensively studied NO-mediated PTMs in plant systems (Yu et al., 2014; Del Rio, 2015).  

Tyr nitration is usually considered an indicator of pathogen attack and nitro-

oxidative stresses and its involvement in some human pathophysiological disorders is 

well-known, but it has been poorly studied in plants (Radi, 2004, 2013). Nevertheless, 

some authors suggest that the accumulation of nitrated proteins in plants is a marker of 

nitro-oxidative stress (Corpas et al., 2009), similarly to what has been demonstrated for 

animal systems. Several plant proteins have been identified as potential targets of Tyr 

nitration under physiological and stress conditions by proteomic approaches (Cecconi et 

al., 2009; Lozano-Juste et al., 2011; Tanou et al., 2012; Mata-Perez et al., 2016) but the 

functional effects of nitration are only known in few cases (Lozano-Juste et al., 2011; 

Melo et al., 2011; Corpas et al., 2013; Begara-Morales et al., 2014; Holzmeister et al., 

2015). Arabidopsis O-acetylserine(thiol)lyase A1 (OASA1) (Alvarez et al., 2011), M. 

truncatula root nodule GS isoenzyme (MtGS1a) (Melo et al., 2011), pea peroxisomal 

NADH-hydroxypyruvate reductase 1 (HPR) (Corpas et al., 2013), ascorbate peroxidase 

(APX) (Begara-Morales et al., 2014) and monodehydroascorbate reductase (MDAR) 

(Begara-Morales et al., 2015) are examples of plant enzymes inhibited upon Tyr nitration 

in which the relevant nitration site and the impact of the modification on protein structure 

are known. Interestingly, OASA1, APX, and MDAR are enzymes that contribute directly 

or indirectly to the antioxidant defense mechanisms in plants. 

S-nitrosylation, due to its reversible nature and reactivity under physiological 

conditions, is described as the most relevant mechanism underlying NO bioactivity. S-

nitrosylation modulates a broad spectrum of protein functions and cell activities, namely 

signaling, redox balance, metabolism and protein quality control and can also impact 

gene transcription. Up to date, hundreds of plant proteins have been reported to undergo 

S-nitrosylation under physiological or adverse conditions (Farnese et al., 2016), including 

several enzymes involved in metabolic processes, such as respiration, photosynthesis, 

photorespiration, antioxidant pathways and carbon metabolism (Takahashi and 

Yamasaki, 2002; Lindermayr et al., 2005; Romero-Puertas et al., 2008; Palmieri et al., 

2010; Fares et al., 2011; Puyaubert et al., 2014; Camejo et al., 2013; Begara-Morales et 

al., 2015; Begara-Morales et al., 2014; Abat and Deswal, 2009; Hu et al., 2015).  
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The functional consequences of protein S-nitrosylation differ according to the 

target protein. The incorporation of an NO moiety in a reactive Cys residue may induce 

conformational changes, facilitate protein oligomerization, inhibit the binding of cofactors 

or affect protein activities by interaction with the catalytic site (Tavares et al., 2014; 

Belenghi et al., 2007; Tada et al., 2008; Lindermayr et al., 2010; Serpa et al., 2007; Wang 

et al., 2009; Yun et al., 2011; Feng et al., 2013; Romero-Puertas et al., 2007; Wawer et 

al., 2010; Zaffagnini et al., 2013; Frungillo et al., 2014; Correa-Aragunde et al., 2013; 

Begara-Morales et al., 2015; Begara-Morales et al., 2014; de Pinto et al., 2013). One of 

the most notable examples is the case of the ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RuBisCO) which is inactivated by S-nitrosylation resulting in a 

reduction of the photosynthesis rate (Abat et al., 2008; Abat and Deswal, 2009). 

A high number of S-nitrosylated proteins were also detected in M. truncatula root 

nodules (Puppo et al., 2013). Many of these proteins were associated with nitrogen (N), 

carbon (C), and energy metabolism in both plant and bacterial partners, highlighting the 

crucial roles of NO in symbiotic nodules. NO influences nodule N2-fixing capacity by 

inactivation of either nitrogenase and plant GS leading to a premature nodule 

senescence (Cam et al., 2012; Meilhoc et al., 2013) on the other hand NO is important 

for the maintenance of the nodule energy metabolism under hypoxic conditions 

(Horchani et al., 2011; Gupta and Igamberdiev, 2011). Thus, a precise balance of the 

intracellular NO concentration is required to limit the toxic effects but at the same time 

allow the signaling and metabolic functions to occur (Hichri et al., 2016).  

The NO steady-state concentration results from the equilibrium between its 

synthesis, scavenging and/or degradation (Meilhoc et al., 2013) sustained by enzymatic 

and non-enzymatic antioxidants. In M. truncatula root nodules, both symbiotic partners 

participate in NO synthesis and scavenging. Nitrate reductase (NR), from both plants 

and bacteria, is considered an importat source of NO in mature root nodules (Horchani 

et al, 2011). On the other hand, NO scavenging is achieved, on the plant side, via 

oxyphytoglobins (class 1 phytoglobin, Leghemoglobin, and class 3 phytoglobins) which 

react with NO forming NO−
3
 (Gupta et al., 2011; Hill, 2012) and on the bacterial side 

flavohemoglobin (Hmp) and NO reductase (Nor) were shown to be involved in NO 

scavenging and to be fundamental for the maintenance of N2 fixation and N assimilation 

(Cam et al., 2012; Meilhoc et al., 2013). Together with phytoglobins, the 

ascorbate/glutathione (ASC/GSH) cycle also contributes to antioxidant defense 

mechanisms in root nodules and to the regulation of the intracellular NO concentration 

(Becana et al., 2010). GSH can react with NO yielding S-nitrosoglutathione (GSNO), 

which is described as the main reservoir of NO bioactivity in the cells and as a major 

transnitrosylating agent (Broniowska et al., 2013; Corpas and Barroso, 2015). 
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Interestingly, it has been reported that GSNO inhibits NR activity, thus resulting in the 

regulation of NO biosynthesis (Frungillo et al., 2014). A mechanism suggesting that NO 

is capable of controlling its own bioavailability. The additive functions of GSNO and NO 

during plant immunity and development have been recently reported (Yun et al., 2016). 

However, the role of the two signaling molecules in the symbiosis is far from being fully 

understood.  

The molecular mechanisms sustaining NO bioactivity in plants are still poorly 

characterized. There is an enormous gap between the information on the participation of 

NO in multiple metabolic pathways and the actual knowledge about its direct targets. The 

regulation of GS by NO is highly interesting because GS is a central enzyme, also 

associated with many vital processes in the plant, occupying a privileged position to play 

a role in the NO signaling cascade. Nevertheless, and despite the enormous advantage 

of using recombinant proteins to independently study each GS isoenzyme, in vitro 

studies involving highly reactive chemical reagents might be prone to artifacts. 

Consequently, the characterization of the specific NO-mediated PTMs of GS proteins in 

planta is vital to deepen the understanding of the physiological relevance of the 

modulation of the activity of GS by NO. 

In this study, we evaluate the NO-induced PTMs of GS and other proteins under 

defined metabolic backgrounds with the purpose of gaining insights into the physiological 

relevance of such NO-induced PTMs. The results presented in this chapter are divided 

into two sections: a first section is devoted to the analysis of NO-mediated modifications 

of root nodule proteins and a second section is dedicated to the study of the NO-induced 

PTMs of leaf proteins. 
 

 

Results 

 

I – Nitric oxide-mediated post-translational modifications of 

glutamine synthetase in root nodules 

 

 

Analysis of protein tyrosine nitration  

 

To understand the physiological significance of GS nitration it is important to 

identify physiological situations wherein GS is differentially nitrated, which requires 
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suitable methods to quantify protein nitration in vivo. We have previously developed a 

method to quantify GS nitration in planta (Melo et al., 2011) and using this method we 

showed that GS nitration is directly related to active N fixation (Melo et al., 2011) and to 

the NO content inside the nodule (previous section – Blanquet et al., 2015). Here, we 

extend these analyses by investigating GS nitration during the nodule aging process, 

since NO has been recently identified as a key signal in developmental and stress-

induced nodule senescence (Kato et al., 2010; Cam et al., 2012). We quantified GS 

nitration in S. meliloti wild type nodules collected at different stages of development from 

2 to 5 weeks after inoculation (Fig. 1). 

The previously established Enzyme-Linked Immunosorbent Assay (ELISA) was 

used as tool to compare the amount of in vivo nitrated GS in nodules. This assay uses 

an anti-GS antibody as a capture antibody, to immunoseparate GS from the other root 

nodule proteins, and a specific anti-nitrotyrosine antibody for detection and quantification 

of the relative amount of nitrated GS in the different samples. The relative quantification 

of GS nitration was based on standards using pure recombinant MtGS1a, which was 

previously subjected to in vitro nitration by exposition to ONOO-. Since GS activity and 

polypeptide content change under different physiological conditions, the nodule protein 

extracts were also subjected to GS activity measurements and to immunoblot analysis 

using an anti-GS antibody. The cytosolic GS immunoreactive bands were quantified by 

densitometry and the values were plotted. The amount of GS nitration was normalized 

to the total amount of GS in each sample. 

The results obtained revealed no significant alterations in GS nitration during the 

normal nodule aging process (Fig. 1), which is an unexpected result since the NO content 

inside the nodules is expected to increase during senescence. We, therefore, analyzed 

the overall protein Tyr nitration in samples collected at the same time points, to evaluate 

whether nodule senescence affects Tyr nitration of other nodule proteins. 
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Figure 1 – Evaluation of GS nitration during 

nodule aging. Root nodules formed by S. meliloti 

were collected 2, 3, 4, and 5 weeks post-inoculation 

(wpi) and evaluated for GS activity, GS polypeptide 

content and GS nitration. (A) Total soluble proteins 

were extracted from root nodules and GS activity 

was measured by the transferase reaction. (B) Root 

nodule soluble proteins were resolved by SDS-

PAGE and immunoblotted for GS. The cytosolic GS 

(GS1) immunoreactive bands were quantified by 

densitometry and the values were plotted. A 

representative GS western blot of total soluble 

proteins (5 g per lane) is shown. (C) GS nitration 

was quantified by sandwich ELISA relative to GS1 

polypeptide content. Mean values of three biological 

replicates ± SD, assayed in duplicate are shown. 

 

 

The overall protein Tyr nitration pattern was analyzed using a specific anti-

nitrotyrosine antibody, directly linked to horseradish peroxidase (Fig. 2). Although the 

overall pattern of Tyr nitration was not very different in the nodules collected at different 

developmental stages, the immunoreactive signal was more intense in young nodules (2 

weeks post-inoculation (wpi)) and interestingly some proteins appear to be differentially 

nitrated during the nodule aging process. Tyr nitration of several high and low molecular 

weight proteins (in the range of 70 - 100 kDa and 25 - 30 kDa) was found to decrease 

during aging of wt nodules (Fig. 2 – wt).  
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Figure 2 – Evaluation of the pattern of protein tyrosine nitration in root nodules. Soluble proteins extracted (5 g) 

from root nodules formed by S. meliloti wt, nnrS1, hmp-, or hmp++ strains, collected at 2, 3, 4 and 5 weeks post-inoculation 

(wpi), were separated by 10 % (w/v) SDS-PAGE and evaluated by western blot using an anti-nitrotyrosine antibody 

(abcam). A representative western blot of total soluble proteins is shown. Molecular weight markers positions are indicated 

in kDa. 

 

 

The profile of protein Tyr nitration in nodules in response to altered NO content 

was also evaluated using bacterial mutants of NO degrading enzymes, which are known 

to modulate the levels of NO inside the nodules and were described in the previous 

section. We analyzed nodules formed by the S. meliloti hmp- and nnrS1 mutant strains, 

carrying mutations in genes encoding NO-degrading enzymes, leading to increased NO 

content (Cam et al., 2012; Blanquet et al., 2015) and nodules formed by the S. meliloti 

hmp++ strain, overexpressing hmp, which leads to reduced NO content inside the nodules 

(Cam et al., 2012). The overall protein nitration pattern of the mutant nodules was 

evaluated using the anti-nitrotyrosine antibody at different stages of nodule development 

and compared to the wild type nodules (Fig. 2).  

Contrasting with what was observed for wild type nodules, protein Tyr nitration in 

the nodules elicited by the S. meliloti nnrS1 appears to be increased in older nodules, 

probably reflecting the higher accumulation of NO in the mutant nodules. Interestingly, 

the nitrotyrosine immunoreactive signal of the proteins detected in the region of 70 - 100 

kDa was more intense at 4 wpi and 5 wpi and the same applies to two additional nitrated 

proteins of 48 and 50 kDa (Fig. 2 – nnrS1). In the nodules induced by the bacterial mutant 

hmp-, which also contain higher NO content, the protein Tyr nitration pattern was not too 

different from nnrS1, with the exception of a 30 kDa protein which appears to be more 

highly nitrated at 4 and 5 wpi. Curiously, the overall protein nitrotyrosine immunoreactivity 

at 3 wpi was more intense than the one observed for nnrS1, probably reflecting 



142 FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

 

differences in NO content between the two mutant nodules at the initial stages of nodule 

senescence. Regarding the nodules induced by the bacterial mutant hmp++, which leads 

to lower NO content, the Tyr nitration pattern was comparable to wt nodules. 

To investigate whether there is any alteration in Tyr nitration profile in response 

to a sudden raise in NO production, we evaluated protein Tyr nitration in nodules fed with 

nitrate (NO−
3
) (Fig. 3). It is known that NO−

3
 treatment enhances the NO production in root 

nodules (Kato et al., 2010; Horchani et al., 2011) and also increases the levels of MtGS1a 

nitration in M. truncatula root nodules (Melo et al., 2011). Indeed, the exposition to NO−
3
 

induced alterations in the protein Tyr nitration profile, which are different from the ones 

observed in the mutant nodules (Fig. 3). The nitration signal of three proteins with 30, 49 

and 70 kDa was found to be increased upon NO−
3
 treatment, and interestingly the 70 kDa 

protein appears to only become nitrated after the treatment. In contrast, the nitration of 

three other proteins, with molecular masses of 32, 36 and 44 kDa was more intense in 

non-treated nodules, with the 36 kDa protein being hardly detected in NO−
3
-treated 

nodules.  

 

 

Figure 3 – Evaluation of protein Tyr nitration in root 

nodules treated with nitrate. Total soluble proteins, 

extracted from root nodules collected from plants treated for 

48 h with 10 mM NH4NO3, were resolved in duplicate by 10 % 

(w/v) SDS-PAGE (5 g per lane) and electrotransferred to 

nitrocellulose membranes. One of the membranes was treated 

with 100 mM sodium dithionite (+Na2S2O4) prior to the 

immundetection with anti-nitrotyrosine antibody. The right 

panel shows the corresponding immunoblot after the reduction 

of nitrotyrosine to aminotyrosine with Na2S2O4 for 1 h. The 

position of the molecular weight markers (MW) is indicated in 

kDa. 

 

 

To confirm the specificity of the anti-nitrotyrosine antibody, we tested the 

nitrotyrosine immunoreactivity upon treatment of the nitrocellulose-immobilized proteins 

with sodium dithionite (Na2S2O4). The nitrotyrosine epitope loses anti-nitrotyrosine 

antibody reactivity following reduction to aminotyrosine by sodium dithionite, therefore 

immunoreactive proteins remaining after dithionite treatment correspond to false 

positives. No signal for nitrotyrosine was detected in dithionite treated blots (Fig. 3 – 

+Na2S2O4) demonstrating the specificity of the anti-nitrotyrosine antibody. 
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Analysis of glutamine synthetase S-nitrosylation 

 

To evaluate whether GS could be S-nitrosylated in root nodules, the 

endogenously S-nitrosylated proteins were isolated from root nodule protein extracts of 

M. truncatula via the biotin switch assay (BST). The resultant biotinylated proteins were 

purified by avidin-affinity chromatography and analyzed by western blot using a specific 

antibody anti-GLN1|GLN2 (Agrisera) which recognizes both GS1 and GS2 (Fig. 4). 

 

 

 

 

 

Figure 4 – Detection of S-nitrosylated GS in root nodules. Soluble 

proteins (300 g) extracted from M. truncatula root nodules were 

subjected to the biotin switch assay. After purification by avidin-affinity 

chromatography, the endogenously S-nitrosylated proteins were 

separated by SDS-PAGE and immunoblotted for GS using an anti-

GLN1|GLN2 antibody (Agrisera). Addition (+) or omission (-) of the 

reaction components ascorbate (ASC) and MMTS during the assay is 

indicated in the upper panel. GS polypeptide content in the initial 

extracts was also evaluated (GS initial). This result is representative 

of three independent experiments. 

 

 

GS immunoblots of the total S-nitrosylated proteins revealed that both cytosolic 

(GS1) and plastid located GS (GS2) are in vivo S-nitrosylated in root nodules (Fig. 4, first 

lane). MtGS1a and MtGS1b have similar molecular masses and thus the immunoreactive 

peptides marked as GS1 correspond to both cytosolic isoenzymes, but as MtGS1a is 

much more abundant in root nodules (Carvalho et al., 2000) the signal detected probably 

corresponds to S-nitrosylated MtGS1a. MtGS2a is the only plastid-located GS expressed 

in root nodules, thus the signal detected indicates S-nitrosylation of MtGS2a. 

To ensure the specificity of the method, the nodule extracts were assayed in 

parallel by BST without addition of ascorbate or MMTS. In samples in which ascorbate 

was omitted no signal was detected, therefore the GS signal detected is ascorbate-

dependent and does not reflect inducible biotinylation of proteins (Fig. 4, second lane). 

