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Summary
Symbiotic nitrogen fixation, the process whereby nitrogen fixing bacteria enter into associations
with plants, provides the major source of nitrogen for the biosphere. Symbiosis occurs between
members of the plant family Leguminosae and soil bacteria of the genera

Rhizobium,

Sinorhizobium, Bradyrhizobium, Mesorhizobium, and Azorhizobium (collectively called rhizobia).
The prokaryotic partner of the symbiosis harbours the enzyme nitrogenase, which catalyses the
convertion of atmospheric dinitrogen into ammonium, and thereby provides the host plant with
fixed nitrogen in exchange for other nutrients and carbohydrates. The symbiosis occurs in
specialised nodules that form on the roots of the plant and contain the nitrogen-fixing rhizobia.

In rhizobia-leguminous plant symbioses, the current model of nitrogen transfer from the symbiotic
form of the bacterium, called a bacteroid, to the plant is that nitrogenase-generated ammonia
diffuses across the bacteroid membrane and is assimilated into amino acids outside of the
bacteroid. However, the transport of symbiotically fixed nitrogen across the membranes
surrounding the bacteroid and the form in which this occurs has been a matter of controversy.
Accurate estimation of the assimilation and transJocation of fixed nitrogen in nodules would benefit
from non-invasive and non-destructive measurements of the fate of the fixed nitrogen. Thus, the
objective of the present Ph.D. study was to investigate nitrogen fixation and assimilation in

I5

N2

fixing root nodules root by in vivo I5N NMR spectroscopy.

Pea nodules were chosen as the model system and were used for the majority of experiments, but
soybean and Lotus nodules were included in a few experiments. Specialised equipment and
procedures for maintaining the nodules in a physiologically viable and J5N2 fixing state while in the
NMR tube have been developed and optimised in order to obtain informative in vivo

I5

N NMR

spectra. Especially the oxygen supply to the root nodules is a critical factor in maintaining the high
oxidative phosphorylation level needed to support nitrogen fixation. In vivo 3) P NMR spectroscopy
was used for monitoring the physiological state of the nodules.
A time course of in vivo I5N NMR spectra of I3 N 2 fixing pea root nodules was recorded, which has
not previously been reported. It was demonstrated that it is indeed possible to apply in vivo 15N
NMR spectroscopy to the study of nitrogen fixation and assimilation in root nodules. By using
NMR it was possible to observe directly the incorporation of 1SN into living nodules, but detection
was limited to ammonium and some of the more abundant amino acids because of the relatively
low sensitivity of the method.

In order to aid the interpretation of

13

N NMR spectra, a new mass spectrometric technique,

involving separation of amino acids by ion-pair reverse-phase liquid chromatography (IP-RPLC),
was developed. This method made it possible to analyse the position of

I5

N in mono labelled

glutamine and asparagine by using MS/MS and MS/MS/MS, respectively. The analysis could be
done in a single experiment without any previous derivatisation procedures, which is a major
simplification and improvement compared to GC-MS procedures, which are usually used for
analysis of positional labelling.

Combining the results from in vivo NMR and IP-RPLC MS revealed that asparagine was

13

N-

labelled at both the amide and amiiio nitrogen, but the in vivo NOE factor of the asparagine amino
group was presumably of an unfavourable size, which caused elimination of the signal in

I3

N

spectra recorded with full decoupling. IP-RPLC MS analyses showed that v-aminobutyric acid
(GAB A) was I5N-labelled in considerable amounts, but I5N GAB A was NMR invisible in living
pea root nodules. This may be due to immobilisation of GAB A in root nodules.

The major new information, which was generated by in vivo 13N NMR, is that a substantial pool of
free ammonium is present in the metabolically active and intact symbiosis, and that glutamine is
not l5N-labelled to any great extent at the amide nitrogen. The intracellular environment led to very
unusual in vivo

I5

N ammonium chemical shifts, whereas no changes in the expected in vivo

chemical shifts of amino acids were observed. It was therefore suggested that ammonium ions and
amino acids are in different compartments. This could indicate that ammonium ions are located in
the bacteroids, whereas the
plant cytoplasm.

15

N-labelled glutamine/glutamate and asparagine are located in the

Dansk resume
Biosfserens hovedkilde til kvajlstof er den symbiotiske kvselstoffiksering, som finder sted, nar
kvaelstoffikserende bakterier indgar i symbiose med planter. Symbiosen forekommer mellem
medleramer af baelgplantefamilien Leguminosae og jordbakterier af slaegterne

Rhizobium,

Sinorhizobium, Bradyrhizobium, Mesorhizobium og Azorhizobium, som samlet kaldes rhizobier.
Symbiosens prokaryote partner indeholder enzymet nitrogenase, som katalyserer omdannelsen af
atmosfserisk dinitrogen tiJ ammonium. Det fikserede kvaelstof eksporteres til vairtsplanten som til
gengaeld forsyner rhizobierne med andre naeringsstoffer og kulhydrater. Symbiosen foregar i
specialiserede knolde, som dannes pa plantens r0dder og indeholder de kvaelstoffikserende
rhizobier i den symbiotiske bakterieform, som kaldes bakteroider.