Moreover, the omission of MMTS leads to a strong signal, evidencing the biotinylation of 

several Cys residues and supporting the efficiency of MMTS as blocking agent (Fig. 4, 

third lane). The total GS polypeptide content in the nodule extracts that were used for 

the BST is also shown (GS initial). The detection of both GS1 and GS2 polypeptides in 

the presence of MMTS and ascorbate (Fig. 4, first lane) indicates that both MtGS1 and 

MtGS2a are endogenously S-nitrosylated in root nodules, reflecting the importance of 
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this PTM in root nodule metabolism. We have previously shown that MtGS1a is inhibited 

by Tyr nitration in root nodules of M. truncatula, the finding that it is also subjected to S-

nitrosylation suggests a dual mechanism for the regulation of MtGS1a mediated by NO-

derived molecules. MtGS1a is the isoenzyme responsible for the assimilation of N2-fixed 

NH+
4
, but the function of MtGS2a in root nodules is still not clear. The expression of 

MtGS2a in root nodules increases during nodule development (Melo et al., 2003) 

indicating that the enzyme must be important to nodule metabolism, the finding that it is 

S-nitrosylated further corroborates this idea. 

To gain more insights into the physiological significance of GS S-nitrosylation for 

root nodule metabolism we investigated whether the degree of GS S-nitrosylation 

changes during nodule aging. For this, we used commercial biotinylated bovine serum 

albumin (bBSA) as an internal control to allow the comparison of the SNO-GS signal 

intensities. Protein extracts of nodules collected at 2, 3, 4 and 5 weeks post-inoculation 

were analyzed by the BST coupled to immunoblot detection of GS after avidin-affinity 

chromatography of the biotinylated proteins (Fig. 5). GS activity and GS polypeptide 

content were also analyzed and found to remain unchanged (Fig. 5A and 5B – GS). The 

measurements of SNO-GS signals were normalized to the total amount of GS in each 

sample. 

The amount of S-nitrosylated MtGS1 was found to increase during the nodule 

aging process (Fig. 5B – SNO-GS and 5C). The level of S-nitrosylated MtGS1 detected 

at 4 and 5 week-old nodules were 1.5 and 2.5 fold higher than those detected in 2 wpi 

root nodules, respectively. Conversely, MtGS2a S-nitrosylation does not seem to be 

significantly modified during nodule aging. It is noteworthy that Tyr nitration of MtGS1 

remains unchanged during nodule aging (Fig. 1), which supports a specificity of the NO-

induced PTMs. 
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Figure 5 – Evaluation of GS S-nitrosylation levels in root nodules collected at 2, 3, 4 and 5 wpi. (A) Quantification 

of GS activity in soluble protein extracts. Values shown are means of three biological replicates ± SD, assayed in duplicate. 

(B) Biotin switch of soluble proteins extracted from nodules collected at different time points. After BST, biotinylated 

proteins were purified by avidin-affinity chromatography and the presence of GS was evaluated by western blot using an 

anti-GLN1|GLN2 antibody (Agrisera) (SNO-GS). The presence of biotinylated BSA, used as internal control, was 

assessed using an anti-biotin HRP-conjugated antibody (abcam) (bBSA). A representative GS immunoblot of total soluble 

proteins (5 g per lane) is also shown (GS). This result is representative of two independent experiments. (C) GS S-

nitrosylation was evaluated by densitometric quantification of the SNO-GS signal relative to GS polypeptide content 

detected in the initial extract. Asterisks indicate significant differences (*p<0.05 and ****p<0.001) when compared to the 

signal found in 2 wpi nodules. 

 

 

To evaluate whether S-nitrosylation of GS proteins could be related to the NO 

content inside the nodules, we also analyzed GS S-nitrosylation in nodules with 

increased NO levels, elicited by hmp-, nnrS1 or nnrS2 S. meliloti mutant strains (Cam et 

al., 2012; Blanquet et al., 2015), and with reduced NO levels, elicited by the hmp++ mutant 

(Cam et al., 2012). Both GS1 and GS2 were found to be S-nitrosylated in nodules elicited 

either by hmp- or by hmp++ S. meliloti strain mutants, however, only MtGS1 was detected 

as S-nitrosylated in nodules elicited by nnrS mutant strains (Fig. 6). 

The lack of correlation between a rise/ decrease in NO content inside root 

nodules and the amount of S-nitrosylated GS is intriguing and is probably associated 

with the specificity of this type of NO-mediated PTM. 
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Figure 6 – Evaluation of GS S-nitrosylation in root nodules with altered NO levels. Root nodules formed by S. meliloti 

wt, hmp-, hmp++, nnrS1 or nnrS2 strains were collected at 4 weeks post-inoculation (wpi) and evaluated for GS S-

nitrosylation by BST. After BST, biotinylated proteins were purified by avidin-affinity chromatography and the presence of 

GS was evaluated by western blotting using an anti-GLN1|GLN2 antibody (Agrisera) (SNO-GS). The presence of 

biotinylated BSA, used as internal control, was assessed using an anti-biotin HRP-conjugated antibody (abcam) (bBSA). 

A representative GS immunoblot of root nodule soluble proteins (5 g per lane) is also shown (GS). This result is 

representative of two independent experiments. 

 

 

II – Nitric oxide-mediated post-translational modifications of 

glutamine synthetase in leaves 

 

MtGS2a is the main GS isoform present in photosynthetic tissues being 

responsible for the assimilation of NH+
4
 generated by both photorespiration and NO−

3
 

reduction (Seabra and Carvalho, 2015). The function of GS2 in the assimilation of 

photorespiratory NH+
4
 was unequivocally demonstrated using GS2 mutant plants 

(Wallsgrove et al., 1987; Orea et al., 2002; Perez-Delgado et al., 2015), whereas in the 

nodules the function of GS2 is still unclear. Therefore, to try to understand the 

physiological significance of the regulation of MtGS2a activity by S-nitrosylation, we 

investigated GS2 S-nitrosylation in the leaves. We started by assessing whether GS 

proteins are S-nitrosylated in leaves. Following BST, avidin-affinity enrichment and GS 

immunoblot, we found that MtGS2a is the only GS isoenzyme detected as endogenously 

S-nitrosylated in leaves (Fig. 7). 
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Figure 7 – Evaluation of GS S-nitrosylation status in leaves. 

Soluble proteins (1 mg) extracted from M. truncatula leaves were 

assayed by BST. After purification by avidin-affinity chromatography, 

the endogenously S-nitrosylated proteins were separated by 12 % 

(w/v) SDS-PAGE and immunoblotted for GS using an anti-

GLN1|GLN2 antibody (Agrisera). Addition (+) or omission (-) of 

ascorbate (ASC) and MMTS during the assay is indicated in the upper 

panel. GS polypeptide content in the initial extracts was also 

evaluated (GS initial). This result is representative of three 

independent experiments. 

 

 

It was previously shown that the activity of MtGS2a changes during the diurnal 

cycle, the enzyme is more active by the end of the dark period and its activity appears to 

be inhibited by a PTM at the beginning of the light period (Seabra et al., 2013). Since it 

is known that the activity of RuBisCO is inhibited upon S-nitrosylation (Abat et al., 2008), 

it is conceivable that the regulation of GS2 by S-nitrosylation could also be linked to 

photosynthesis. In this way, S-nitrosylation could represent a molecular switch for 

photosynthesis, regulating both RuBisCO and GS2.  

To evaluate whether MtGS2a S-nitrosylation rates change during light/dark 

transitions, extracts from leaves collected at different time points during the light and dark 

periods were analyzed by BST, using biotinylated BSA as an internal control. The GS S-

nitrosylation rates were quantified by densitometric analysis of GS immunoblots following 

avidin-affinity chromatography (Fig. 8 – SNO-GS) and normalized to the total amount of 

GS in each sample (Fig. 8 – GS). The detection of biotinylated BSA (bBSA) was used 

as loading control. Although the idea of a regulation of multiple enzymes involved in 

photosynthesis by S-nitrosylation was attractive, no significant alterations were detected 

in the levels of S-nitrosylated MtGS2a (Fig. 8B) during the diurnal cycle suggesting that 

it is unlikely that S-nitrosylation represents an important regulatory mechanism to control 

MtGS2a activity during the diurnal cycle. 
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Figure 8 – Evaluation of GS S-nitrosylation rates during a diurnal cycle. (A) Biotin switch of soluble proteins extracted 

from leaves collected at different times during the diurnal cycle. After BST, biotinylated proteins were purified by avidin-

affinity chromatography and the presence of GS was evaluated by western blot using an anti-GLN1|GLN2 antibody 

(Agrisera) (SNO-GS). The presence of biotinylated BSA, used as internal control, was assessed using an anti-biotin HRP-

conjugated antibody (abcam) (bBSA). A representative GS immunoblot of total soluble proteins (5 g per lane) is also 

shown (GS). This result is representative of two independent experiments. (B) GS S-nitrosylation was determined by 

densitometric quantification of the SNO-GS signal relative to GS polypeptide content detected in the initial extract. 

 

 

Discussion  

 

NO is a prime signaling molecule in plants but the molecular mechanisms 

responsible for its effects in plant metabolism are still poorly characterized. The 

identification of physiological situations in which the NO targets are differentially 

modulated by NO is essential to understand its biological functions. Previously, we 

demonstrated that all members of M. truncatula GS family are susceptible to NO-induced 

PTMs in vitro (chapter 2) and that MtGS1a is a molecular target of Tyr nitration in root 

nodules of M. truncatula (Melo et al., 2011). Here, we deepen the study of the NO-

induced PTMs on GS within biological processes in which GS plays essential functions 

and the regulatory signaling role of NO is well-documented, namely in root nodules at 

different points of nodule development and in leaves during the diurnal cycle. Particular 

attention was devoted to the evaluation of the extent of GS nitration and S-nitrosylation 

under those conditions but the effect of NO on overall Tyr nitration of root nodule proteins 

was also assessed.  

Distinct medium- and large-scale proteomic approaches previously identified GS 

isoenzymes as potential targets of both Tyr nitration (Cecconi et al., 2009; Lozano-Juste 

et al., 2011) and S-nitrosylation (Lindermayr et al., 2005; Hussain et al., 2016). However, 

these studies included a pre-treatment with an exogenous NO donor to increase the 

probability of detecting NO-modified Cys or Tyr residues on proteins. Therefore, the 
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endogenous Tyr nitration and S-nitrosylation of GS under physiological conditions was 

not clearly demonstrated before. MtGS1a is the only M. truncatula GS isoenzyme that 

has been fully characterized as a target Tyr nitration in M. truncatula root nodules (Melo 

et al., 2011). The present study provides the first evidence of in vivo S-nitrosylation of M. 

truncatula GSs.  

The study of NO-mediated PTMs within biological systems remains a very 

challenging task mainly due to the small amount of endogenous S-nitrosylated or Tyr 

nitrated proteins and due to the lack of quantification methods. Additionally, the chemical 

instability of the S-nitrosothiol bond makes the study of S-nitrosylated proteins even more 

complex. The development of analytical tools, which enable the detection and 

quantification of Tyr nitration and S-nitrosylation in biological samples is, therefore, 

essential to study of NO-mediated PTMs within physiological conditions. The amount of 

in vivo nitrated GS was quantified using a sandwich ELISA previously established in the 

laboratory (Melo et al., 2011) and GS S-nitrosylation rates were estimated via a new 

developed semi-quantitative method, based on the biotin switch technique. The BST 

represents the standard method for the identification of protein S-nitrosylation (Jaffrey 

and Snyder, 2001). Since its publication, several alterations have been developed to 

evaluate the degree and impact of protein S-nitrosylation on physiological processes. 

However, some technical difficulties impact the efficacy and accuracy of the BST 

approach when applied to proteomic analyses. The variations of signal intensity 

associated with protein abundance rather than with a change in S-nitrosylation levels, 

and the influence of sample losses due to repeated precipitations to remove additives, 

are some of the limitations to the establishment of a quantification protocol. In this study, 

we evaluated the level of GS S-nitrosylation under different biological conditions using 

western blotting and densitometry analyses. In order to overcome the difficulties related 

to BST approach, we used a known amount of commercial biotin-labeled protein 

(biotinylated BSA) as an internal control, which facilitates the estimation of the protein 

losses during the multiple precipitation steps and enables the comparison of the degree 

of S-nitrosylation of GS proteins under the different biological conditions. These two 

simple methods allowed the estimation of GS Tyr nitration and S-nitrosylation rates within 

distinct biological contexts, providing a means to relate specific PTMs of GS proteins by 

NO-derived molecules to a particular physiological situation.  

Chemical compounds that release NO under physiological conditions, NO 

donors, are useful tools for studying processes in which NO participates and the 

molecular mechanisms underlying its action. Of particular concern with chemical NO 

donors is the potential toxicity of the parent compound and related by-products (Miller 

and Megson, 2007; Mur et al., 2013). In this study, we took advantage of the use of 
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rhizobial mutants for NO-degrading enzymes, namely flavohemoglobin (Hmp) (Cam et 

al., 2012) and NnrS (Blanquet et al., 2015), to finely modulate the levels of NO inside the 

root nodules and in this way eliminate the potential misleading effects associated with 

the use of exogenous NO donors. The thorough analysis of GS Tyr nitration, S-

nitrosylation and overall protein Tyr nitration patterns in root nodules with increased or 

decreased NO content elicited by hmp- and nnrS1 (Cam et al., 2012; Blanquet et al., 

2015) or by hmp++ S. meliloti mutant strains, respectively, revealed a specificity of the 

distinct NO-mediated PTMs within the root nodule context.  

Despite its importance, the precise role of NO during the Legume-Rhizobium 

symbiosis remains poorly characterized, but protein S-nitrosylation is considered a key 

mechanism underlying NO signaling associated with the beginning and functioning of the 

symbiosis (Oger et al., 2012; Astier and Lindermayr, 2012). GSNO, the major 

transnitrosylating agent, is involved in the regulation of NO bioavailability by controlling 

the activity of NR (Frungillo et al., 2014), the major endogenous source of NO in mature 

root nodules (Horchani et al., 2011). The involvement of GSNO in the regulation of NO 

biosynthesis via N metabolism suggests that this molecule occupies a privileged position 

in the maintenance of nodule functions. GS is a fundamental enzyme for overall nodule 

metabolism as it catalyzes the first and probably the rate-limiting step in N metabolism, 

therefore, it is plausible to assume that NR and GS might be regulated by a similar 

mechanism. MtGS1a is responsible for 90 % of the total root nodule GS activity being 

crucial for the assimilation of fixed NH+
4
 (Carvalho et al., 2000) while the function of 

MtGS2a in root nodules of M. truncatula remains elusive (Melo et al., 2003). Both 

MtGS1a and MtGS2a are expressed in root nodule infected cells (Carvalho et al., 2000, 

Melo et al., 2003), in which NO is produced (Baudouin et al., 2006; Horchani et al., 2011), 

being, thus, accessible to the NO-induced modifications. MtGS1a and MtGS2a were 

found to be S-nitrosylated under physiological conditions in root nodules of M. truncatula 

suggesting the existence of a steady-state level of S-nitrosylated GS in vivo. The finding 

that MtGS1a is a target of both Tyr nitration and S-nitrosylation suggests the existence 

of a dual mechanism of regulation of the nodule isoenzyme by NO-mediated PTMs. 

Noteworthy, Tyr nitration and S-nitrosylation impact MtGS1a enzymatic activity in a 

differential manner and might also cause different effects on enzyme’s long-term stability. 

Interestingly and contrary to MtGS1a nitration, which correlates with the NO 

levels inside the root nodule (chapter 3.1 – Blanquet et al., 2015), MtGS1a S-nitrosylation 

is not directly related to the higher levels of NO but it is apparently correlated with the 

decline of the N2-fixing capacity of the root nodules. The extent of S-nitrosylation of a 

given protein is not only associated with the proximity of the protein to the NO source but 
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it is also determined by the balance between the rates of transnitrosylation and 

denitrosylation reactions (Farnese et al., 2016; Zaffagnini et al., 2016). S-nitrosothiols 

are usually light and redox-sensitive moieties that can be non-enzymatically reduced by 

low molecular weight thiols such as GSH (Zaffagnini et al., 2013; Benhar et al., 2009). 

However, the reduction of some moieties appears to be tightly regulated by specific 

redox proteins (i.e. thioredoxins) since the group remains stable despite the high 

intracellular concentration of reductants (Benhar et al., 2009). The levels of MtGS1a S-

nitrosylation increase during nodule aging, which could reflect the reduction in the 

intracellular levels of GSH (Frendo et al., 2013). Nevertheless, S-nitrosylation of MtGS2a 

was not affected by nodule aging suggesting that the increased levels of MtGS1a S-

nitrosylation result from a specific regulatory mechanism and are not a side effect of the 

lower antioxidant capacity of the nodule. Furthermore, the levels of S-nitrosylation of both 

MtGS1 and MtGS2a were reduced in nodules with high levels of free NO-induced either 

by hmp-, nnrS1 and nnrS2 mutants, which further supports the specificity of the S-

nitrosylation mechanism. 

Photosynthesis is vital for plants being strictly regulated in response to changes 

in light intensity. Absorption of excess light by the photosynthetic apparatus leads to the 

generation of ROS, which are potentially dangerous. For that reason, the redox 

regulation of protein function by the redox status is particularly important in chloroplasts. 