If0lge den aktuelle model for kvaelstofoverf0rsel

fra bakteroiden til planten

diffunderer

nitrogenase-dannet ammoniak over bakteroidmembraoen og assimileres i aminosyrer udenfor
bakteroiden. Der har imidlertid vasret nogen debat om transportmekanismen for symbiotisk fikseret
kvaelstof over membraneme der omgiver bakteroiden, og i hvilken molekylser form det foregar. Det
ville derfor va;re nyttigt med non-invasive og non-destruktive malinger, der gpr det muligt at f0lge
den fikserede kvaelstofs assimilering og translokation i rodknolde. Formalet med dette ph.d. projekt
blev saledes at unders0ge kvaelstoffiksering og -assimilering i 15N2-fikserende rodknolde ved hjaelp
af in vivo 15N NMR spektroskopi.

/Erterodknolde blev valgt som modelsystem og har vsret

anvendt

i st0rstedelen af

eksperimenterne, men soja og Lotus rodknolde er blevet brugt i enkelte eksperimenter. Det var
n0dvendigt at udvikle og optimere specialiseret udstyr og procedurer for at kunne holde
rodknoldene i en fysiologisk levende og

15

N2-fikserende tilstand i NMR r0ret, og for at kunne

oplage informative in vivo I5N NMR spektre. Specielt iltforsyningen (il rodknoldene var en kridsk
faktor for at kunne opretholde det h0je oxidative fosforyleringsniveau, som er n0dvendigt for at
kvaelstoffikseringen kan finde sted. In vivo

31

P NMR spektroskopi blev brugt til at overvage

rodknoldenes fysiologiske tiistand.

Som den f0rste kan jeg rapportere et tidsforl0b af in vivo

I5

N NMR spektre af

aerterodknolde. Jeg har demonstreret, at det er muligt at anvende in vivo

I5

13

N2-fikserende

N NMR spektroskopi i

studiet af kvaelstoffiksering og -assimilering i rodknolde. Ved hjaelp af NMR var det saledes muligt
direkte at observere indkorporeringen af

15

N i levende rodknolde, men pa grund af metodens

relativt lave f0lsomhed er detektionen begrsenset til ammonium og nogle af de mere hyppigt
forekommende aminosyrer.

Med henblik pa at st0tte fortolkningen af

l5

N NMR spektrene blev der udviklet en ny

massespektrometrisk teknik, som indbefattede separation af aminosyreme ved ionpar omvendt fase
vasskekromatografi (IP-RPLC). Denne metode muliggjorde en analyse af

l5

N-positionen i

enkeltmasrket glutamin og asparagin ved hjselp af henholdsvis MS/MS og MS/MS/MS. Analysen
kunne udfsarcs i et enkelt eksperiment uden nogle forudgaende derivatiseringsprocedurer, hvilket er
en stor forenkling og forbedring sammenlignet med de GC-MS procedurcr, der normalt anvendes
til analyse af positionsmsrkning.

Ved at kombinere resultaterne fra in vivo NMR og IP-RPLC MS kunne det ses, at asparagin var
15

N-maerket i bade amid- og aminogruppen, men in vivo NOE faktoren for asparagins aminogruppe

havde formentlig en ufavorabel st0rrelse som bevirkede, at signalet blev elimineret i 15N spektre
optaget med fuld proton dekobling. IP-RPLC MS analyser viste, at y-aminosm0rsyre (GABA) var
h0jt

l5

N-maerket, men

l3

N GABA var NMR-usynligt i levende aerterodknolde. Dette foreslas at

kunne skyldes immobilisering af GABA i rodknolde.

Den vigtigste nye information, som bJev frembragt ved hjaelp af in vivo

I5

N NMR, er

tilstedeva:relsen af en betragtelig pool af frit ammonium i den metabolsk aktive, intakte symbiose,
og at glutamin ikke bliver "N-market i amidgruppen i ssrlig h0j grad. Det intracelluiaere milj0
medf0rte et meget usaedvanligt in vivo

l5

N ammonium kemisk skift, hvorimod der ikke kunne

observeres nogle asndringer i aminosyrernes forventede kemiske skift in vivo. Jeg foreslar derfor, at
ammonium ionerne og aminosyreme er lokaliseret i forskellige kompartments. Dette kunne tyde
pa, at ammonium ionerne er i bakteroiderne, hvorimod den
asparagin er lokaliseret i plantecytoplasma.

l5

N-maerkede glutamin/glutamat og

Abbreviations:
Aap
AAT
ADH
Ala
Amt
ARA
AS
Asp
Asn
BC
BM
Bra
DW
FW
GABA
GAD
GC-MS
GDH
Gin
Glu
GOGAT
GS
HMQC
FP-RPLC
Lb
LCO
MDH
MDP
ME
MES
MS
NMR
NOE
OAA
PBS
PCCG
PEP
PEPC
ppm
S/N ratio
SM
SS
TCA

Amino acid permease
Aspartate aminotransferase
Alanine dehydrogenase
Alanine
Ammonium transporter
Acetylene reduction assay
Asparagine synthetase
Aspartate
Asparagine
Bacteroid cytosol
Bacteroid membrane
Branched-chain amino acid transporter
Dry weight
Fresh weight
Y-aminobutyric acid
Glutamate cc-decarboxylase
Gas chromatography mass speetrometry
Glutamate dehydrogenase
Glutamine
Glutamate
Glutamate synthase
Glutamine synthetase
Heteronuclear multiple quantum coherence
Ion-pair reverse-phase liquid chromatography
Leghemoglobin
Lipo-chitin oligomer
Malate dehydrogenase
Methylene diphosphonic acid
Malic enzyme
2-(Morpholino)ethanesulfonic acid
Mass speetrometry
Nuclear magnetic resonance
Nuclear Overhauser effect
Oxaloacetate
Peribacteroid space
Phosphocholinc-substituted P-l,3;l,6 cyclic glucan
Phosphoenolpyruvate
Phosphoenolpyruvate carboxylase
parts per million
Signal-to-noise ratio
Symbiosome membrane
Sucrose synthase
Tricarboxylic acid

PART 1. INTRODUCTION

1

Legume-Rhizobium root nodules

Symbiosis occurs between members of the plant family Leguminosae and soil bacteria of the
genera Rhizobiutn, Sinorhizobium, Bradyrhiiobium, Mesorhizobium, and Azorhizobium (collectively calJed rhizobia) (Taiz and Zeiger 1998) (Table 1). The prokaryotic partner of the symbiosis is
able to convert atmospheric dinitrogen into ammonium and provide the host plant with fixed
nitrogen in exchange for other nutrients and carbohydrates. The symbiosis occurs in specialised
nodules that form on the roots of the plant and contain the nitrogen-fixing rhizobia.
Table 1: Examples of root nodule symbiotic associations between legumes and rhizobia (modified
from Hadri era/. 1998)
Rhlzobium
Legume host plant
Genus
Species
Biovariety
Rhizobium
leguminosarum
viceae
Pisum (pea)
viceae
Rhiiobium
leguminosarum
Vicia (vetch)
Rhizobium
leguminosarum
trifolii
Trifolium (clover)
phaseoli
Rhizobium
leguminosarum
Phaseolus (French bean, common bean)
Sinorhizobium
meliloti
Medicago (alfalfa)
Bradyrhizobium
japonicum
Glycine (soybean)
loti
Mesorhizobium
Lotus (birdsfoot trefoil)
loti
Mesorhizobium
Lupinus (lupine)

1.1 Establishment of the symbiosis
The formation of root nodules is

legumo

initiated by a signalling cross talk
involving both the host plant and
the rhizobia (reviewed by Schultze
and Kondorosi 1998) (Fig. 1).

n-2-3

Nod factor

Rhizobia respond by positive chemotaxis to plant root cxudates and
move towards localised sites on
the legume roots (reviewed by

norfg«n«s I

J

Rhijn and Vanderleyden 1995).
The

plant

roots

excrete

host

Rhizobium \

specific flavonoid signals, which
activate the bacterial regulatory
protein

NodD.

NodD

is

a

transcription factor and induces
expression of bacterial nod genes,
which code for proteins involved

HO

o

Fig. 1: Signal exchange in the Rhizobimn-planl symbiosis. Flavonoids
induce the rhizobial nod genes. This leads to the production of noduleinducing (Nod) factors, lipochitooligosaccharides (LCOs) that are
differently modified depending on the Rhizobium species (Modified from
Schultze and Kondorosi 1998)
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in the biosynthesis and excretion of Nod factors (reviewed by Denarie and Cullimore 1993; Cohn
et al. 1998). The Nod factors are substituted lipo-chitin oligomers (LCO) and each rhizobial species
produces a characteristic spectrum of Nod factors with specific substitutions that are important in
determining host specificity (Schultze and Kondorosi 1998). The degree of host specificity varies
tremendously among the rhizobia with some strains having a very narrow host range and others a
very broad one (Rhijn and Vanderleyden 1995).
The Nod factors induce plant root hair curling, whereby rhizobia become enclosed in the small
compartment formed by the curling. The next step is the formation of an infection thread through
which the bacteria reach the root cortical tissue. Concurrent with infection, root cortical celis
differentiate and start dividing, forming a distinct area within the cortex, called a nodule
primordium, from which the nodule will develop.
The bacteria are internalised into the plant cells by an endocytotic process (Fig. 2), whereby the
bacterium becomes surrounded by a pJant derived membrane termed the symbiosome membrane
(SM). After endocytosis the bacteria continue to divide and differentiate into the nitrogen-fixing
bacteroid form (B). Differentiation involves the induction of genes necessary for the symbiotic
state, the so-called nif and fix genes (see chapter 1.2). The SM enclosed bacteroids, called
symbiosomes (see Figs. 2 and 3) (Roth el al. 1988), consist of bacteroid cytosol (BC) enclosed by a
bacteroid double membrane (BM). The interface between the BM and the SM is called the
peribacteroid space (PBS). Symbiosomes may be considered a tissue specific organelle in analogy
with mitochondria and plastids in plant cells (Roth et al. 1988).