The plastid-located MtGS2a is the main GS isoenzyme present in photosynthetic tissues 

being, therefore, accessible to the oxidative effects inducible by the radicals formed by 

photosynthesis and photorespiration. It has been shown that NO is involved in 

photosynthesis regulation (Takahashi and Yamasaki, 2002) via inhibition of RuBisCO by 

S-nitrosylation (Abat et al., 2008). Given the importance of NO for photosynthesis, it is 

conceivable that S-nitrosylation could represent a molecular switch that regulates both 

photosynthesis and photorespiration, with RuBisCO and GS activities being regulated 

by NO in a similar manner. The GS S-nitrosylation status was evaluated in leaves at 

different time points of a diurnal cycle, however, under the current experimental 

conditions, no significant differences were observed. Indicating that the variation of GS 

activity in leaves observed during the dark and light period (Seabra et al., 2013) results 

from other PTMs. Noteworthy, the plastid-located GS has been identified as a target of 

thioredoxin (Trx) in spinach (Motohashi et al., 2001). Trxs are small proteins present in 

all living organisms that catalyze dithiol-disulfide exchange reactions. Trxs can also 

interact directly with S-nitrosylated proteins and catalyze protein denitrosylation by 

means of their active site redox cysteines (Benhar et al., 2008). Moreover, it has been 

reported that depending on its oxidation state, Trx system mediates both the 

denitrosylation and transnitrosylation of target proteins (Sengupta and Holmgren, 2013). 
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The denitrosylation activity of the TRX system (Trx, Trx reductase (TrxR) and NADPH) 

as denitrosylase has been first demonstrated in human cells (Benhar et al., 2008). Since 

then, additional cases in bacterial and animal systems have been reported (Sengupta 

and Holmgren, 2013) and its involvement in denitrosylation reactions in plant systems 

have also been described (Tada et al., 2008; Kneeshaw et al., 2014; Correa-Aragunde 

et al., 2015). It is important to note that the existence of specific enzymes that catalyze 

denitrosylation reactions may contribute to the specificity of S-nitrosylation. 

Root nodule senescence is an organized cell death process characterized by 

nutrient remobilization and sink-to-source transitions, which molecular basis are largely 

unknown (Van de Velde et al., 2006; Pérez Guerra et al., 2010). Recently, NO has been 

identified as a positive mediator of nodule senescence (Cam et al., 2012), however, the 

molecular mechanisms underlying its signal are still poorly understood. A direct 

correlation between endogenous levels of NO and early nodule senescence has been 

clearly established (Cam et al., 2012; Blanquet et al., 2015). Additionally, it has been 

suggested that the senescence triggered by NO results from the inactivation of MtGS1a 

by Tyr nitration and from the subsequent reduction of NH+
4
 assimilation by the plant (Cam 

2012). Interestingly, in chapter 3.1, it was shown that a direct correlation exists between 

endogenous levels of NO, GS nitration and the nodule early senescence (Blanquet et 

al., 2015), which could indicate a putative role for GS nitration in the initiation of the root 

nodule senescence program. But, the possibility that GS inhibition could represent the 

primary cause of nodule senescence is reduced, because transgenic root nodules in 

which MtGS1a is specifically down-regulated (Carvalho et al., 2003) and N fixation 

capacity is approximately 60 % of the wild type nodules, did not display any visible signs 

of nodule senescence at 21 days’ post inoculation.  

Since the rise of NO, which triggers nodule senescence, also contributes to an 

increase in the Tyr nitration of GS (Blanquet et al., 2015) it is tempting to speculate that 

the NO-mediated PTMs of other specific root nodule proteins, could be implicated in the 

initiation of root nodule senescence. Therefore, we investigated the overall status of Tyr 

nitration of root nodule proteins during the aging processes of wt nodules and nodules 

with altered NO content. It is worth mentioning that the major drawbacks for studying 

protein nitration in vivo are indeed the low abundance of nitrated proteins and the 

potential artifacts that may arise during the analysis of samples (Feeney and Schoneich, 

2013; Tsikas and Duncan, 2014). Hence, to avoid false positive results, the specificity of 

anti-nitrotyrosine antibodies must be checked. Reduction with dithionite is commonly 

used to differentiate between genuine detection of nitrotyrosine and artifacts in 
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immunoblotting experiments (Feeney and Schoneich, 2013) and was used in this study 

for the same purpose.  

Recently, it has been reported that the protein Tyr nitration profile of root nodules 

varies according to the species evaluated and the physiological state of the nodule 

(Sainz et al., 2015) being therefore, challenging to conduct a comparative analysis 

between the results obtained and the published data. Still, and similar to what was 

observed in Lotus japonicus nodules (Sainz et al., 2015), the overall nitration profile was 

found to decrease during the aging of M. truncatula root nodules. Interestingly, and 

contrasting with wild type nodules, a general increase in nitrotyrosine content was 

detected in nnrS1 elicited nodules during aging, suggesting that protein Tyr nitration 

could reflect the accumulation of NO in these nodules. But, a direct correlation between 

NO content and a general increase in Tyr nitration cannot be established since an 

increment in total nitration was not observed in hmp- nodules. Noteworthy, a number of 

proteins were found to be differentially nitrated at different stages of nodule development, 

indicating that Tyr nitration of specific proteins might be important in the process of 

nodule aging. It would be important to identify these proteins to understand their possible 

contribution to the initiation of the natural senescence process. 

NO−
3
 treatment causes nodule senescence (Matamoros et al., 1999), a sudden 

increase in NO content (Kato et al., 2010; Horchani et al., 2011), and an increase in the 

amount of nitrated GS (Melo et al., 2011). Intriguingly, a reduction of overall protein Tyr 

nitration in NO-treated nodules from pea and soybean has been reported (Sainz et al., 

2015). In M. truncatula the pattern of nodule protein Tyr nitration changes upon NO−
3
 

treatment; the nitration of a few proteins is enhanced after the treatment whereas some 

nitrated proteins were not detected in NO−
3
-fed nodules. Since protein Tyr nitration is 

described as an irreversible PTM is tempting to associate the loss of signal upon 

treatment with a specific proteolytic activity related to both induced- and developmental 

senescence (Sainz et al., 2015). Tyr nitration was clearly detected in wt nodules and in 

nodules with a reduced content of NO (hmp++) indicating that the existence of a basal 

nitration level is a general phenomenon. Furthermore, the profile of nodule nitrated 

proteins changes during nodule aging and after NO−
3
 treatment suggesting that Tyr 

nitration is not a merely metabolic by-product of NO production but plays biological 

functions. Taking into account that developmental and stress-induced senescence have 

several different structural and expression features (Pérez Guerra et al., 2010), the 

identification of specific proteins that are differentially nitrated in the distinct processes 

might contribute to the clarification of the putative divergent molecular basis of each 

senescence process. 
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Conclusions 

 

The Medicago truncatula cytosolic and plastid-located enzymes are post-

translationally modified by NO in planta, both in root nodules and in leaves. Both 

isoenzyme types are S-nitrosylated in root nodules, and the cytosolic enzyme MtGS1a 

is also regulated by Tyr nitration. The finding that the cytosolic enzyme MtGS1a is 

subjected to S-nitrosylation in vivo, in addition to Tyr nitration raises the possibility of a 

dual regulation by NO. Although the modulation of the NO content inside the root nodules 

was found to influence the Tyr nitration and S-nitrosylation status of GS, a simple direct 

correlation could not be established, indicating a specific regulation of GS isoenzymes 

by NO under defined metabolic backgrounds in M. truncatula. Interestingly, other root 

nodule proteins also appear to be differentially nitrated in response to the NO content 

inside the nodules, further supporting a specificity of the NO-mediated regulation. The 

plastid-located isoenzyme, MtGS2a, is endogenously S-nitrosylated in the leaves, but its 

S-nitrosylation status does not seem to change during the diurnal cycle, and thus the 

regulation of MtGS2a by S-nitrosylation is probably not directly related to photosynthetic 

rates. Taken together our results indicate that the post-translational regulation of GS by 

reactive nitrogen species is much more complex than simple chemical modifications 

resulting from the proximity to a NO source, it is specific under defined physiological 

contexts.  

 

 

Materials and Methods 

 

Bacterial strains and growth conditions 

 

Sinorhizobium meliloti strains were grown in LB medium supplemented with 2.5 

mM CaCl2 and 2.5 mM MgSO4 (LBMC). Antibiotics, when required, were added at the 

following concentrations: 100 g/mL streptomycin, 100 g/mL neomycin, and 40 g/mL 

gentamycin. 
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Table 1 – The main characteristics of the bacterial strains used in this study. 

 

Plant material and growth conditions 

 

M. truncatula Gaertn (cv. Jemalong J5) was grown in aeroponic conditions under 

16 h light (22 ºC)/ 8 h dark (19 ºC) cycles and under a light intensity of 150 - 200 mol 

m-2 s-1, in a medium supplemented with 5 mM ammonium nitrate as described by Lullien 

et al. (1987). For nodule induction, the nutrient solution was replaced with fresh nitrogen-

free medium three days before inoculation with S. meliloti strains listed in table 1. 

Nodules were harvested at two, three, four and five weeks after infection. Leaves were 

collected from plants grown on soil and fertilized once a week. For the experiment with 

nitrate, nodulated plants (35 days after inoculation with S. meliloti wt) were aeroponically 

grown for 48 h in a growth medium containing 10 mM NH4NO3 before harvesting. All 

plant material was immediately frozen in liquid nitrogen and stored at -80 ºC. 

 

Protein extraction from plant tissues 

 

Plant material was homogenized at 4 ºC in a mortar and pestle with 2 volumes of 

extraction buffer (phosphate-buffered saline (PBS), pH 7.4; 0.05 % (v/v) TritonTM X-100; 

1 mM phenylmethylsulfonylfluoride) and centrifuged at 20000 g for 20 min at 4 ºC. 

Soluble protein concentration was measured by the Coomassie dye binding assay (Bio-

Rad) using bovine serum albumin as the protein standard.  

An extraction buffer composed of 50 mM Hepes-NaOH pH 7.7; 5 mM EDTA; 0.5 

mM neocuproine; 0.5 % (v/v) TritonTM X-100 and 0.5 % (v/v) Protease inhibitor cocktail 

for plant cell extracts (Sigma) was used to prepared samples analyzed by biotin switch 

assay. 
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Determination of GS activity  

 

GS activity was determined spectrophotometrically by measuring the formation 

of -glutamyl hydroxamate as described by Cullimore and Sims (1980). One unit of 

activity is equivalent to -glutamyl hydroxamate at 1 mol min–1 produced per total 

amount of protein (g–1) at 30 °C. 

 

Quantification of GS nitration by ELISA 

 

ELISA assay for nitrated GS quantification was performed on Nunc F8 MaxiSorp 

96-well plates as described by Melo et al. (2011) with minor alterations. The microtiter 

plates were coated overnight at 4 ºC with 50 L/well of an anti-GLN1|GLN2 antibody 

AS08 295 (Agrisera) freshly diluted at 0.02 g/mL in PBS. Plates were then washed twice 

in PBS with 0.05 % (v/v) Tween® 20 (washing buffer) and blocked with 100 L of blocking 

buffer (3 % (w/v) BSA in washing buffer) for 2 h at room temperature. After washing, 

calibration standards and plant extracts diluted in extraction buffer to 0.2 mg/mL were 

added to the wells (50 L/well) and incubated for 4 h at room temperature. All samples 

were assayed in duplicate. After five washing steps, anti-nitrotyrosine antibody ([39B6] 

abcam plc, Cambridge, UK) was used as detection antibody diluted 1:5000 in blocking 

buffer (50 L/well) and incubated overnight at 4 ºC. After extensively washing, 100 L of 

OPD substrate (Sigma Fast, Sigma) was added and colorimetric reaction was stopped 

after 30 min by the addition of 25 L/well of 3 M HCl. The absorbance signal was 

measured at 492 nm in a microplate reader (Quant Microplat Spec; Biotek). Standard 

curves were built by serial dilutions of in vitro nitrated MtGS1a (1 to 5 ng per well). For 

this, recombinant MtGS1a was exposed to 50 M peroxynitrite for 15 min at room 

temperature. GS nitration values are presented as arbitrary units in relation to the relative 

amount of cytosolic GS polypeptides quantified by densitometry. 

 

Gel electrophoresis, western blot, and densitometric analysis 

 

Proteins were separated by 12 % (w/v) SDS-polyacrylamide gel electrophoresis (SDS-

PAGE) and electrotransferred onto nitrocellulose membranes (Whatman®) using a 

Criterion Blotter from Bio-Rad. After transfer, membranes were blocked for 1 h with 3 % 

(w/v) milk in PBS with 0.1 % (v/v) Tween® 20 (PBST) or with 3 % (w/v) BSA in PBST for 

the anti-nitrotyrosine antibody. Then membranes were incubated 2 h at room 
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temperature to overnight at 4 ºC with primary antibodies. Immunodetection of GS 

polypeptides was performed using an anti-GLN1|GLN2 antibody (AS08 295, Agrisera, 

1:10000 in 3 % (w/v) milk PBST) and a goat anti-rabbit peroxidase conjugated antibody 

(sc-2004 Santa Cruz Biotechnology, 1:5000 in 3 % (w/v) milk PBST, 1 h at room 

temperature) as a secondary antibody. Biotinylated BSA was detected using an anti-

biotin HRP-conjugated antibody (ab19221, abcam, 1:5000 in PBS). Nitrated proteins 

were detected using the anti-nitrotyrosine HRP-conjugated polyclonal antibody 

(ab27648, abcam, 1:5000 in 3 % (w/v) BSA in PBST). The immunocomplexes were 

visualized using the ECLTM (GE Healthcare, Lifesciences) detection systems. The 

chemiluminescent blots were imaged with the ChemiDoc MP imager (Bio-Rad) and the 

band analysis tools of ImageLab software version 4.1 (Bio-Rad) were used to determine 

the density of the band in the blots. 

 

Reduction of 3-nitrotyrosine to 3-aminotyrosine 

 

The specific reduction of 3-nitrotyrosine to 3-aminotyrosine was achieved by 

treating nitrocellulose membranes, immediately after the transfer, with 100 mM sodium 

dithionite in 50 mM pyridine-acetate buffer, pH 5.0, for 1 h at room temperature After 

reduction, membranes were rinsed with distilled water, washed with PBS and then 

equilibrated with PBS with 0.1 % (v/v) Tween® 20. Afterwards, membranes were blocked 

in 3 % (w/v) BSA in PBS with 0.1 % (v/v) Tween® 20 and immunodetected with the anti-

nitrotyrosine antibody in order to evaluate antibody specificity.  

 

Biotin switch assay 

 

For detection of in vivo S-nitrosylated proteins 1 mg of total soluble leaf proteins 

or 300 g of root nodule proteins was used as starting material. S-Nitrosylated proteins 

were detected by biotin switch assay as described by Jaffrey et al., (2001) with minor 

modifications. Briefly, plant protein extracts were diluted to 0.8 mg/mL in HEN buffer (50 

mM Hepes-NaOH, pH 7.7; 5 mM EDTA; 0.5 mM neocuproine), and after addition of 500 

ng of biotinylated BSA (Sigma) were incubated with 20 mM S-methyl-

methanethiosulfonate (MMTS) and 2.5 % (w/v) SDS at 50 °C for 20 min with frequent 

vortexing. Unreact MMTS was removed by precipitation with 2 volumes of cold acetone 

(-20 °C) and proteins were resuspended in HENS buffer (50 mM Hepes-NaOH pH 7.7; 

5 mM EDTA; 0.5 mM neocuproine; 1 % (w/v) SDS). After addition of 0.1 mM biotin-HPDP 

and 50 mM sodium ascorbate, the mixture was incubated for 3 h at room temperature in 



158 FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

 

the dark and frequently vortexed. The excess of ascorbate and biotin-HPDP was 

removed by acetone precipitation and biotinylated proteins were then purified by avidin-

affinity chromatography.  

Biotinylated samples were diluted in 5 volumes of neutralization buffer (20 mM 

Hepes-NaOH, pH 7.7; 150 mM NaCl; 5 mM EDTA; 0.5 % (v/v) TritonTM X-100) 

supplemented with 20 L of neutravidin-agarose (Pierce Biotechnology, Thermo 

Scientific) and incubated for 1 h at room temperature, with gentle shaking. The matrix 

with bound proteins was washed several times with 200 L of washing buffer (20 mM 

Hepes-NaOH, pH 7.7; 750 mM NaCl; 5 mM EDTA; 0.5 % (v/v) TritonTM X-100) and 

transferred to an empty tube. Finally, biotinylated proteins were eluted by incubation for 

5 min at 95 °C with SDS-PAGE sample buffer, supplemented with 100 mM -

mercaptoethanol, and analyzed by immunoblotting with appropriate antibodies.  

 

Statistical analysis 

 

Statistical analyses were performed using PRISM 6.0 software (GraphPad 

Software, San Diego, CA). Statistical significance was determined by Student’s t-test, 

assuming equal variance. The results were considered significant if the p-value was 

<0.05. 
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4.1 – Possible role of glutamine synthetase in 

the NO signaling response in root nodules by 

contributing to the antioxidant defenses 

 

 

Published as a hypothesis and theory article in: 

 

Liliana Silva and Helena Carvalho Possible role of glutamine synthetase in the NO 

signaling response in root nodules by contributing to the antioxidant defenses. Frontiers 

in Plant Science (2013) 4: 372. 
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4.2 – Analysis of thiol synthesis and content 

in Medicago truncatula root nodules 

 

 

Abstract 
  

Nitric oxide (NO) is a key player in the Legume-Rhizobium symbiosis, but the 

mechanisms underlying its signaling role are still poorly understood. Previously, we 

hypothesized that glutamine synthetase (GS) could be involved in the NO-signaling 

responses in root nodules. The NO-mediated inactivation of GS could be part of an 

inhibitory response of nitrogen (N) fixation and assimilation associated with metabolite 

channeling towards the biosynthesis of glutathione (GSH) in root nodules contributing to 

neutralize the deleterious effects of NO. In order to experimentally confirm the proposed 

model, we analyzed the expression of the genes involved in GSH biosynthetic pathway 

in root nodules in which GS nitration is known to be increased. To investigate whether 

GSH biosynthesis correlates with increased GS nitration we analyzed the transcription 

of ECS, GSHS, and hGSHS in NO−
3
-fed nodules in which both NO content and GS 

nitration are enhanced. Using qPCR analysis it is shown that the expression of all three 

genes is positively correlated with GS nitration rates. HPLC quantification of the total 

thiol content in these nodules revealed that only Cys, a rate-limiting GSH precursor, 

accumulates in the nodules while GSH content is reduced. The results obtained indicate 

a direct correlation between increased GS nitration and up-regulation of GSH 

biosynthesis but not with the accumulation of the final product. This observation suggests 

that the GSH synthesized is probably consumed in these nodules in a manner other than 

a simple redox cycle to fulfill its antioxidant functions. 