Golgl vesicles
ER vsslclas

Fig. 2A: Schematic outline of the infection process,
where bacteria enter the plant cetl through an
infection thread (IT) and an infection droplet (ID).
See text for further description of the process
(Modified from Brewin 1998). 2B: Electron micrograph of pea symbiosomes. Abbreviations: B, bacteroid; BM, bactcroid membrane; PBS, peribacteroid
space; SM, sym-biosome membrane. Magnification:
x 6860 (Modified from Newcorob J976).
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The SM contains host-encoded ATP-dependent proton pumps, the orientation of which results in
transfer of protons from the host cytoplasm to the PBS (Szafran and Haaker 1995). Consequently,
an electrical as well as a pH gradient over the SM is generated (Fig. 3) (Udvardi et at 1991; Ou
Yang and Day 1992). In addition, the bacteroid respiratory electron transport chain, which is
localised on the bacteroid inner membrane and
very active under nitrogen fixation, also results

SM

in protons being pumped into the PBS

BM

(O'Brian and Maier 1989). Electrical and pH
gradients are concomitantly formed across the

bactcroid

bacteroid inner membrane as well. The end

(alkaline)

result is acidification of the PBS. pH in the
PBS has been estimated to be 1-2 pH units
PBS

lower than pH in the plant cytosol (which is

(acidic)

normally in the range 7.0-7.5) in an investigation of isolated symbiosomes, but the pH
gradients in vivo will depend on the actual

Pi
host cytoplasm
(alkaline)

ATP-ase activity and bacterial respiration
(Udvardi et al. 1991). The electrical and proton gradients across both the BM and SM
provide a driving force for the transport of
important metabolites, which will be described
in chapter 2.1, 2.3 and 2.6.

Fig. 3: Generalised scheme of a symbiosome consisting
of the bacteroid cytoplasm and bacteroid membrane (BM)
surrounded by the host-derived symbiosome' membrane
(SM). The peribacteroid space (PBS) is acidified and
electrical gradients are formed across the membranes by
the action of H*-pumping ATPases on the SM and the
electron transport chains (ETC) on the BM (Modified
from Day and Udvardi 1992).

1.2 Organisation and regulation of symbiosis specific genes
The complete genome of S. meliloti, the symbiont of alfalfa, has recently been sequenced and
annotated and was reported to consist of three parts: a large 3.65 Mb chromosome and two
megaplasmids, pSymA and pSymB, of 1.35 and 1.68 Mb, respectively (Galibert et al. 2001). In
general, it has been found that a large part of the total DNA in rhizobia is present in the form of
plasmids of variable number and size (reviewed by Hynes and Finan 1998). Many rhizobia contain
one or more large plasmids, termed pSym, which carry most of the information needed for
symbiosis, including the nod genes responsible for host specificity (cf. chapter 1.1) and the nif and
fix genes involved in nitrogen fixation (reviewed by Kaminski et al. 1998; Galibert et al. 2001).
The nif genes encode products, which are involved in the biosynthesis and assembly of the
nitrogenase enzyme complex including the FeMo cofactor (see chapter 2.2). The precise functions
of the fix gene products are largely unknown, apart from the fact that they are important for
nitrogen fixation in symbiosis (Werner 1992).
The nifA gene product is a DNA binding regulatory protein required for the transcription of nif
genes and some fix genes. The NifA protein is inactivated at high levels of oxygen and is
furthermore thermolabile, and nitrogen fixation is thus regulated by O 2 (cf. chapter 1.4) and
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temperature (Werner 1992). It has been shown that the low oxygen concentration of the nodule (see
chapter 1.4) is the primary signal that elicits nif and fix gene expression (reviewed by Kaminski et
al. 1998). On the other hand, nitrogenase synthesis in rhizobia is, with few exceptions, uncoupled
from the nitrogen status of the bacteria. In this way, rhizobia can fix nitrogen in amounts well
above those covering their own needs (reviewed by Kaminski et al. 1998).
Regulation of nitrogen assimilation in rhizobia (and other bacteria) is achieved at the genetic level
by a central nitrogen regulatory (Ntr) system. The proteins NtrB and NtrC constitute a twocomponent regulatory system that responds to the nitrogen status of the cell (Reitzer and
Magasanik 1986). Under conditions of low nitrogen availability this system and a third protein
NlrA mediate an activation of gene transcription of several genes involved in nitrogen assimilation
in rhizobia including nitrate reductase, a high-affinity ammonium transporter (Amt, see chapter
2.3), and GS II (see chapter 2.4) (reviewed by Udvardi and Day 1997).
However, the Ntr system is generally not required for transcription of nif genes in rhizobia.
Nitrogen fixation is, as described above, primarily regulated by oxygen concentration, whereas
nitrogen assimilation is under nitrogen control, and this implies that the two processes can be
uncoupled. This is what occurs in bacteroids where nitrogen fixation is assumed to occur without
significant ammonium assimilation (cf. chapter 2.4). Biochemical and genetic evidence indicate
that bacteroids are not nitrogen starved in nodules, and the ammomum assimilation pathway is thus
not induced. This is consistent with the fact that mutations in the ntr genes that are required for
induction of ammonium assimilating enzymes have little or no effect on the symbiotic performance
of rhizobia (reviewed by Udvardi and Day 1997).

1.3 Nodule morphology
Legume nodule morphology can be divided in two main classes: indeterminate and determinate
nodules (reviewed by Hadri et al. 1998; Bergersen 1982; Werner 1992; Hansen 1994) (Figs. 4 and
5). The tissue organisation is, however, similar in some respects. The nodules are composed of a
central tissue where bacteroids are hosted, surrounded by several peripheral tissues (reviewed by
Brewin 1991). The peripheral tissues include the nodule cortex, the endodermis and the nodule
parenchyma, that harbours the nodule vascular bundles. The nodule parenchyma is also known as
the inner cortex (Wycoff et al. 1998). The vascular system joins at the base of the nodule and enters
the vascular system of the roots, thus facilitating the exchange of fixed nitrogen produced by the
bacteroids for nutrients contributed by the plant.
Indeterminate nodules (Fig. 4) have persistent meristems, which lead to cylindrical-shaped
structures that contain zones of cells with successive stages of development: meristem, infection,
early symbiotic, late symbiotic and senescence (Vasse et al. 1990). Transcription of nif and fix
genes (see chapter 1.2) starts in the early symbiotic zone (interzone II-Hi in Fig. 4), although the
cells do not fix N2 yet. Expression of leghemoglobin (see chapter 1.4) also starts in this zone.
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B
Nodule endoctermis
Infected tissue
Unlnfected parenchyma
Outer cortex
Vascular tissue

Root sndodermis
amtpertcyde

Fig. 4A: Longitudinal section of a 4-wcck-old indeterminate nodule (pea). The main zones seen are: the nodule
meristem (I), the invasion zone (II), Ihe infected cells of
the early (II-1II) and late (III) symbiotic growth phases,
and the senescent region (IV). The nodule is bounded by
a manCJe of noduJe cortex (NC) cells and is attached to a
lateral root, which is shown in cross section. Note the
increase in celt size as cells become differentiated. This
nodule measures approximately 3 mm from the meristem
to the root attachment. (Modified from Newcomb 1976).
4B: Schematic representation of nodule structure in indeterminate nodules. (From Brewin 1998).

Nitrogen fixation takes place exclusively in the late symbiotic zone (zone III in Fig. 4), where
bacteroids are fully mature and differentiated. Temperate legumes such as pea, clover, alfalfa,
lupine, Lotus and vetch form the indeterminate type of nodules. The bacteroids are grossly enlarged
compared to free-living bacteria, and each symbiosome contains only a single bacteroid
(Whitehead and Day 1997). Mature pea bacteroids become rod- or Y-shaped (cf. Fig. 2) and typical
dimensions are 1 x 3 pun (Dixon and Wheeler 1986). The vascular system is open at the meristem
and nitrogen is exported from the nodule to the plant in the form of amides, principally the amino
acids asparagine and glutamine.
Determinate nodules, on the contrary, lack a
persistent

meristem

and therefore

remain

spherical-shaped. The central tissue is characterised by containing only a single stage of
plant and bacterial differentiation at any particular moment. Legumes of tropical origin such
as soybean, common bean and French bean
form determinate nodules. Bacteroids are only
slightly larger than bacteria of the same strain
grown in culture, and several bacteroids are
contained within a single SM (Fig. 5) (Whitehead and Day 1997). Soybean symbiosomes are
2-5 u.m in diameter and enclose 2-10 bacteroids