 

 

Introduction 

 

NO is an essential signaling molecule present at various stages of the Legume-

Rhizobium symbiosis. NO was shown to have a beneficial role during infection, nodule 

development and nodule functioning (reviewed in Hichri et al. (2016)). However, NO has 

inhibitory effects on nitrogenase (Kato et al., 2010) and glutamine synthetase (GS) (Melo 

et al., 2011) and it has been shown to act as a signal triggering senescence (Cam et al., 

2012). Thus, the NO steady-state concentration inside the nodule must be tightly 
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regulated to limit the toxic effects and allow the signaling function to occur (Mur et al., 

2013).  

The tripeptides glutathione (GSH) and homoglutathione (hGSH), two of the most 

abundant water-soluble antioxidants present in legume root nodules, play a vital role in 

keeping redox homeostasis in N2 fixing root nodules (Becana et al., 2010; Becana et al., 

2014). (h)GSH synthesis appears to be differentially regulated in the different nodule 

tissues (El Msehli et al., 2011) where they play distinct functional roles during cell cycle 

activation and differentiation (Pasternak et al., 2014). GSH and hGSH are synthesized 

from its amino acids precursors by a two-step ATP-dependent process (Fig. 1).  

 

 

Figure 1 – Schematic representation of (h)GSH biosynthetic pathway in legumes. Substrates and products of the 

reactions catalyzed by -glutamylcysteine synthetase (ECS), glutathione synthetase (GSH) and homoglutathione 

synthetase (hGSHS) are shown. 

 

 

The first reaction is common to both tripeptides and is catalyzed by the plastid-

located -glutamylcysteine synthetase (ECS, EC 6.3.2.2), whereas specific enzymes 

catalyze the second reaction: glutathione synthetase (GSHS; EC 6.3.2.3) or 

homoglutathione synthetase (hGSHS; EC 6.3.2.23) located either in the plastids or 

cytosol (Galant et al., 2011; Clemente et al., 2012). ECS synthesizes the dipeptide -

glutamylcysteine (EC) from L-glutamate and L-cysteine and regulates the accumulation 

of (h)GSH (Arisi et al., 1997; May et al., 1998; Zhu et al., 1999; Galant et al., 2011; 

Hernandez et al., 2015). Then GSHS or hGSHS catalyze the addition of L-glycine or -

alanine, respectively, to EC. The formation of GSH and hGSH is determined by the 

substrate specificity of the enzyme catalyzing the second step (Klapheck, 1988; Frendo 

et al., 1999; Frendo et al., 2001) and by the availability of the C-terminal amino acid 

(Skipsey et al., 2005). The subcellular localization of the (h)GSH biosynthetic pathway is 

an important feature of the multi-faceted functions of GSH, particularly under 

physiological or stressful conditions. 
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(h)GSH synthesis is influenced by many factors but the ones that are considered 

most important are the activity of ECS and the availability of Cys, although Gly and ATP 

were also shown to affect GSH content (Noctor et al., 2012). The ECS reaction 

represents the rate-limiting step in (h) GSH biosynthesis and is subjected to feedback 

inhibition by GSH (Hernandez et al., 2015).  

The antioxidant properties of GSH arise from the nucleophilic nature of the thiol 

group of its Cys residue (Foyer and Noctor, 2011). (h)GSH intercept and destroy reactive 

oxidative species either by direct interaction or functioning as substrates for enzymes 

with reactive oxygen species (ROS) and reactive nitrogen species (RNS) scavenging 

activities (Becana et al., 2010; Becana et al., 2014). Besides controlling ROS and RNS 

homeostasis, GSH also controls NO bioactivity via the generation of S-nitrosoglutathione 

(GSNO). This NO-adduct acts as a natural NO donor that can be transported in the 

phloem contributing to the transfer of the NO signal over a long distance in plant systems 

(del Rio et al., 2006; Diaz-Vivancos et al., 2015; Arora et al., 2016). GSH may also control 

NO bioactivity by limiting the toxic effect of the highly reactive species peroxynitrite 

(Kirsch et al., 2001) preventing protein nitration (Gross et al., 2013). Furthermore, GSH 

can reversibly form mixed protein disulfides with the Cys residues of proteins in a process 

known as S-glutathionylation, which may protect protein thiols from irreversible oxidation 

under stressful conditions (Colville and Kranner, 2010). 

The positive effect of NO on the transcription of the enzymes involved in GSH 

biosynthetic pathway has been reported. NO stimulates GSH biosynthesis and in this 

manner impacts tolerance against oxidative stress (Innocenti et al., 2007; Kovacs et al., 

2015). The transcription of genes encoding ECS and GSH is up-regulated by NO in M. 

truncatula roots (Innocenti et al., 2007). Besides, it has been shown that the activity of 

the rate-limiting enzyme (ECS) is enhanced by NO (Kim et al., 2004). 

 In section 4.1, we extensively described the available evidence that sustains the 

possible role of the NO-induced MtGS1a inactivation in the nodule antioxidant response. 

This study is dedicated to the characterization of the expression of the genes involved in 

thiol biosynthesis in root nodules under conditions previously shown to lead to increased 

levels of GS nitration. 

 

 

Results 

 

To investigate whether there is a correlation between GS nitration and GSH 

content we started by evaluating the expression of the genes involved in GSH and hGSH 
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biosynthesis under conditions wherein GS nitration is known to be enhanced, namely in 

NO−
3
-treated nodules (Melo et al., 2011).  

Gene-specific primers were designed based on the available M. 

truncatula genomic data (http://www.medicago.org/genome and 

https://mtgea.noble.org/v3/) and used to monitor the accumulation of ECS, GSHS, 

and hGSHS transcripts in root nodules by quantitative real-time PCR (qPCR). 

The results show that NO−
3
 induces the expression of the three enzymes involved 

in GSH synthesis in root nodules. The levels of ECS, GSHS and hGSHS transcripts 

increase 3.5, 2.4 and 2.5 fold, respectively, following NO−
3
 treatment (Fig. 2), which points 

towards a direct correlation between high rates of GS nitration and stimulation of GSH 

biosynthesis.  

 

 
Figure 2 - Quantification ofECS, GSHS, and hGSHS transcripts. Total RNA was extracted from 5 week-old root 

nodules collected from plants treated for 48 h with 10 mM NH4NO3. ECS, GSHS and hGSHS transcripts were quantified 

by qPCR, using equal amounts of cDNA. MtAct-11 was used as housekeeping reference gene (Antoniou et al., 2013). 

Three biological samples, consisting of two individual plants, were used for each analysis. Asterisks indicate a statistically 

significant difference relative to the control condition (*p<0.05, n=3, Student’s t-test). 

 

 

To test whether the observed induction in the expression of ECS, GSHS, and 

hGSHS genes is followed by the accumulation of (h)GSH, we quantified the low 

molecular weight (LMW) thiols in NO−
3
-treated root nodules. 

High-performance liquid chromatography (HPLC) coupled to fluorescence 

detection (Fahey and Newton, 1987) was applied to measure the thiol content in root 

nodules. Thiols were extracted in acidic medium to precipitate proteins and minimize 

oxidation and incubated with dithiothreitol (DTT) prior to thiol derivatization with 

monobromobimane (MBB) at pH 8.0, which is essential to quantify Cys and EC since 

these two thiols rapidly oxidize in the extracts. Pre-incubation with DTT also reduces the 

small quantities of the disulfide forms of (h)GSH as well as GSNO present in the extracts. 
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The highly fluorescent adducts were then separated and quantified by reverse-phase 

HPLC with fluorescence detection. This method allowed the peak base separation of 

different thiols in a single run. It is important to note that even though the isolation of the 

nodule plant fraction was done quickly, we cannot discard the possibility that part of the 

GSH found in nodules is originated from the bacteroids. 

Three LMW thiols were detected: Cys, GSH, and hGSH (Table 1). EC was not 

spotted in the samples examined. GSH was the most abundant thiol detected in the 

samples analyzed, representing 80 % of the total thiol content of wild type nodules. 

Unexpectedly, NO−
3
-treated nodules have a reduced thiol content. In these nodules, GSH 

represents 60 % of total thiols, but the hGSH pool is increased in comparison to non-

treated nodules. 

 

Table 1 – Thiol content in root nodules.  

 
nmol g-1 FW 

Total GSH hGSH Cys 

NO−
𝟑
 

(-) 395 ± 43 313 ± 23 79 ± 7 3.1 ± 0.2 

(+) 251 ± 10 149 ± 9 93 ± 5 9.6 ± 0.6 

NO−
3
 – nitrate; Cys – cysteine; GSH – glutathione; hGSH – homoglutathione; FW – fresh weight.  

The data represent the means of three experiments ± standard error 

 

 

As shown in table 1, Cys was detected in the samples examined but at much 

lower levels (< 4 %) than GSH or hGSH. Interestingly, Cys content is 3 fold higher in 

NO−
3
-fed nodules than in control, which could indicate that NO−

3
 induces an accumulation 

of this (h)GSH precursor. 

The quantification of (h)GSH pools by HPLC analysis shows that GSH is 

significantly less abundant in NO−
3
-fed nodules than in wild type root nodules (Fig. 3). 

The treatment with NO−
3
 caused a 52 % decline in the content of GSH of 5-week old 

nodules while the hGSH content remains unchanged (Fig. 2B). The results obtained 

denote a lack of correlation between transcription of the enzymes GSHS and hGSHS 

and the accumulation of the final product of its enzymatic activity. 
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Figure 3 – Quantification of the total thiol content of M. truncatula root nodules. Thiols were extracted from root 

nodules with 0.1 M HCl, derivatized using monobromobimane and quantified following separation on reverse-phase 

HPLC. GSH and hGSH were quantified in 5 week-old wt nodules collected from plants treated for 48 h with 10 mM 

NH4NO3. Mean values of three biological replicates ± SE are shown. Asterisk indicates a statistically significant difference 

relative to the control situation (*p<0.05, n=3, Student’s t-test). FW, fresh weight. 

 

 

Discussion 

 

Antioxidant defense mechanisms in root nodules are essential to keep ROS and 

RNS under control and allow the onset and functioning of the symbiosis. We proposed 

a model in which GS acts as a key sensor in the NO-mediated coordination of N 

metabolism in root nodules. Hence, the inactivation of MtGS1a by Tyr nitration possibly 

promotes nodule antioxidant responses. To test the proposed model, we analyzed the 

transcription of all three genes involved in (h)GSH biosynthesis and quantified the thiol 

content in NO−
3
-fed nodules that are known to contain increased amounts of nitrated GS. 

NO−
3
 treatment enhances the NO production in root nodules, leads to the inhibition of 

nitrogenase activity (Kato et al., 2010; Horchani et al., 2011) and also increases MtGS1a 

nitration in M. truncatula root nodules (Melo et al., 2011). 

A differential regulation of (h)GSH metabolism by NO in M. truncatula roots has 

previously been reported (Innocenti et al., 2007). Here, we show that in root nodules 

(h)GSH biosynthetic pathway is also modulated by NO. Our data indicates the existence 

of a direct correlation between GS nitration and the up-regulation of GSH biosynthesis, 

supporting the proposed role for GS in the coordination of the nodule antioxidant 

response to NO. However, the expectable accumulation of (h)GSH content was not 

observed. This lack of correlation suggests that either post-transcriptional regulatory 

mechanisms operating on ECS, GSHS, and hGSHS influence (h)GSH accumulation or 

(h)GSH is rapidly consumed by the nodule. Remarkably, Cys accumulates in root 
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nodules upon NO−
3
 treatment. Cys is the rate-limiting substrate for (h)GSH synthesis, but 

it is also essential for numerous metabolic pathways. Cys is usually found at low 

concentrations as it is rapidly converted into other compounds or incorporated into 

proteins (Pivato et al., 2014). Thus, its accumulation, along with the up-regulation of the 

GSH biosynthetic genes after a short-term NO−
3
 supply could indicate that (h)GSH 

biosynthesis is enhanced under this conditions and the lower levels of total (h)GSH 

resulted from its consumption in a manner other than a simple redox cycle.  

The importance of GSH for the cellular metabolism is also associated with its 

capacity to act as a substrate for glutathione-S-transferases (GSTs). In the nodules, 

GSTs can catalyze the conjugation of GSH to nitroso compounds (Eyer and Schneller, 

1983) controlling the damaging effects resulting from the high NO content. Besides, GSH 

could be exported out of the root nodule as GSNO, a mobile NO reservoir, and thus 

disabling its detection in the samples analyzed. 

Another interesting feature concerning thiol content of NO−
3
-fed nodules is the 

proportion of hGSH in the total amount of LMW thiols; hGSH pool is approximately twice 

higher than the detected in wild type nodules. Apparently, NO production induced by 

NO−
3
 treatment favors hGSH synthesis increasing the percentage of this metabolite in 

the total thiol pool. GSH or hGSH biosynthesis is determined by the amino acid specificity 

of the GSH synthetase and the availability of C-terminal amino acids (Colville et al., 

2015). Since the relative expression of GSHS and hGSHS is identical, the accumulation 

of hGSH in NO−
3
 -treated nodules may result from the amount of glycine or alanine 

available for (h)GSH synthesis. Although we cannot exclude a distinct modulation of 

GSHS and/or hGSHS activities mediated by NO. Given the variation of the hGSH/GSH 

ratio induced by NO it is tempting to speculate that this ratio could modulate the 

mechanisms underlying the antioxidant response to NO. 

The typical phenotypic symptoms of senescence observed in root nodules upon 

the treatment with NO−
3  for 48 h could also contribute to explain their reduced thiol 

content. The consumption of GSH during natural or induced senescence is documented 

(Matamoros et al., 2003; Frendo et al., 2013). During senescence, the metals of the 

prosthetic groups of metalloproteins or cofactors can be released by proteases and 

originate highly oxidizing hydroxyl radicals. Phytochelatins (PCs), which are GSH-

oligomers, are crucial to chelation of those heavy metals and to avoid oxidative damage 

(Becana et al., 2010). In legumes, PCs are synthesized from both GSH and hGSH 

(homophytochelatins) by the action of phytochelatin or homophytochelatin synthase 

((h)PCS), respectively. Interestingly, (h)PCS has a higher affinity to GSH (Oven et al., 
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2002), which possibly explains both (h)GSH depletion and the increase in hGSH content 

in NO−
3
-fed nodules. 

The severe stress situation induced by 48 h NO−
3
 treatment is probably beyond 

the root nodule’s capacity to recover. At this point, the mechanisms associated with the 

senescence process most likely overcome the redox antioxidant response since the 

reduction of thiol content linked to natural or induced senescence is a well-documented 

phenomenon (Matamoros et al., 2003; Frendo et al., 2013). Thus, the evaluation of GSH 

content during the course of NO−
3
 treatment could enable the detection of a time point in 

which (h)GSH accumulates and the GSH/GSSG ratio is the major contributor to the 

redox homeostasis. 

 

 

Conclusions  

 

The results indicate a direct correlation between NO content, GS nitration, and 

the GSH biosynthetic pathway. The transcription of ECS, GSHS, and hGSHS is up-

regulated upon NO−
3
 treatment pointing to a boost in the nodule antioxidant metabolism 

induced by NO. However, upon synthesis (h)GSH is probably consumed by the cell for 

detoxifying processes. The analysis of the levels of cysteinylglycine, the first product of 

(h)GSH catabolism, and the levels of protein S-thiolation could provide valuable insights 

into in which manner GSH is consumed in root nodules. Interestingly, NO appears to 

modulate hGSH/GSH ratio in root nodules suggesting an influence of the relative thiol 

content in the nodule antioxidant response.  

 

 

Materials and Methods 

 

Plant material and growth conditions 

 

M. truncatula Gaertn (cv. Jemalong J5) was grown in aeroponic conditions under 

16 h light (22 ºC)/ 8 h dark (19 ºC) cycles and under a light intensity of 150 - 200 mol 

m-2 s-1, in a medium supplemented with 5 mM ammonium nitrate as described by Lullien 

et al. (1987). For nodule induction, the nutrient solution was replaced with fresh nitrogen-

free medium three days before inoculation with S. meliloti GMI 11495 (Meade et al., 



FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

183  

 

1982) wt strain. For the experiment with nitrate, nodulated plants (35 days after 

inoculation) were aeroponically grown for 48 h in a growth medium containing 10 mM 

NH4NO3 before harvesting. All plant material was immediately frozen in liquid nitrogen 

and stored at -80 ºC.  

 

Quantification of the total thiol content of root nodules 

 

The quantification of total thiol content of root nodules was performed in 

collaboration with Julie Hopkins from the Interactions Biotiques et Santé Végétale UMR 

INRA 1301 -CNRS 6243- Université de Nice-Sophia Antipolis, Sophia Antipolis, France. 

Thiols were extracted under acidic conditions, derivatized with monobromobimane 

(MBB) and quantified after separation of the highly fluorescent adducts by reverse-phase 

HPLC as described by Fahey and Newton (1987). Briefly, root nodules were powdered 

using a mortar and pestle under liquid nitrogen and then homogenized (1:4, w/v) in 0.1 

M HCl and thoroughly vortexed. The extracts were cleared by centrifugation (14000 g for 

15 min at 4 ºC) and 75 L of supernatant was mixed with 150 L of 0.1 M Tris-HCl, pH 

8 (containing 1 mM EDTA). The mix pH was adjusted to pH 8 with 0.1 M NaOH and 15 

L of 50 mM DTT was added. The mix was incubated for 1 h at room temperature, 7.5 

L of 200 mM MBB (in acetonitrile) was added, and the mix was further incubated for 15 

min in the dark. Derivatization was stopped by adding 750 µL of 5 % (v/v) acetic acid. 