Fig. 5: Infected host cell from a determinate nodule (soybean) filled with bacteroids inside symbiosome membranes. Nearby are several smaller uninfected cells with
large central vacuoles and amyloplasts abundant in starch
(Prom Wemer 1992).
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(Day et al. 1989). The vascular system encircles the central tissue, and nitrogen is exported from
the nodule as ureides: allarvtoin and allantoic acid.
The central tissue in determinate as well as indeterminate nodules contains both infected and
uninfected cells and these have different metabolic roles (see chapter 2,1 and 2.5). The infected cell
type is fully packed with bacteroids and has either a very small central vacuole (pea) or none at all
(soybean) (Werner 1992). The plant cells also contain amyloplasts, which are sometimes termed
proplastids or simply plastids because they do not always contain starch despite being highly
differentiated (reviewed by Bergersen 1997). These double-membrane enclosed organelles are the
sites of some of the ammonium assimilating reactions, which will be further described in chapter
2.5 and Fig. 11 (Atkins 1991; Robinson etal. 1994).
The volume of the central bacteroid-containing tissue and its duration in an intact state are the
major determinants of the extent of N 2 fixation. With age and/or stress this tissue breaks down,
from the base in indeterminate nodules and centrally in determinate nodules.

1.4 The oxygen dilemma
Oxygen has a prominent role in symbiosis as a signalling molecule in the early establishment of the
symbiosis (cf. chapter 1.2), as a respiratory substrate and as an inhibitor of nitrogenase synthesis as
well as activity. The nitrogenase complex (see chapter 2.2) inside the bacteroids is extremely
sensitive to oxygen due to irreversible inactivation by O2. On the other hand, O2 is required to
support the highly active respiratory processes that take place aerobically in the plant and bacteroid
compartments. In order to deal with this dilemma, nodules have developed structures and
mechanisms that enables efficient delivery and dispersion of O2 in the infected zone, while
maintaining the free O 2 in this region at a concentration that ranges between 3 and 30 nlvl
(Bergersen 1982; Witty et al. 1987) (Fig. 6). This concentration is about 4 or 5 orders of magnitude
lower than the O 2 concentration in water or cell sap in equilibrium with air (ca. 250 uM O 2 ).
The diffusion of O 2 into the central zone of nodules is, according to the dominant hypothesis,
regulated by a physical barrier which is probably located in the inner cortical region (reviewed by
Witty and Minchin 1990; Layzell 1998; Bergersen 1997). This barrier consists of layers of
parenchyma cells, some of which (i.e. the boundary layer or gas diffusion barrier), have radially
aligned cell walls and very few, small gas-filled intercellular spaces (Parsons and Day 1990). Water
and/or glycoprotein may be deposited reversibly into intercellular spaces in this region or the cells
may enlarge, thereby displacing the gas from the region to increase the length of the aqueous path
for diffusion to the central zone. Because gas diffusion through water is 104 times slower than
through air, the nodule permeability to O2 as well as to other gasses would drop.
Legume nodules will vary their permeability to O2 diffusion in response to a large number of
treatments that alter the metabolic activity of the nodule (reviewed by Layzell 1998). When
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nodules are exposed to an Ar/Oj or C2H2 atmosphere, nitrogenase activity is inhibited within 10-40
minutes. This inhibition is associated with a decrease in the O 2 concentration of infected cells, and
all of the initial nitrogenase activity can be recovered by increasing external pO2- This demonstrates
that nitrogenase inhibition is due solely to a decrease in nodule O2 permeability. Other treatments
in which nitrogenase inhibition is only partially due to a decrease in nodule O2 permeability include
detopping, nodule excision, stem girdling, nitrate fertilisation and salt stress. In these cases
increases in external pO2 will only recover a portion of the initial nitrogenase activity. The
remaining inhibition may be attributed to a reduction in the metabolic capacity of the nodule,
possibly through a reduction in carbohydrate availability or glycolytic enzyme activity.
Once O2 has crossed the cortical tissue it diffuses rapidly to the infected cells through a network of
interconnected gas-filled intercellular spaces (Witty et al. 1987). When O2 diffuses into the infected
cell, it is rapidly and reversibly bound to leghemoglobin (Lb), which is a plant-derived, monomeric
heme-protein produced only in the nodule. Lb has a key role in maintaining a high flux of oxygen
to support bacterial respiration,
whilst at the same time maintaining the concentration of free Q2
at a low level. Km for O2 in the
reaction Lb + O2«-» LbO 2 is about
37 nM (Bergersen 1982), and Lb
occurs in high concentrations in
the plant cytosol of infected cells
(reviewed by Appleby 1984 and
1992). In soybean the Lb concentration in the cytosol has been estimated to be ca. 3 mM (Bergersen
1982). Lb thus acts as an O 2 buffer
in the nodules, ensuring the even
partitioning of O2 between the
plant and bacteroid fractions of the

Simple Inlectod Cell Models
Conlfol

0.001

nodules, and facilitates the diffusion of O2 through the infected

0.0001

cells so that a high flux of O2
occurs at a strictly controlled concentration to the rapidly respiring
bacteroids.

Fig. 6: Predicted O2 gradients across a legume nodule according to two
different models. A new model by Thumfort et al. (1999) assumes a
large intracellular O2 gradient (solid line), whereas an earlier, more
simple model assumes that all control of O2 diffusion is located in the
inner cortex (dashed line) (From Layzell 2000).

Another feature of the regulation of the free O2 concentration inside the nodule is ascribed to the
fact that the infected cells of nodule central tissue constitute a compact, intense sink for O2.
Infected cells contain hundreds or even thousands of bacteroids and increased numbers of
mitochondria compared with other plant tissues (Bergersen 1997). Furthermore, the mitochondria
in the infected cells are distributed mainly around the periphery in close proximity to the cell wall
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and intercellular air spaces (Bergersen 1982). Consequently O2 will be consumed at a high rate in
this region, which has been predicted to create an intracellular O2 concentration gradient as outlined
in Fig. 6 (Thumfort et al. 1999). The availability of O2 may be a key-limiting factor of metabolism
in the infected zone of nodules by restricting aerobic respiration and thereby ATP synthesis. Due to
the mitochondrial clustering near the intercellular spaces, it has been suggested that the bacteroids
rather than the mitochondria, would be the site of O2 limited metabolism (Layzell 2000). Evidence
to support this view was provided by recent results showing that a decrease in external pO2 from
0.2 to 0.1 atm. was followed by a decrease in ATP levels in the bacteroid compartment but not in
the plant compartment of intact, attached soybean nodules (Kuzma et al, 1999).

2

Carbon and nitrogen metabolism in root nodules

2.1 Carbon metabolism
Symbiotic nitrogen fixation has a high demand for carbon sources. Photosynthates are required to
support nodule and bacteroid growth and maintenance. In nitrogen-fixing bacteroids, large amounts
of carbon compounds are essential for the generation of ATP and reducing power needed for
nitrogenase activity. Furthermore, carbon skeletons are required for assimilation of the fixed N2
into amino acids. Carbon metabolism is thus intimately linked to the process of nitrogen fixation,
and the outlines of carbon metabolism will be summarised in this chapter before presenting a more
elaborate introduction to nitrogen metabolism, which is central to my own experimental work.
The primary photosynthate translocated via the phloem from the shoot to the root nodules is
sucrose as demonstrated by labelling studies (Reibach and Streeter 1983; Gordon et al. 1985).
Sucrose is not taken up directly by the bacteroids, but is metabolised (Fig. 7) primarily via the
action of sucrose synthase (SS) in the plant cytoplasm of uninfected cells in the infected zone of the
nodule (reviewed by Gordon 1995; Day and Copeland 1991). SS is present at high levels in
nodules and its activity correlate with nitrogenase activity (reviewed by Streeter 1991). The UDPglucose, formed by SS activity, undergoes glycolysis, and phosphoenolpyruvate (PEP) is produced.
PEP is carboxylated to form oxaloacetate by non-photosynthetic CO 2 fixation via the action of
phosphoenolpyruvate carboxylase (PEPC) (reviewed by Kahn et al. 1998).
Oxaloacetate may either serve as carbon skeleton for the initial NH,j+-assimilatory reactions (see
chapter 2.5) or it may enter the tncarboxylic acid (TCA) cycle (see below) or it may be further
converted to malate by the action of malate dehydrogenase (MDH). MDH is present in extremely
high levels of activity in nodule cytosol and is correlated with nitrogenase activity (Appels and
Haaker 1988). The activity of PEPC is also very high in the plant cytosol of root nodules, and
I4

CO2 labelling studies with intact nodules have demonstrated rapid and significant labelling of

organic acids, particularly malate (Vance et al. 1983; Snapp and Vance 1986; Rosendahl et al.
1990; Salminen and Streeter 1992). Malate can be further reduced to form fumarate and succinate,
13
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and these three organic acids accumulate to (xmol quantities per gram nodule fresh weight, while
amounts of other TCA cycle acids are much less (reviewed by Vance and Heichel 1991).
The TCA cycle in the plant mitochondria does not appear to play a significant role in the synthesis
of organic acids, as the activity of many of the TCA cycle enzymes is low (Kahn et al. 1998;
Gordon 1992). However, Streeter (1991) suggested that the principal function of nodule