Samples were centrifuged and filtered and 50 L aliquots were injected on the HPLC. 

The MBB derivatives were resolved on a C18 column (Uptisphere® 3 µm ODB 120 Å, 

Interchim) at a flow rate of 1 mL/min and detected by fluorescence with excitation at 380 

nm and emission at 480 nm. The commercial Cys (Sigma), EC (Sigma), and GSH 

(Sigma) were used as standards. The hGSH used as standard was synthesized by 

Neosystem (Strasbourg, France). 

 

RNA extraction, cDNA synthesis and quantitative real-time PCR 

(qPCR) 

 

Total RNA was isolated from 100 mg of plant tissue, using InviTrap®Spin Plant 

RNA MiniKit (STRATEC Molecular) according to the manufacturer instructions with an 

extra step of on-column DNA digestion. Total RNA concentration and purity were 

determined spectrophotometrically using a Nanodrop spectrophotometer (Thermo 

Scientific), and the integrity was confirmed by gel electrophoresis. 
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One g of total RNA was reverse transcribed, with random hexamers, using NZY 

Reverse Transcriptase (Nzytech, Lda) according to the manufacturer instructions. qPCR 

was performed using an iCycler Thermal Cycler (Bio-Rad) detection system with iQTM 

SYBR® Green Supermix (Bio-Rad). Two replicate PCR amplifications were performed for 

each primer and sample combination, using 50 ng of cDNA and 250 nM of each primer. 

The qPCR conditions were the following: initial denaturation (3 min at 95 ºC), followed 

by 40 cycles of amplification and quantification (10 s at 95 ºC; 30 s at 54 ºC and 30 s at 

72 ºC, with a single fluorescence measurement). A melting curve was generated to verify 

the specificity of the amplification reaction (55 - 95 ºC, with a fluorescence measurement 

every 0.5 ºC). Calculation of the cycle threshold (Ct) and primer efficiency was performed 

using the Bio-Rad CFX Manager Software (version 3.1). The expression level was 

normalized using MtAct-II˛ as a reference gene (Antoniou et al., 2013). Primers were 

designed using Beacon Designer TM software (PREMIER Biosoft) and are listed below: 

 

Table 2 – List of primers used for qPCR. 

 

 

Statistical analysis 

 

Statistical analyses were performed using PRISM 6.0 software (GraphPad 

Software, San Diego, CA). Statistical significance was determined by Student’s t-test, 

assuming equal variance. The results were considered significant if the p-value was 

<0.05. 
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Abstract 

 

Nitric oxide (NO) influences the transcription of a wide set of plant genes. Here, 

we investigated the effects of exogenous NO on the regulation of the main Medicago 

truncatula glutamine synthetase (GS) genes using a set of NO donors and scavengers. 

The accumulation of MtGS2a transcripts in radicles and shoots of M. truncatula seedlings 

decreased upon application of DEA/NO or SIN-1, two commonly used NO donors. 

Additionally, NO depletion by cPTIO, an effective NO scavenger, increased MtGS2a 

accumulation. A detailed examination of the promoter sequences identified several cis-

elements associated with the NO-response, including G-box, WRKY and MYB binding 

sites, in all the M. truncatula GS genes. However, only the expression of MtGS2a was 

found to be significantly affected under the conditions tested. The results obtained 

indicate that NO partially represses the expression of MtGS2a. Taken together our data 

suggests that NO does not play a major role in the transcriptional regulation of the 

cytosolic GS genes of M. truncatula. 

 

 

Introduction  

 

In addition to the direct effect of NO by inducing post-translational modifications 

(PTMs) in proteins, NO bioactivity is also tightly linked to the modulation of gene 

transcription (Farnese et al., 2016; Romero-Puertas and Sandalio, 2016; Zaffagnini et 

al., 2016; Kovacs et al., 2016). The first evidence of a signaling function of NO at the 

transcriptional level in plants was related to its role in mediating defense responses 

against pathogens (Delledonne et al., 1998; Durner et al.,1998). NO is essential to 

modulate the interaction between the Non-expressor of Pathogenesis-Related genes 1 

(NPR1) and TGA transcription factors required for the activation of the expression of 

genes associated with induction or maintenance of systemic immunity (Lindermayr et al., 

2010). 

NO can affect gene transcription by inducing PTM in transcription factors or 

upstream intermediates in signaling pathways, and in this way influence multiple 

physiological processes in plants (Lindermayr et al., 2010; Albertos et al., 2015; Tavares 

et al., 2014; Kovacs et al., 2016; Wang et al., 2015; Feng et al., 2013). Additionally, NO-

induced modifications of the chromatin structure, affect the accessibility of DNA to 

transcription factors (Ou et al., 2015; Chaki et al., 2015). Despite the importance of NO 



190 FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

 

to gene transcription in plants, a general mechanism that coordinates NO sensing across 

multiple developmental processes has only been identified recently (Gibbs et al., 2014). 

The plant-specific group VII ethylene response transcription factors (ERFVII) are 

destabilized by the N-end rule pathway upon S-nitrosylation providing a homeostatic 

mechanism for perception and transduction of NO bioactivity throughout plant growth 

and development (Gibbs et al., 2014; Gibbs et al., 2015). 

Several medium- and large-scale transcriptomic analyses provided the identity of 

hundreds of putative NO-regulated genes in plants. These genes participate in diverse 

functional processes such as signal transduction, defense to biotic and abiotic stresses, 

transport, basic metabolism, and reactive oxygen species production and degradation. 

(Grun et al., 2006; Ferrarini et al., 2008; Besson-Bard et al., 2009; Baudouin, 2011; 

Boscari et al., 2013; Begara-Morales et al., 2014). Transcriptional changes in response 

to NO have been analyzed using different techniques, such as cDNA amplified fragment 

length polymorphism, microarrays, and real-time PCR (Huang et al., 2002; Polverari et 

al., 2003; Parani et al., 2004) and more recently high-throughput sequencing methods 

(i.e. RNA-seq) emerged as useful tools to identify NO-responsive genes (Begara-

Morales et al., 2014). The analysis of the promoter sequences of the genes co-expressed 

after NO treatment revealed an abundance of certain transcription factor binding sites, 

including octopine synthase gene (ocs) elements, G-box elements, bZIP-sites and 

WRKY-sites (Palmieri et al., 2008). The accumulation of GT-1 factor-binding sites was 

also spotted in the promoter sequences of GSNO-responsive genes (Begara-Morales et 

al., 2014). However, the participation of these cis-elements in the NO-mediated 

transcriptional regulation has not yet been validated experimentally. 

Glutamine synthetase (GS) genes were identified as putative NO-responsive 

genes in M. truncatula root nodules and in Arabidopsis leaves by large-scale 

transcriptomic analyses (Ferrarini et al., 2008; Hussain et al., 2016). The fact that NO 

modulates GS transcription in addition to its activity is very interesting since it places NO 

as a molecular regulator of GS at the transcriptional and post-translational levels. The 

current work was undertaken to specifically investigate the effect of NO on the 

transcriptional regulation of each GS gene in M. truncatula and gain insights into a 

possible interaction between GS transcriptional and post-translational regulatory 

networks. 
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Results  

 

Identification of putative NO-responsive elements in the 

promoter region of GS genes in M. truncatula 

 
The Plant Promoter Analysis Navigator (PlantPAN; 

http://PlantPAN2.itps.ncku.edu.tw/) is a useful tool for the detection of transcription factor 

binding sites and other important regulatory elements in a promoter or a set of promoters 

in plants (Chow et al., 2016). Therefore, the sequences of the 5’-upstream regions of 

MtGS1a, MtGS1b, MtGS2a, and MtGS2b were analyzed using this software for the 

presence of the putative cis-elements associated with the NO-response, described by 

Palmieri et al., 2008 (i.e. ACGT box, OCS box and L1 box and W-box consensus 

sequences). This analysis revealed the presence of putative NO-responsive elements in 

the promoter regions of all the M. truncatula GS genes, but in different frequencies and 

positions relative to the transcriptional start site as schematically represented in figure 1.  

ACGT and OCS boxes represent binding sites for the bZIP family of TFs (Kim et 

al., 1997; Alves et al., 2013) the L1BX is known as a binding site for the HD-ZIP IV family 

of TFs (Abe et al. 2001) while W boxes are the binding sites for the WRKY family of TFs 

(Rushton et al. 2010). Of note, bZIP TFs recognize the DNA-binding core motif 

palindromic sequence, ACGT (Kim et al. 1997), contained not only in the A/C/G-type 

(ACGT) boxes but also in the OCS box. A-boxes (TACGTA) precisely located within a 

putative OCS element were found at -177 nt and -2503 nt in MtGS1a promoter and at -

79 nt in MtGS2b promoter. The HD-ZIP class IV TFs binding site consensus sequence 

TAAATG(C/T)A (L1 Box) was identified in MtGS1a and MtGS2a promoter sequences 

located at -1911 nt and at -692 nt, respectively. No L1 box sequences were detected in 

the promoter fragments of MtGS1b and MtGS2a analyzed in this study. Additionally, a 

single DNA binding site for the WRKY factors, (W-box sequence – TTGAC(C/T)), was 

detected in the promoter fragments of MtGS1a and MtGS2b, located at -1976 nt and -

1457 nt, respectively. While three W box repeats were identified in MtGS1b promoter 

(located at -2031 nt, -498 nt and -316 nt) and eight repeats in the promoter sequence of 

MtGS2a (located at -2508, -2349, -2109, -976, -730, -569, -134 and -119 nt).  
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Figure 1 – Schematic representation of the putative cis-elements responsive to NO in the promoter regions of 

GS genes in M. truncatula * indicate the element located either on (+) or (-) strand. Inverse elements and orthodromic 

elements have the same function. 

 
GT-1 is a plant specific transcription factor that may act as a molecular switch in 

response to light signals (Nagata et al., 2010). Two core oligomers (AATTAT and 

AAAACA), described as a GT-1 factor-binding site in Phaseolus vulgaris, were detected 

at least twice in the promoter sequences of GSNO-responsive genes (Begara-Morales 

et al., 2014). The location of these elements in each GS promoter is shown in figure 2. 

Multiple copies of these elements were detected in the promoter region of MtGS genes, 

with a maximum number of copies per strand of twenty-three for AATTAT (MtGS1b 

promoter) and nine for AAAACA (MtGS1a and MtGS1b promoter). The AATTAT copy 

nearest to the start codon was located within 30 and 394 bp upstream. Likewise, the 

AAAACA copy nearest to the start codon was located within -235 and -1025 bp.  

 

Figure 2 – Schematic representation of core elements AATTAT and AAAACA in the promoter regions of M. 

truncatula GS genes. The promoter sequence of each GS genes was analyzed using PLANTPAN (version 2.0) software 

for the presence of AATTAT and AAAACA core elements. | indicates the element located either on plus or minus strand.  
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Using GT-1 factor-binding site sequences as template we searched PlantCare 

(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) and PlantPAN (version 2.0) 

databases in order to find any updated data about their known functions. As a result, we 

found that, in addition of being a silencer in bean embryo (Begara-Morales et al., 2014), 

the AATTAT oligomer was present in other conserved motifs. The element is 

incorporated in a part of a module for light response (AATTATTTTTTATT) described as 

an AT1-motif in Solanum tuberosum and is also included in a binding site 

(CTTAAATTATTTATTT) for a nodule specific transcription factor in Glycine max. No 

conserved motifs similar to the selected oligomers were reported for A. thaliana or M. 

truncatula. 

 

 

Transcriptional regulation of GS genes by NO 

 

To evaluate the effect of NO in the transcription of each individual member of the 

GS gene family, M. truncatula seedlings were treated with two different NO donors: 

diethylammonium (Z)-1-(N,N-diethylamino)diazen-1-ium-1,2-diolate (DEA/NO), that 

spontaneously releases NO under physiological conditions, and 3-

morpholinosydnonimine hydrochloride (SIN-1) a generator of peroxynitrite. As control, 

seedlings were treated with potassium phosphate buffer (KPi).  

The effectiveness of DEA/NO and SIN-1 as NO-producers in seedlings was first 

assessed by checking GS activity in both roots and shoots (Fig. 3). Western blot analysis 

of protein extracts from roots and shoots, using a specific anti-GS antibody revealed that 

GS polypeptide content remains unchanged upon the different treatments. Thus, the 

variations of GS activity detected upon treatment results from PTMs of GS, which is 

known to be inactivated by NO (Melo et al., 2011). A reduction in GS activity was 

detected in shoots after SIN-1 or DEA/NO application (Fig. 3B, 3D) whereas in the roots 

a significant reduction in GS activity was only observed after DEA/NO treatment (Fig. 

3C). This inhibition demonstrates that the application of NO donors is suitable to increase 

the endogenous NO content in the plant tissues. 

GS transcription was then evaluated by qPCR using gene-specific primers in 

roots treated with DEA/NO and in shoots treated with SIN-1. We monitored the 

accumulation of GS transcripts in roots and shoots collected 1 h and 3 h following 

DEA/NO or SIN-1 application in comparison to KPi-treated seedlings, used as control 

(Fig. 4). Only MtGS1a, MtGS1b and MtGS2a were analyzed because MtGS2b is 

exclusively expressed in developing seeds (Seabra et al., 2010). 

 



194 FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

 

 

Figure 3 – Evaluation of GS activity in seedlings treated with two distinct NO donors. Total soluble proteins were 

extracted from roots and shoots collected separately at 1 h (A, B) and 3 h (C and D) after 1 mM DEA/NO, 2 mM SIN-1 or 

100 mM KPi, pH 7.2 application, assayed for GS activity and subjected to SDS-PAGE (10 g per lane) followed by 

immunodetection with a specific anti-GLN1|GLN2 antibody (Agrisera). A representative GS western blot of total soluble 

proteins is shown. GS activity is represented as mean of three biological replicates ± SD, assayed in duplicate. Asterisks 

indicate a statistically significant difference relative to the control (*p<0.05 and **p<0.01, n=3, Student’s t-test). 

 

 

MtGS2a expression was significantly down-regulated by application of the NO 

donors both in roots and shoots (Fig. 4B; 4D; 4E) while no significant alterations were 

detected in the expression of either MtGS1a or MtGS1b, 1 h and 3 h after DEA/NO (Fig. 

2A, 2B) or SIN-1 treatment (Fig. 4D, 4E). The changes observed in the expression of 

MtGS2a are not reflected at the level of GS2 polypeptide content, which was maintained 

at relatively constant levels under the conditions tested (Fig. 3).  
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Figure 4 – Evaluation of the effect of the nitric oxide donors on GS gene expression. Total RNA was extracted from 

M. truncatula seedlings, roots and shoots were separated and collected 1 h, and 3 h after DEA/NO or SIN-1 application. 

MtGS1a, MtGS1b, and MtGS2a transcripts were quantified by real-time quantitative PCR (qPCR) in roots 1 h (A) and 3 h 

(B) after treatment with 1 mM DEA/NO and in shoots 1 h (C) and 3 h (D) after treatment with 2 mM SIN-1. GS expression 

was normalized to that of the housekeeping and is represented as mean of three biological replicates ± SD, assayed in 

duplicate. Asterisks indicate a statistically significant difference relative to the control (*p<0.05, n=3, Student’s t-test).  

 

 

To further investigate whether the decline in the transcription of MtGS2a was 

dependent of NO we evaluated MtGS2a accumulation in roots treated with cPTIO, a 

commonly used NO scavenger (Fig. 5). NO depletion induced an accumulation of 

MtGS2a transcripts in M. truncatula roots, further confirming that the expression of 

MtGS2a is negatively modulated by NO. 

 

 

Figure 5 – Evaluation of the effect of the NO depletion 

on MtGS2a expression. MtGS2a transcripts were 

quantified by real-time quantitative PCR (qPCR) in roots 

treated with 0.5 mM cPTIO. MtGS2a expression was 

normalized to that of the housekeeping gene and is 

represented as mean of three biological replicates ± SD, 

assayed in duplicate. Asterisk indicates a statistically 

significant difference relative to KPi (*p<0.05, n=3, 

Student’s t-test).  
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Discussion 
 

In this study, we investigated the effect of RNS on the transcriptional regulation 

of M. truncatula GS genes. It has been described that NO donors have a different effect 

in different organs of the plant (Begara-Morales et al., 2014), thus we analyzed 

separately roots and shoots of seedlings exposed to NO donors. The involvement of NO 

in the modulation of GS transcription was evaluated using two distinct pharmacological 

NO donors: DEA/NO and SIN-1. DEA/NO is a stable NO-amine complex that 

spontaneously dissociates under physiological conditions releasing 1.5 moles of NO per 

mole of the parent compound. The NO released from DEA/NO mimics physiological NO 

(Hrabie et al., 1993; Keefer et al., 1996). SIN-1 generates approximately equimolar 

amounts of NO• and superoxide radical O−
2
•, which then react with each other producing 

a flux of peroxynitrite (Alvarez and Radi, 2003). We selected these compounds because 

the by-products of NO release from NO-amine complexes and from SIN-1 are 

physiologically inactive. The experiments reported here provide evidence that NO 

negatively modulates MtGS2a expression. The accumulation of MtGS2a transcripts 

drops by 40 % in roots and shoots upon NO treatment. The similar NO-induced response 

in roots and shoots evidence a correlation of responses between the two organs 

suggesting that the mechanisms underlying this NO-specific modulation are present in 

distinct physiological contexts. Noteworthy, DEA/NO and SIN-1 treatment caused similar 

alterations in MtGS2a transcription, which indicates the existence of a critical threshold 

NO level for triggering NO-mediated MtGS2a silencing. This hypothesis is supported by 

the observation that NO depletion up-regulated MtGS2a expression. 

The results reported here also show that the promoter sequences of each 

individual GS gene contain multiple copies of the putative cis-elements (the ACGT box, 

the OCS box, the L1BX, and the W box) known to confer regulation by NO (Palmieri et 

al., 2008). Thus, it was expectable that NO could regulate the expression of all the GS 

genes in M. truncatula. However, in this study, we were only able to identify MtGS2a as 

an NO-responsive gene, which strengthens the importance of the experimental 

validation of the functionality of such putative cis-elements.  

MtGS1b has been identified as an NO-responsive gene in young nodules of M. 

truncatula (Ferrarini et al., 2008) however, no significant alterations on the accumulation 

of MtGS1b transcripts were detected in this study. A possible explanation relies on the 

fact that not all metabolic responses induced by NO donors are reliable and/or 

reproducible (Ederli et al., 2009). This represents one of the major limitations to the study 

of NO-induced gene responses and impairs the comparison of the results obtained in 
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different experimental systems. Alternatively, the effects of NO on the expression of 

MtGS1b could be driven by organ-specific regulatory elements, which are exclusively 

present in root nodules. Therefore, our findings that the expression of MtGS1b is not 

affected by NO in seedlings probably indicate the existence of a differential NO-response 

between roots, shoots and root nodules mediated by distinct organ-specific transcription 

factors.  

It would be interesting to perform a functional analysis of the MtGS2a promoter 

to evaluate the importance of the identified cis-regulatory elements for the response to 

NO. This would require sequential deletions of the promoter in order to spot the specific 

cis-responsive elements. Unfortunately, the response of MtGS2a to NO was not 

sufficiently high to encourage this laborious search. This type of approach is generally 

employed in genes which expression is more strongly induced. 

 

 

Conclusions 

 

 The promoter sequences of MtGS1a, MtGS1b and MtGS2a contain at least one 

copy of putative cis-elements responsive to NO and GSNO, however, only the 

expression of MtGS2a was found to be significantly affected by NO under experimental 

conditions. The transcription of MtGS2a was found to be negatively modulated by NO 

both in roots and in shoots. Taken together, these results suggest that the regulatory role 

of NO on the GS family of M. truncatula occurs mainly at a post-translational level. 

 

 

Materials and Methods 

 

Plant material and growth conditions 

 

Two- week old seedlings grown on soft agar growth media (1 mM CaCl2, 0.25 

mM MgSO4, 0.55 mM K2SO4, 2.5 mM KH2PO4, 2.5 mM K2HPO4, 50 μM Fe-EDTA, 10.6 

M MnSO4, 3.2 M CuSO4, 0.7 M ZnSO4, 30 M H3BO3, 1 M Na2MoO4 and 84 nM 

CoCl2.6H2O, pH 7.0) supplemented with 5 mM NH4NO3, were transferred to a solution 

containing 1 mM diethylammonium (Z)-1-(N,N-diethylamino)diazen-1-ium-1,2-diolate 

(DEA/NO) or 2 mM 3-morpholinosydnonimine hydrochloride (SIN-1) in 100 mM 

potassium phosphate buffer (KPi), pH 7.2. As control, seedlings were exposed to buffer 
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solutions without any NO donor added. After 1 h and 3 h of incubation, the seedlings 

were separated into shoots and roots. Three pools of 5 - 10 seedlings were collected 

independently. All plant material was immediately frozen in liquid nitrogen and stored at 

-80 ºC. Plants used were maintained in a growth chamber under 16 h light (22 ºC) / 8 h 

dark (19 ºC) cycles and a light intensity 150 - 200 mol m-2 s-1. 

 

Protein extraction from plant tissues 

 

Plant material was homogenized at 4 ºC in a mortar and pestle with 2 volumes of 

extraction buffer (phosphate-buffered saline (PBS), pH 7.4; 0.05 % (v/v) TritonTM X-100; 

1 mM phenylmethylsulfonylfluoride) and centrifuged at 20000 g for 20 min at 4 ºC. 

Soluble protein concentration was measured by the Coomassie dye binding assay (Bio-

Rad) using bovine serum albumin as the protein standard.  

 

Determination of GS activity  

  

GS activity was determined spectrophotometrically by measuring the formation 

of -glutamyl hydroxamate as described by Cullimore and Sims (1980). One unit of 

activity is equivalent to -glutamyl hydroxamate at 1 mol min–1 produced per total 

amount of protein (g–1) at 30 °C. 

 

Gel electrophoresis and western blot analysis 

  

 Proteins were separated by 12 % (w/v) SDS-polyacrylamide gel electrophoresis 

(SDS-PAGE) and electrotransferred onto nitrocellulose membranes (Whatman®) using 

a Criterion Blotter from Bio-Rad. After transfer, membranes were blocked for 1 h with 3 

% (w/v) milk in PBS with 0.1 % (v/v) Tween® 20 (PBST). Immunodetection of GS 

polypeptides was performed using an anti-GLN1|GLN2 antibody (AS08 295, Agrisera, 

1:10000 in 3 % (w/v) milk PBST, 2 h at room temperature) and a goat anti-rabbit 

peroxidase conjugated antibody (sc-2004, Santa Cruz Biotechnology, 1:5000 in 3 % 

(w/v) milk PBST, 1 h at room temperature) as a secondary antibody. The 

immunocomplexes were visualized using ECLTM (GE Healthcare, Lifesciences) detection 

systems and the chemiluminescent blots were imaged with a ChemiDoc MP imager (Bio-

Rad). 
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RNA extraction, cDNA synthesis and quantitative real-time PCR 

(qPCR) 

 

Total RNA was isolated from 100 mg of plant tissue, using InviTrap®Spin Plant 

RNA MiniKit (STRATEC Molecular) according to the manufacturer instructions with an 

extra step of on-column DNA digestion. Total RNA concentration and purity were 

determined spectrophotometrically using a Nanodrop spectrophotometer (Thermo 

Scientific), and the integrity was confirmed by gel electrophoresis.  

One g of total RNA was reverse transcribed, with random hexamers, using NZY 

Reverse Transcriptase (Nzytech, Lda) according to the manufacturer instructions.  

qPCR was performed using an iCycler Thermal Cycler (Bio-Rad) detection system with 

iQTM SYBR® Green Supermix (Bio-Rad). Two replicate PCR amplifications were 

performed for each primer and sample combination, using 50 ng of cDNA and 250 nM 

of each primer. The qPCR conditions were the following: initial denaturation (3 min at 95 

ºC), followed by 40 cycles of amplification and quantification (10 s at 95 ºC; 30 s at 54 

ºC and 30 s at 72 ºC, with a single fluorescence measurement). A melting curve was 

generated to verify the specificity of the amplification reaction (55 - 95 ºC, with a 

fluorescence measurement every 0.5 ºC). Calculation of the cycle threshold (Ct) and 

primer efficiency was performed using the Bio-Rad CFX Manager Software (version 3.1). 

The expression level was normalized using the housekeeping genes MtElf1 (Jain et al., 

2006) or MtAct-II (Antoniou et al., 2013). Primers were designed using Beacon Designer 

TM software (PREMIER Biosoft) and are listed below: 

 
Table 1 – List of primers for qPCR. 

 

 

Statistical analysis 

 
Statistical analyses were performed using PRISM 6.0 software (GraphPad 

Software, San Diego, CA). Statistical significance was determined by Student’s t-test, 

assuming equal variance. The results were considered significant if the p-value was 

<0.05. 
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6.1 – Possible role of glutamine synthetase of 

the prokaryotic type (GSI-like) in nitrogen 

signaling in Medicago truncatula 

 

 

The results have been published in: 

 

Liliana S. Silva, Ana R. Seabra, José N. Leitão and Helena G. Carvalho Possible role 

of glutamine synthetase of the prokaryotic type (GSI-like) in nitrogen signaling in 

Medicago truncatula. Plant Science (2015) 240: 98–108. 
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6.2 – Evaluation of the effects of nitric oxide 

on the expression of the members of the 

Medicago truncatula GSI-like gene family 

 

 

Abstract 

 

Nitrogen (N) / nitric oxide (NO) / phytohormone crosstalk is recognized as an 

important modulator of root organogenesis but its molecular mechanisms are far from 

being completely understood. We have shown that GSI-like proteins possibly participate 

in N-sensing and signaling associated with root lateral organ formation in Medicago 

truncatula. To gain insights into the possible participation of GSI-like as contributing 

factors to the regulatory network underlying root formation, we evaluated the effect of 

NO on the transcriptional regulation of the MtGSI-like gene family. Using clonal roots 

harboring transcriptional fusions between the 5´-upstream regions of MtGSIa or MtGSIb 

and the reporter gene gusA, encoding -glucuronidase (GUS), we investigated the 

impact of NO donors and scavengers on the expression of MtGSI-like genes. 

Quantification of GUS activity driven by MtGSIa or MtGSIb promoter fragments, and the 

analysis of endogenous MtGSI-like transcripts by qPCR, revealed that endogenous NO 

negatively modulates both MtGSIa and MtGSIb. These observations suggest that 

MtGSI-like does not only play a role in N sensing but could also participate in NO-derived 

signal transduction. The finding that GSI-like may participate in N/NO/phytohormone 

crosstalk in M. truncatula opens new avenues to explore the role of this proteins in both 

lateral root and root nodule organogenesis. 

 

 

Introduction 

  

Nitric oxide (NO) is a key regulator of the hormonal signaling cascade leading to 

root organogenesis (reviewed in Correa-Aragunde et al. (2016)). Recently a protein 

homologous to prokaryotic glutamine synthetase type I (GSI) has been implied in lateral 

root formation in Arabidopsis (Doskocilova et al., 2011). Thus our studies were extended 

to GSI-like genes in M. truncatula. 
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The key involvement of NO in root organogenesis is now well established 

(Corpas and Barroso, 2015). NO inhibits primary root elongation and promotes lateral 

root (LR) growth; adventitious roots and induces root hair formation (Correa-Aragunde 

et al., 2004; Pagnussat et al., 2002; Lombardo et al., 2006; Moro et al., 2017). The 

promotion or inhibition of root growth mostly depends on NO concentration and/or the 

experimental conditions (Sun C. et al., 2015; Sun H. et al., 2015). Recently it has been 

suggested that NO−
3

 regulates root growth and root architecture by fine-tuning NO 

production and scavenging through the synchronized activities of nitrate reductase (NR) 

and phytoglobins (Trevisan et al., 2011; Manoli et al., 2014; Manoli et al., 2016; Sun H. 

et al., 2015). Beyond its importance as a nutrient, NO−
3
 also acts as a signal by altering 

endogenous NO levels and being involved in the regulation of nitrogen (N) acquisition, 

distribution and metabolism (Kaiser and Huber, 2001; Sun H. et al., 2015; Rosales et al., 

2011). Several studies highlighted a role for NO in N assimilation pointing out its 

importance as a regulator of the first steps in the nitrate-sensing pathway (Jin et al., 

2009; Rosales et al., 2011; Sanz-Luque et al., 2013; Frungillo et al., 2014). Nevertheless, 

the mechanisms by which NO modulates N acquisition in response to N-availability 

remain poorly understood. Interestingly, it has also been shown that NO induce LR 

formation in tomato through the modulation of the expression of cell cycle regulatory 

genes in tomato pericycle cells (Correa-Aragunde et al., 2006). Thus, it is conceivable 

that NO could play a similar role in the regulation of lateral root organ formation in M. 

truncatula. 

The studies presented in this chapter are dedicated to the evaluation of the effect 

of NO on the transcriptional modulation of the MtGSI-like gene family. 

 

 

Results 

 

To investigate the effect of NO on the transcription of MtGSIa and MtGSIb we 

quantified GUS activity driven by the MtGSIa or MtGSIb promoters in transgenic roots 

exposed to NO donors and scavengers. The pMtGSIa::GUS and pMtGSIb::GUS 

transcriptional fusions (described in 6.1) were introduced into M. truncatula via A. 

rhizogenes-mediated transformation. Then the transgenic hairy roots were clonally 

propagated and used to evaluate the effect of NO on the expression of MtGSI genes. 

SIN-1 (3-morpholinosydnonimine hydrochloride) and DEA/NO (diethylammonium (Z)-1-

(N,N-diethylamino)diazen-1-ium-1,2-diolate) were used as NO donors and cPTIO (2-(4-
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Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide) as NO scavenger. As 

control, clonal roots were treated with 100 mM potassium phosphate buffer (KPi), pH 

7.2.  

The-Glucuronidase (GUS) assay is generally used to report the activity of 

various promoters mainly because it is a simple method and, with few exceptions, plants 

lack GUS activity. The standard fluorimetric assay is based on a linear rate of substrate 

(4-methylumbelliferyl--D-glucuronide) hydrolysis as a function of time and the 

enzymatic activity of GUS is expressed in nmol of 4-methylumbelliferone (4-MU, product 

released) per minute per g of protein.  

 

 

Figure 1 – Evaluation of the effect of NO donors or scavengers in GUS activity of transgenic roots. Fluorimetric 

GUS activities were quantified in proteins extracts from clonal roots treated with 1 mM DEA/NO, 2 mM SIN, or 0.5 mM 

cPTIO for 3 h (A) and 24 h (B). 0.5 g of soluble proteins was used for the GUS assay. GUS activity was normalized to 

that found in control samples (KPi) and is represented as means ± SD of three biological replicates assayed in duplicate. 

The average initial GUS activities are indicated in table 1. Asterisks indicate a statistically significant difference relative to 

the control (KPi) (**p<0.01, n=3, Student’s t-test). 

 

 

Fluorimetric GUS activities were measured in roots treated with SIN-1, DEA/NO 

or cPTIO for 3 h and 24 h and compared to those detected in control (Fig. 1). No 

significant differences were detected in GUS activity driven by both promoters following 

3 h and 24 h treatment with NO donors or scavenger (Fig. 1A and 1B). However, the 

exposition to cPTIO for 24 h enhances GUS activity in the transgenic roots carrying 

pMtGSIb::GUS fusion (Fig. 1B). GUS activities ranged from 1.1 to 5.1 nmol 4-MU min-1 

mg-1 in the three independent lines harboring pMtGSIa::GUS transcriptional fusion and 

from 7.4 to 8.6 nmol 4-MU min-1 mg-1 in the lines harboring pMtGSIb::GUS fusion (Table 

1). The high variation in GUS activity observed in the three pMtGSIa::GUS transgenic 

lines probably results from differences in the copy number of the transgene present in 

each line. Additionally, the chromosomal location of the transgene insertion into the plant 

genome may affect its methylation and subsequent expression of the reporter gene. 
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Table1 – GUS activity in transgenic root extracts. 

 
GUS activity 

(nmol 4-MU min-1mg-1) 

 #1 #2 #3 

pMtGSIa::GUS 5.1 ± 0.1 2.2 ± 0.3 1.1 ± 0.1 

pMtGSIb::GUS 7.7 ± 0.5 7.4 ± 1.9 8.6 ± 0.9 

 

 

To evaluate whether the changes in GUS activity were indeed associated with a 

transcriptional modulation and not with possible NO-induced modifications of GUS 

protein, the transcription of MtGSI-like genes was specifically quantified by qPCR using 

gene specific primers (Fig. 2). The transcription of MtGSIa and MtGSIb was quantified in 

clonal transgenic roots harboring pMtGSIa::GUS or pMtGSIb::GUS transcriptional 

fusions, treated for 24 h with KPi, DEA/NO, SIN-1 or cPTIO (Fig. 2).  

The expression of both MtGSIa and MtGSIb was found to be enhanced by cPTIO 

and was not affected by DEA/NO or SIN-1 (Fig. 2). The up-regulation of MtGSIa and 

MtGSIb transcripts by cPTIO indicates that endogenous NO acts as a negative 

modulator for the expression of both genes.  

 

Figure 2 – Evaluation of the effect of the nitric oxide donors on GSI gene expression. MtGSIa and MtGSIb transcripts 

were quantified by real-time quantitative PCR (qPCR) in clonal transgenic roots harboring the transcriptional fusion 

pMtGSIa::GUS or pMtGSIb::GUS exposed to 100 mM KPi, pH 7.2; 1 mM DEA/NO, 2 mM SIN-1 or 0.5 mM cPTIO for 24 

h. MtGSI-like expression in each sample was normalized to that of the housekeeping gene and is represented as mean 

± SD of three biological replicates, assayed in duplicate. Asterisks indicate a statistically significant difference relative to 

the control (KPi) (**p<0.01, n=3, Student’s t-test).  
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Discussion 
 

M. truncatula contains three genes encoding GSI-like proteins (MtGSIa, MtGSIb, 

and MtGSIc) and two encoding FluG-like proteins (MtNodGSa and MtNodGSb). MtGSIa 

and MtGSIb are chiefly expressed in roots in which they probably play a role in N sensing 

and/or signaling related to the formation of lateral root organs. Given the importance of 

NO in the formation of root-derived lateral organs, the spatiotemporal expression of 

MtGSI-like in root systems and their proposed role in root and root nodule 

organogenesis, it is reasonable to assume that NO could somehow participate in the 

regulation of MtGSI-like proteins (chapter 6.1). Here, we investigate a possible 

involvement of NO in controlling the transcription of MtGSI-like. The effects of NO on the 

expression of the MtGSI-like genes was assessed first by determination of the GUS 

activity driven by MtGSIa and MtGSIb promoters and then confirmed by direct 

quantification of the endogenous MtGSI-like transcripts by qPCR.  

The direct analysis of MtGSI-like mRNAs showed that a depletion of NO leads to 

an accumulation of both MtGSIa and MtGSIb transcripts. The discrepancy observed 

between the MtGSIa promoter-driven GUS activity and the accumulation of endogenous 

MtGSIa transcripts, in response to cPTIO, could indicate that the cis-regulatory elements 

required for the NO-response are not present within the MtGSIa promoter fragment used. 

Up-regulation of MtGSIa and MtGSIb upon NO depletion indicates that endogenous NO 

acts as a negative modulator of MtGSIa and MtGSIb. The finding that the transcription 

of both MtGSIa and MtGSIb is not affected by the application of NO donors supports the 

notion that MtGSI-like transcription is repressed by basal levels of NO.  

MtGSIa and MtGSIb are specifically expressed in the dividing cells of the 

pericycle, located in front of the protoxylem poles, and their expression is increased at 

the initial stages of lateral roots and root nodule formation. The specific spatial and 

temporal patterns of MtGSI-like expression support a function related to N-signaling 

processes underlying both root nodule and lateral root formation. Furthermore, the 

expression pattern of MtGSIa and MtGSIb also suggest that the genes are prone to be 

regulated by phytohormones, particularly auxin, which is a key regulator of root-derived 

lateral organ formation.  

Lateral root organ formation is a complex and highly regulated process that 

includes several control growth points. Auxin is described as a morphogenetic trigger 

that specifies pericycle cells for lateral root organ initiation (Dubrovsky et al., 2011). 

Interestingly, auxin plays an essential regulatory role in the modulation of root 

architecture in response to N availability (Krouk et al., 2010). The auxin-promoted 
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processes of lateral root organogenesis are strictly dependent of NO (Kolbert et al., 2008; 

Freschi, 2013; Sanz et al., 2015; Pii et al., 2007). NO act as a downstream element in 

the auxin signaling pathway: auxin triggers NR-dependent NO generation under specific 

temporal and spatial contexts (Freschi, 2013; Sanz et al., 2015).  

Synergistic effects of auxin and NO have been observed during the regulation of 

lateral root organ formation (reviewed in Freschi (2013)). It has been shown that the 

removal of NO by scavengers significantly decreases typical auxin-dependent root 

responses (Pagnussat et al., 2002; Correa-Aragunde et al., 2006). The reduction of 

endogenous NO content in tomato seedlings by cPTIO leads to the formation of a root 

system containing elongated primary root and almost no lateral roots (Correa-Aragunde 

et al., 2004). It has been also shown that NO induces LR formation in tomato through 

the modulation of the expression of cell cycle regulatory genes in tomato pericycle cells 

(Correa-Aragunde et al., 2006). Likewise, NO depletion by cPTIO or by the 

overexpression of the bacterial flavohemoglobin under the control of a nodule-specific 

promoter triggers the downregulation of plant genes involved in nodule development and 

cause a significant delay in nodule appearance (del Giudice et al., 2011). On the other 

hand, NO levels must be kept under a certain threshold since high concentrations of NO 

affect rootward auxin transport which impairs lateral root formation (Sanz et al., 2014). 

Despite several studies demonstrating that an N/NO/phytohormone crosstalk exists, the 

molecular mechanisms and gene network involved in such crosstalk are still poorly 

understood. MtGSIa and MtGSIb are strongly expressed in the root pericycle cells, 

wherein auxin accumulates, and its expression is stimulated by NO depletion, therefore, 

it is very tempting to speculate a possible role of MtGSI-like proteins in the modulation 

of both lateral root and root nodule organogenesis in response to auxin and/or NO 

signals. Further investigation is necessary to clarify the role of MtGSI proteins in root-

derived lateral organ formation and to fully understand the molecular mechanisms 

underlying the effects of NO in those processes. 

 

 

Conclusions  

 
This study evidences the involvement of endogenous NO in the regulation of the 

constitutive expression of MtGSI-like genes. The finding that MtGSI-like proteins are 

possibly involved in both N sensing and in the transduction of the NO signal is highly 

interesting and further strengthens the idea that GS of the prokaryotic type is involved in 

lateral root organ formation.  
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Materials and Methods  

 

Bacterial strains and growth conditions 

 

DH5 were grown at 37 ºC in LB medium (1 % (w/v) bacto tryptone; 0.5 % (w/v) 

yeast extract; 1 % (w/v) NaCl, pH 7.0). Agrobacterium rhizogenes were grown at 28 ºC 

in tryptone yeast extract medium (0.5 % (w/v) Bacto tryptone, 0.3 % (w/v) Yeast extract, 

pH 7.2) supplemented with 6 mM CaCl2 (TY medium). When necessary antibiotics were 

added to the growth medium at following concentrations: 600 g/mL streptomycin; 10 

g/mL tetracycline; 50 g/L kanamycin. For LB or TY solid agar plates 1.5 % (w/v) bacto 

agar was added.  

 

Table 2 – The main characteristics of the bacterial strains used in this study. 

 

 

A. rhizogenes-mediated transformation of M. truncatula 

 

A. rhizogenes were co-transformed with the carrier vector pSOUP (Hellens et al., 

2000), which provide the replicase function for the pSa replication origin of pGreen, and 

pMtGSIa:pGreenI0029:GUS or pMtGSIb:pGreenI0029:GUS. 

To prepare A. rhizogenes competent cells a single colony was inoculated into 5 

mL of TY medium supplemented with streptomycin and incubated at 28 °C at 200 rpm. 

Two mL of this overnight culture were used to inoculate 50 mL of fresh TY medium and 

incubated at 28 °C at 200 rpm until an OD600nm reached 0.5 - 1.0. A. rhizogenes cells 

were then collected by centrifugation at 3500 g for 5 min at 4 °C and gently resuspended 

in 1 mL of ice-cold 20 mM CaCl2. For transformation 1 g of each plasmid was added to 

100 mL of competent cells and mixed gently. The cells were incubated on ice for 5 min, 

flash frozen in liquid nitrogen and then subjected to heat shock at 37 °C for 5 min. After 

the heat shock, 1 mL of TY was added and the cells were further incubated at 28 °C for 

3 - 4 hours. For selection, the cells were then plated on TY medium agar plates 

containing streptomycin and kanamycin. 
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The binary vectors pMtGSIa::pGreen0029:GUS or pMtGSIb::pGreen0029:GUS 

were introduced into Agrobacterium rhizogenes strain ARqua1 (Quandt et al., 1993) and 

used for M. truncatula root transformation by the method described in (Boisson-Dernier 

et al., 2001). Briefly, M. truncatula genotype Jemalong A17 seeds were scarified in 

concentrated H2SO4 for 12 min, rinsed five times with distilled water and surface 

sterilized for 3 min in 12 % (w/v) NaClO. After washing with sterile water, seeds were 

spread on 0.8 % (w/v) agar plates and incubating overnight at 18 ºC in the dark to ensure 

uniform germination. When seedlings had a radicle length of approximately 1 cm, 

approximately 20 h after germination, the radicle was sectioned approximately 3 mm 

from the root tip and inoculated with A. rizogenes strain ARqua1 harboring 

pMtGSIa:pGreenI0029:GUS or pMtGSIb:pGreenI0029:GUS construct. The inoculated 

seedlings were placed in square Petri dishes (12 × 12 cm) on slanted agar containing a 

modified Fahräeus medium (1 mM CaCl2, 0.5 mM MgSO4, 0.7 mM KH2PO4, 0.8 mM 

Na2HPO4, 50 μM FeEDTA, 0.5 mM NH4NO3, pH 6.5, complemented with 0.1 g/L of 

MnSO4, CuSO4, ZnSO4, H3BO3, and Na2MoO4) supplemented with 15 mg/L kanamycin. 

The plates containing the inoculated seedlings were partially sealed and placed slightly 

inclined from the vertical in a growth chamber at 20 °C under 16 h light/ 8 h dark cycles 

and a light intensity of 150 - 200 mol m-2 s-1. After seven days plates were transferred 

to 25 ºC under identical conditions.  

 

Propagation of M. truncatula transgenic hairy roots and 

treatments with NO donors or scavengers 

 

Approximately 3 weeks following inoculation of M. truncatula seedlings by A. 

rhizogenes, transgenic hairy roots of approximately 1 to 2 cm in length were excised 

from transformed plants and subcultured every 2 weeks in horizontal Petri dishes (9 cm 

diameter) at 25 °C on M medium, pH 5.5 (3 mM MgSO4, 0.79 mM KNO3, 0.87 mM KCl, 

1.22 mM Ca(NO3)2, 35 M KH2PO4, 21.7 M FeEDTA, 4.5 M KI, 30.3 M MnCl2, 9.2 

M ZnSO4, 24 M H3BO3, 0.5 M CuSO4, 40 M glycin, 0.3 M thiamin-HCl, 0.5 M 

pyridoxine-HCl, 4 M nicotinic acid, 277 M myo-inositol supplemented with 1 % (w/v) 

sucrose (Bécard and Fortin, 1988) containing 15 mg/L kanamycin and 0.3 % (w/v) 

Phytagel. A. rhizogenes contamination was eliminated by including the antibiotic 

Augmentin (amoxicillin sodium/clavulanate potassium 5:1, Duchefa, Biochemie, 

Netherlands) at successive concentrations of 400, 200, and 0 mg per liter. 
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For chemical treatments, transgenic roots were carefully detached from phytagel and 

gently placed into a moistened filter-paper in a new petri dish (9 cm diameter). Five mL 

of 1 mM DEA/NO, 2 mM SIN-1 or 0.5 mM cPTIO (Santa Cruz Biotechnology) were 

applied to the roots. All solutions were freshly prepared in 100 mM potassium phosphate 

buffer (KPi), pH 7.2. As control roots were exposed to 100 mM KPi, pH 7.2. After 3 h or 

24 h incubation, the treated roots were transferred to absorbent paper to remove any 

excess of the solution and immediately frozen in liquid nitrogen and stored at -80 ºC. 

 

GUS assay 

 

GUS activities were quantified by the fluorimetric assay as described by Jefferson 

et al. (1987).  

The transgenic roots were powdered under liquid nitrogen, homogenized in GUS 

extraction (50 mM NaHPO4, pH 7.0; 10 mM DTT; 10 mM Na2EDTA; 0.1 % (v/v) sodium 

laurylsarcosine; 0.1 % (v/v) TritonTM X-100) and centrifuged at 20000 g for 10 min at 4 

ºC. Soluble protein concentration was measured by Coomassie dye-binding assay (Bio-

Rad) using bovine serum albumin as protein standard. 

Enzymatic reactions were performed using 0.5 g of total protein extract with 1 

mM 4-methylumbelliferyl--D-glucuronide (4-MUG) as substrate (Biosynth, Switerzland) 

on a 96-well black plate (µCLEAR®, PS, F-bottom, non-binding, Greiner, Frickenhausen, 

Germany). The reaction was started with the addition of 50 L of freshly prepared 3 mM 

4-MUG to 250 L of a reaction mix containing 0.5 g protein diluted in GUS extraction 

buffer. After exactly 0, 5, 10, 15, and 20 min a 50 L aliquot of each reaction was 

transferred to the corresponding well containing 25 L of stop reagent (1 M Na2CO3). All 

samples were assayed in duplicate. The reaction product, 4-methylumbelliferone (4-

MU), was detected by fluorescence with excitation at 380 nm and emission at 480 nm 

using a microplate fluorometer (Synergy, Biotek). Standard curves were generated by 

serial dilutions of commercial 4-MU in stop reagent (0, 50 nM, 100 nM, 250 nM, 500 nM, 

1 M and 2 M per well) and used to quantify the amount of 4-MU per unit of time (nmol 

4-MU min-1). Values of GUS activity are presented in nmol 4-MU min-1 (mg protein)-1. 

 

RNA extraction, cDNA synthesis and quantitative real time PCR 

(qPCR) 

 

Total RNA was isolated from 100 mg of plant tissue, using InviTrap®Spin Plant 

RNA MiniKit (STRATEC Molecular) according to the manufacturer instructions with an 
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extra step of on-column DNA digestion. Total RNA concentration and purity were 

determined spectrophotometrically using a Nanodrop spectrophotometer (Thermo 

Scientific), and the integrity was confirmed by gel electrophoresis. 

One g of total RNA was reverse transcribed, with random hexamers, using NZY 

Reverse Transcriptase (Nzytech, Lda) following manufacturer’s instructions. qPCR was 

performed using an iCycler Thermal Cycler (Bio-Rad) detection system with iQTM SYBR® 

Green Supermix (Bio-Rad). Two replicate PCR amplifications were performed for each 

primer and sample combination using 50 ng of cDNA and 250 nM of each primer. The 

qPCR conditions were the following: initial denaturation (3 min at 95 ºC), followed by 40 

cycles of amplification and quantification (10 s at 95 ºC; 30 s at 54 ºC and 30 s at 72 ºC, 

with a single fluorescence measurement). A melting curve was generated to verify the 

specificity of the amplification reaction (55 - 95 ºC, with a fluorescence measurement 

every 0.5 ºC). Calculation of the cycle threshold (Ct) and primer efficiency was performed 

using the Bio-Rad CFX Manager Software (version 3.1). The expression level was 

normalized using the housekeeping gene MtAct-II (Antoniou et al., 2013). Primers were 

designed using Beacon Designer TM software (PREMIER Biosoft) and are listed below: 

  

Table 3 – List of primers for qPCR. 

 
 

Statistical analysis 

 

Statistical analyses were performed using PRISM 6.0 software (GraphPad 

Software, San Diego, CA). Statistical significance was determined by Student’s t-test, 

assuming equal variance. The results were considered significant if the p-value was 

<0.05. 

 

 

 

 

 

 



FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

229  

 

References 

 

Antoniou C, Filippou P, Mylona P, Fasoula D, Ioannides I, Polidoros A, Fotopoulos V (2013) 
Developmental stage- and concentration-specific sodium nitroprusside application 
results in nitrate reductase regulation and the modification of nitrate metabolism in leaves 
of Medicago truncatula plants. Plant Signal Behav 8 

Bécard G, Fortin JA (1988) Early events of vesicular–arbuscular mycorrhiza formation on Ri T-
DNA transformed roots. New Phytologist 108: 211-218 

Boisson-Dernier A, Chabaud M, Garcia F, Becard G, Rosenberg C, Barker DG (2001) 
Agrobacterium rhizogenes-transformed roots of Medicago truncatula for the study of 
nitrogen-fixing and endomycorrhizal symbiotic associations. Mol Plant Microbe Interact 
14: 695-700 

Corpas FJ, Barroso JB (2015) Functions of Nitric Oxide (NO) in Roots during Development and 
under Adverse Stress Conditions. Plants 4: 240-252 

Correa-Aragunde N, Graziano M, Chevalier C, Lamattina L (2006) Nitric oxide modulates the 
expression of cell cycle regulatory genes during lateral root formation in tomato. J Exp 
Bot 57: 581-588 

Correa-Aragunde N, Graziano M, Lamattina L (2004) Nitric oxide plays a central role in 
determining lateral root development in tomato. Planta 218: 900-905 

del Giudice J, Cam Y, Damiani I, Fung-Chat F, Meilhoc E, Bruand C, Brouquisse R, Puppo 
A, Boscari A (2011) Nitric oxide is required for an optimal establishment of the Medicago 
truncatula-Sinorhizobium meliloti symbiosis. New Phytol 191: 405-417 

Doskocilova A, Plihal O, Volc J, Chumova J, Kourova H, Halada P, Petrovska B, Binarova 
P (2011) A nodulin/glutamine synthetase-like fusion protein is implicated in the regulation 
of root morphogenesis and in signalling triggered by flagellin. Planta 234: 459-476 

Dubrovsky JG, Napsucialy-Mendivil S, Duclercq J, Cheng Y, Shishkova S, Ivanchenko MG, 
Friml J, Murphy AS, Benková E (2011) Auxin minimum defines a developmental 
window for lateral root initiation. New Phytologist 191: 970-983 

Freschi L (2013) Nitric oxide and phytohormone interactions: current status and perspectives. 
Front Plant Sci 4: 398 

Frungillo L, Skelly MJ, Loake GJ, Spoel SH, Salgado I (2014) S-nitrosothiols regulate nitric 
oxide production and storage in plants through the nitrogen assimilation pathway. Nat 
Commun 5: 5401 

Hellens RP, Edwards EA, Leyland NR, Bean S, Mullineaux PM (2000) pGreen: a versatile and 
flexible binary Ti vector for Agrobacterium-mediated plant transformation. Plant Mol Biol 
42: 819-832 

Jefferson RA, Kavanagh TA, Bevan MW (1987) GUS fusions: beta-glucuronidase as a sensitive 
and versatile gene fusion marker in higher plants. Embo j 6: 3901-3907 

Jin CW, Du ST, Zhang YS, Lin XY, Tang CX (2009) Differential regulatory role of nitric oxide in 
mediating nitrate reductase activity in roots of tomato (Solanum lycocarpum). Annals of 
botany 104: 9-17 

Kaiser WM, Huber SC (2001) Post-translational regulation of nitrate reductase: mechanism, 
physiological relevance and environmental triggers. J Exp Bot 52: 1981-1989 

Kolbert Z, Bartha B, Erdei L (2008) Exogenous auxin-induced NO synthesis is nitrate reductase-
associated in Arabidopsis thaliana root primordia. J Plant Physiol 165: 967-975 

Krouk G, Lacombe B, Bielach A, Perrine-Walker F, Malinska K, Mounier E, Hoyerova K, 
Tillard P, Leon S, Ljung K, Zazimalova E, Benkova E, Nacry P, Gojon A (2010) 
Nitrate-regulated auxin transport by NRT1.1 defines a mechanism for nutrient sensing in 
plants. Dev Cell 18: 927-937 

Lombardo MC, Graziano M, Polacco JC, Lamattina L (2006) Nitric Oxide Functions as a 
Positive Regulator of Root Hair Development. Plant Signaling & Behavior 1: 28-33 

Manoli A, Begheldo M, Genre A, Lanfranco L, Trevisan S, Quaggiotti S (2014) NO 
homeostasis is a key regulator of early nitrate perception and root elongation in maize. J 
Exp Bot 65: 185-200 

Manoli A, Trevisan S, Voigt B, Yokawa K, Baluška F, Quaggiotti S (2016) Nitric Oxide-
Mediated Maize Root Apex Responses to Nitrate are Regulated by Auxin and 
Strigolactones. Frontiers in Plant Science 6 



230 FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

 

Moro CF, Gaspar M, da Silva FR, Pattathil S, Hahn MG, Salgado I, Braga MR (2017) S-
nitrosoglutathione promotes cell wall remodelling, alters the transcriptional profile and 
induces root hair formation in the hairless root hair defective 6 (rhd6) mutant of 
Arabidopsis thaliana. New Phytol 213: 1771-1786 

Pagnussat GC, Simontacchi M, Puntarulo S, Lamattina L (2002) Nitric Oxide Is Required for 
Root Organogenesis. Plant Physiology 129: 954-956 

Pii Y, Crimi M, Cremonese G, Spena A, Pandolfini T (2007) Auxin and nitric oxide control 
indeterminate nodule formation. BMC Plant Biol 7: 21 

Quandt HJP, Alfred; Broer, I (1993) Transgenic Root Nodules of Vicia hirsuta: A Fast and 
Efficient System for the Study of Gene Expression in Indeterminate-Type Nodules. 
Molecular Plant-Microbe Interactions 6: 699 

Rosales EP, Iannone MF, Groppa MD, Benavides MP (2011) Nitric oxide inhibits nitrate 
reductase activity in wheat leaves. Plant Physiology and Biochemistry 49: 124-130 

Sanz-Luque E, Ocana-Calahorro F, Llamas A, Galvan A, Fernandez E (2013) Nitric oxide 
controls nitrate and ammonium assimilation in Chlamydomonas reinhardtii. J Exp Bot 64: 
3373-3383 

Sanz L, Albertos P, Mateos I, Sánchez-Vicente I, Lechón T, Fernández-Marcos M, Lorenzo 
O (2015) Nitric oxide (NO) and phytohormones crosstalk during early plant development. 
Journal of Experimental Botany 66: 2857-2868 

Sanz L, Fernández-Marcos M, Modrego A, Lewis DR, Muday GK, Pollmann S, Dueñas M, 
Santos-Buelga C, Lorenzo O (2014) Nitric Oxide Plays a Role in Stem Cell Niche 
Homeostasis through Its Interaction with Auxin. Plant Physiology 166: 1972-1984 

Sun C, Liu L, Yu Y, Liu W, Lu L, Jin C, Lin X (2015) Nitric oxide alleviates aluminum-induced 
oxidative damage through regulating the ascorbate-glutathione cycle in roots of wheat. J 
Integr Plant Biol 57: 550-561 

Sun H, Li J, Song W, Tao J, Huang S, Chen S, Hou M, Xu G, Zhang Y (2015) Nitric oxide 
generated by nitrate reductase increases nitrogen uptake capacity by inducing lateral root 
formation and inorganic nitrogen uptake under partial nitrate nutrition in rice. J Exp Bot 
66: 2449-2459 

Trevisan S, Manoli A, Begheldo M, Nonis A, Enna M, Vaccaro S, Caporale G, Ruperti B, 
Quaggiotti S (2011) Transcriptome analysis reveals coordinated spatiotemporal 
regulation of hemoglobin and nitrate reductase in response to nitrate in maize roots. New 
Phytol 192: 338-352 

  



FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

231  

 

  

Chapter 7 –  

CONCLUDING REMARKS AND 

FUTURE PRESPECTIVES 



232 FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

 

  



FCUP 
Regulation of Glutamine Synthetase by Reactive Nitrogen Species in Medicago truncatula 

233  

 

Nitric oxide (NO) is a multifunctional signaling molecule that acts as a potent 

redox regulator of multiple physiological processes in plants. There is, however, a huge 

gap between the knowledge on the involvement of NO in several plant cell signaling 

pathways and the actual knowledge about its direct targets and its effects at the gene 

expression level. The post-translational modifications (PTMs) mediated by nitric oxide 

(NO) of key metabolic enzymes may represent an important regulatory mechanism for 

plant primary metabolism. Glutamine synthetase (GS) is a crucial enzyme in nitrogen (N) 

metabolism, the finding that GS is a molecular target of NO is, thus, highly relevant since 

the molecular targets of NO in plants are still largely unknown and their identification is 

essential to understand both the NO signaling role and its mechanisms of action.  

GS was previously identified as a target of NO-mediated PTMs, both by tyrosine 

nitration (Cecconi et al., 2009; Lozano-Juste et al., 2011) and S-nitrosylation (Lindermayr 

et al., 2005; Abat et al., 2008). However, the functional outcome, significance and 

relevant residue(s) for the NO-mediated regulation of specific isoenzymes were only 

known for the M. truncatula root nodule isoenzyme, MtGS1a (Melo et al., 2011). In this 

work, the entire M. truncatula GS family was analyzed for NO-mediated regulation both 

at the transcriptional and post-translational level. To our knowledge, this is the first report 

in which an entire gene family from a single plant species is analyzed for NO-mediated 

regulation both at the transcriptional and post-translational level. 

The studies presented here elucidate the molecular details of the NO-mediated 

regulation of the distinct GS isoenzymes of M. truncatula. Because it is difficult to isolate 

individual GS isoenzymes from plant tissues, we expressed each member of the M. 

truncatula GS family in Escherichia coli and used purified recombinant enzymes to 

elucidate the molecular details of the effect of NO is each isoenzyme in vitro. This 

knowledge was then complemented with studies in planta to obtain insights into the 

physiological significance of GS regulation by NO. In vitro studies, using chemical and 

biochemical approaches, revealed that the individual GS isoenzymes are differentially 

modulated by NO. The cytosolic isoenzymes are irreversibly inactivated by Tyr nitration, 

whereas the activity of the plastid located isoenzymes is reversibly modulated by S-

nitrosylation. MtGS1a and MtGS1b are inactivated upon Tyr nitration, at a Tyr residue 

that is not conserved between the two cytosolic isoenzymes, while the catalytic activity 

of MtGS2a is regulated by S-nitrosylation at Cys 369. However, the picture is more 

complex, since cytosolic isoenzymes are also amenable to S-nitrosylation and the plastid 

located enzymes to Tyr nitration. We cannot exclude the possibility that these additional 

NO-induced PTMs could contribute to the regulation of GS by changing protein 

conformation, which could result in the exposition of relevant residues to other PTMs (for 

instance phosphorylation) or promote interactions with regulatory proteins. While these 
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studies would require a substantial amount of additional work, the findings reported here, 

highlight interesting differences between the regulatory effects of NO on the highly 

conserved, but functionally distinct GS isoenzymes, corroborating the prevailing idea that 

NO-mediated regulation is specific within defined physiological backgrounds.  

Indeed, the studies in planta identified situations in which GS isoenzymes are 

differently nitrated and/or S-nitrosylated. The development of analytical tools for the 

detection and quantification of Tyr nitrated and S-nitrosylated proteins was crucial to 

investigate the NO-mediated PTM within a biological context. Still, it is important to note 

that the study of in vivo Tyr nitration or S-nitrosylation is challenging, mostly due to the 

low abundance of Tyr nitrated or S-nitrosylated proteins and due to the lack of 

quantification methods. We developed two simple methods for the detection and 

quantification of GS Tyr nitration and S-nitrosylation in biological samples. The amount 

of in vivo nitrated GS was quantified using a sandwich ELISA previously established in 

the laboratory (Melo et al., 2011) and GS S-nitrosylation rates were estimated via a new 

developed semi-quantitative method, based on the biotin switch technique. These two 

methods enabled the estimation of GS Tyr nitration and S-nitrosylation rates within 

distinct biological contexts and provided insights into the importance of the distinct 

mechanisms of GS regulation by NO-derived molecules. 

Here, we provide the first evidence of endogenous S-nitrosylation of GS 

isoenzymes in both leaves and root nodules and additional evidence of Tyr nitration of 

several root nodule proteins in M. truncatula. The finding that MtGS1a is both Tyr nitrated 

and S-nitrosylated in planta is intriguing. Further experiments would be required to clarify 

whether MtGS1a could be regulated by a dual mechanism, involving both Tyr nitration 

and S-nitrosylation like it has been shown for other enzymes namely cytosolic ascorbate 

peroxidase and monodehydroascorbate reductase (Begara-Morales et al., 2014; 

Begara-Morales et al., 2015). However, according to our results only Tyr nitration has an 

impact in the activity of MtGS1a.  

Within the root nodule context, the involvement of NO in the regulation of N 

metabolism, via modulation of GS activity, suggests that it occupies a privileged position 

in the maintenance of root nodule function. Nevertheless, the role played by NO in root 

nodule symbiosis is still puzzling. Experimental strategies to unravel the role of NO in 

plant symbiotic interactions usually rely on the use of chemical NO donors, which 

hypothetically mimic an endogenous NO-response. But it is often difficult to distinguish 

between the physiologically relevant effects induced by NO and the pharmacological 

effects linked to the nature of the NO donor (Filippou et al., 2012). Therefore, the finding 

that S. meliloti NO-detoxifying enzymes, namely flavohemoglobin (Hmp) (Cam et al., 
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2012), NO reductase (Nor) (Meilhoc et al., 2013) and NnrS (Blanquet et al., 2015) control 

the level of NO inside root nodules provide a new approach to deepen the knowledge 

about the role of NO in the symbiotic interaction. In this study, taking advantage of a 

range of bacterial mutants to finely modulate the endogenous level of NO inside the 

nodules it is shown, for the first time, that rhizobial proteins may influence N fixation by 

controlling NO-induced PTMs of plant enzymes.  

The quantification of GS nitration in root nodules with increased or decreased NO 

evidenced a direct correlation between GS nitration and NO content. However, GS S-

nitrosylation rates were not directly affected by the NO content inside nodules. MtGS1a 

S-nitrosylation status was associated with the decline in N2-fixing capacity of the root 

nodules rather than with a rise in NO content. Indicating that the NO-induced 

modifications are specific under defined physiological contexts and are not a simple 

direct effect of the proximity to a NO source. Nevertheless, we cannot rule out the 

possibility that the increase in MtGS1 S-nitrosylation during senescence may reflect a 

decrease in the root nodule antioxidant capacity (Frendo et al., 2013). An accurate 

quantification of GS S-nitrosylation, S-nitrosoglutathione content and of the distinct 

antioxidant systems in root nodules would be essential to clarify whether MtGS1a S-

nitrosylation is a specific mechanism or a side-effect of a lower antioxidant capacity of 

senescent nodules. A thorough analysis of overall S-nitrosylation of root nodule proteins 

at different developmental stages would also contribute to verify the specificity of GS S-

nitrosylation in relation to nitrogen fixation. 

Tyrosine nitration, possibly due to its irreversible nature, is poorly analyzed under 

physiological and stress conditions. Nevertheless, protein Tyr nitration is a prevailing 

PTM in several biological processes (Mata-Perez et al., 2016) and appears to increase 

throughout pea root senescence (Begara-Morales et al., 2013). The nodule senescence 

is a poorly-characterized step in N2-fixing symbiosis and even though NO is recognized 

as a key player of stress-induced senescence (Kato et al., 2010; Cam et al., 2012), the 

precise mechanisms underlying the role of NO in the processes of nodule senescence 

are still obscure. Here, we evaluate the impact of altered NO content on the overall Tyr 

nitration status of nodule proteins during both natural and stress-induced senescence. 

Interestingly, some proteins were found to be distinctly nitrated during natural and 

induced root nodule senescence. Future work should enable the identification of this 

specific proteins, as it is important to identify new NO targets and to clarify the molecular 

mechanisms underlying the signaling role of NO in root nodules.  

An important breakthrough of the present work was the establishment of a direct 

correlation between NO content, GS nitration, and the glutathione (GSH) biosynthetic 

pathway in M. truncatula root nodules. Despite the fact that NO is indispensable for root 
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nodule functioning, it is also clear that it is a potent inhibitor of nitrogenase activity. Thus, 

NO concentration inside root nodules must be kept at levels compatible with both 

symbiotic N fixation and NO signaling functions. This is achieved by a precise balance 

between NO synthesis and detoxification. The production of NO in plants is necessarily 

linked to N metabolism since it is produced from inorganic or organic N sources. As GS 

is a key enzyme in N metabolism its regulation by NO in root nodules establishes a 

connection between NO signaling and N metabolism. It is proposed that GS acts as a 

key sensor in the NO-mediated coordination of N metabolism in root nodules. According 

to the proposed model, the inactivation of nitrogenase and GS by NO are directly linked. 

Considering that elevated levels of NO in root nodules impair the production of 

ammonium, GS would be shut down by NO-induced PTMs. Furthermore, it is proposed 

that the NO-mediated inactivation of GS could be part of an inhibitory response of N 

fixation and assimilation associated with metabolite channeling towards the biosynthesis 

of GSH in root nodules contributing to neutralize the deleterious effects of NO-derived 

molecules. An NO-mediated regulation of GSH metabolism has been reported in M. 

truncatula roots. This study shows that GSH biosynthesis is also modulated by NO in 

root nodules of M. truncatula. A direct correlation between GS nitration and the up-

regulation of GSH biosynthesis exists supporting the possible involvement of GS in 

boosting the nodule antioxidant metabolism in response to NO.  

Mechanisms acting at the post-translational level to regulate enzyme activity are 

extremely important for a rapid metabolic adaptation to environmental conditions. The 

regulation of protein function by the redox status of cells is common and particularly 

important in chloroplasts in which absorption of excess light by the photosynthetic 

apparatus leads to the generation of reactive oxidative species. Therefore, plastid-

located proteins are accessible to the oxidative effects inducible by the highly reactive 

species formed during photosynthesis and photorespiration. NO is crucial for the 

regulation of photosynthesis since it regulates RuBisCO via S-nitrosylation-mediated 

inactivation. Given the importance of NO for the regulation of photosynthesis, we thought 

that it could represent a molecular switch for both photosynthesis and photorespiration, 

with the activity of both RuBisCO and GS being regulated by NO in a similar manner. 

Reversible S-nitrosylation could represent a molecular switch controlling both enzymes 

during the diurnal cycle particularly at dark/light transitions. To investigate this possibility, 

we analyzed MtGS2a S-nitrosylation during the diurnal cycle, but unfortunately, no 

significant alterations were detected and thus MtGS2a regulation by S-nitrosylation does 

not seem to be directly linked to photorespiratory rates.  
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The transcriptional regulation of plant genes by NO is extremely important and 

can ultimately imply the existence of particular transcription factors that operate to 

regulate a network of NO-responsive genes. Therefore, we evaluated the impact of NO 

in the transcription of the major M. truncatula GS genes, MtGS1a, MtGS1b, and MtGS2a 

using a set of NO donors and scavengers in seedlings of M. truncatula. Although MtGS1b 

has been previously identified as an NO-responsive gene in young nodules of M. 

truncatula, no significant variations in its expression were detected in M. truncatula 

seedlings and we were only able to identify MtGS2a as an NO-responsive gene. This 

probably indicates the existence of a differential GS transcriptional response to NO 

between roots, shoots and root nodules, which may involve organ-specific transcription 

factors. Future investigation is, therefore, essential to identify and characterize such 

putative NO-responsive tissue-specific transcription factors. Additionally, information 

regarding the cis-regulatory sequences linked to the NO-induced repression of MtGS2a 

transcription is mandatory to advance our understanding of the transcriptional 

mechanisms underlying the NO-responsiveness. 

The fundamental role of NO in the regulation of root and root nodule 

organogenesis is well described. Interestingly, a GS of the prokaryotic type has been 

implied in lateral root formation in Arabidopsis (Doskocilova et al. 2011). Assuming the 

potential importance of both NO and GSI-like proteins for root lateral organ formation, 

we extended our studies to the M. truncatula GSI-like gene family. M. truncatula contains 

three genes encoding GSI-like proteins (MtGSIa, MtGSIb, and MtGSIc) and two 

encoding FluG-like proteins (MtNodGSa and MtNodGSb). MtGSIa and MtGSIb are 

chiefly expressed in the vascular tissues of roots and root nodules in which they probably 

play a role in N sensing and/or signaling related to the formation of lateral root organs. 

Taking into account the role of NO in the formation of root-derived lateral organs, the 

specific spatiotemporal patterns of MtGSI-like expression in radicular systems and the 

putative role of MtGSI-like proteins in lateral root organ formation, it is conceivable that 

NO might somehow modulate MtGSI-like. Very interestingly, our data shows that NO 

modulates basal MtGSI-like expression in M. truncatula roots, establishing an interesting 

link between NO signaling, MtGSI-like expression and the formation of lateral roots and 

root nodules. Despite several studies demonstrating that the formation of lateral organs 

in the root is regulated by a crosstalk between N, NO, and phytohormones, the molecular 

mechanisms underlying such network remain unknown. The finding that MtGSI-like 

possibly participate in both N sensing and NO signal transduction, together with the 

specific MtGSIa and MtGSIb expression patterns, suggest that the genes are prone to 

be regulated by phytohormones, therefore, it is tempting to speculate that MtGSI-like 

proteins may somehow participate in the N/NO/phytohormone crosstalk underlying the 
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formation of lateral root organs. These interesting findings stimulate future investigation 

to clarify the role of MtGSI proteins in lateral root organ formation and understand the 

mechanisms underlying NO signaling in those processes.  

In conclusion, the results presented here provide novel and important information 

regarding both the regulation of GS per se and the mechanisms underlying NO signaling 

in plants and identified several interesting new lines of research, which will certainly be 

explored in the near future. 
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