Plant cell

Sucrose
UDP

Fig. 7: A general scheme for the carbon metabolism taking place in the plant and bacteroid cytoplasm of root
nodules (Modified from Kahn el al. 1998; Kaminski et al. 1998). Abbreviated metabolites are: PEP,
phosphoenolpymvate; OAA, oxaloacetate; 2-OX, 2-oxoglutarate; MAL, malate; FUM, fumarate; SVC,
succinate; PYR, pyruvate; AcCoA, acetyl-coenzymeA; CIT, citrate; ISO, isockrate; SUC-CoA, succinatecoenzymeA. Enzymes involved are within boxes: SS, sucrose synthase; PEPC, phosphoenolpyruvate
carboxylase; MDH, malale dehydrogenase; DctA, dicarboxylic acid transporter A; ME, malic enzyme; ODH,
2-oxoglutarate dehydrogenase. SM and BM are the symbiosome and bacteroid membranes, respectively.
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mitochondria may be the production of 2-oxoglutarate, which is required as carbon skeleton in the
initial steps of ammonium assimilation (see chapter 2.5). This can be achieved if only a part of the
TCA cycle is operating leading to the net reaction acetyl-CoA + oxaloacetate —» 2-oxoglutarate +
CO2.
C4 dicarboxylic acids, especially malate and succinate, have been shown to be the favoured
substrates in vitro for the support of nitrogen fixation by isolated bacteroids (reviewed by Streeter
1991). It is generally agreed that also in the intact symbiosis, C4 dicarboxylic acids are the most
probable substrates supplied to bacteroids (Day and Copeland 1991; Kaminski et al. 1998). This is
supported by a large body of evidence including the fact that rhizobia mutants deficient for C4
dicarboxylic acid transport (dcf, see below) are uniformly unable to fix nitrogen when associated
with their plant hosts (reviewed by Mitsch et al. 2000). Furthermore, label derived from '"COj
fixation in intact pea and soybean root nodules is rapidly incorporated into bacteroids in the form of
malate and succinate (Rosendahl et al. 1990; Salminen and Streeter 1992).
Import of C4 dicarboxylic acids into bacteroids has been demonstrated to involve two different
active transporters: One is of plant origin and is located on the SM (Day et al. 1989; Udvardi et al.
1988a). It functions as an uniporter for monovalent dicarboxylic acids with high affinity for malate
and succinate and a smaller affinity for oxaloacetate, fumarate and 2-oxoglutarate and allows
movement of the anions down their electrical and concentration gradient across the SM into the
PBS (Udvardi et al. 1988a; Ou Yang et al. 1990). The second transporter, the dctA gene product of
rhizobia, is a single protein carrier embedded in the inner membrane of the bacteroid (reviewed by
Jording et al. 1994) and appears to be a proton/dicarboxylic acid symporter that is driven by the
proton gradient across the bacteroid inner membrane (Udvardi and Day 1997). The gene products
of dctB and dctD are involved in the regulation of the expression of dctA (Jording et al. 1994). The
Dct system has a high affinity for the substrates malate, succinate and fumarate (reviewed by
Udvardi and Day 1997).
The SM as well as the BM are, on the other hand, relatively impermeable to sugars such as glucose,
which further supports the view that C 4 dicarboxylic acids and not sugars are the dominant carbon
source made available to the bacteroid (Udvardi and Day 3 997).
The TCA cycle is the dominant metabolic pathway by which C4 dicarboxylic acids are oxidised in
bacteroids (Kahn et al 1998). To maintain the TCA cycle with C 4 dicarboxylic acids as the sole
carbon source, a pathway to generate acetyl-CoA is essential. Several such enzymatic pathways
exist, but it is believed that oxidatjve decarboxylation of malate to pyruvate catalysed by malic
enzyme (ME), and concomitant reduction of a nicotinamide cofactor is the dominant means by
which the TCA cycle is maintained (Mitsch et al. 2000). Oxaloacetate and 2-oxoglucarate are TCA
intermediaies and are thus present in the bacteroid cytosol to provide carbon skeletons for the
initial NH4+-assimilatory reactions (see chapter 2.4).
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There has been speculation that araino acids may also play a role in carbon and/or energy supply to
the bacteroids (reviewed by Udvardi and Day 1997) and this will be described further in chapter
2.7.

2.2 N2 is fixed by the nitrogenase enzyme complex
Reduction of atmospheric N 2 into NH3 is catalysed by the bacteroid enzyme nitrogenase, which is a
2:1 complex of two components: the Fe and the MoFe protein, respectively (Fig. 8) (reviewed by
Howard and Rees 2000; Kaminski et al. 1998; Smith 2000; Orme-Johnson 1992), The Fe protein
(also called dinitrogenase reductase) is a homodimer of about 60 kDa that contains a single Fe4$4
cluster. The MoFe protein (also known as dinitrogenase) is an O^ftz heterotetramer of about 220
kDa containing 4 Fe 4 S 4 clusters (the so-called P-clusters), and a cofactor with Fe and Mo, which is
the catalytic site for N2 reduction.

Nitrogenase
MoFe protein
Products
2 NH3, H 2

MoFe ox

MbFe 0)(

MoFe red

/

Substrate
N 2 , 8 H+

2MgADP

Fig. 8: The reaction catalysed by nitrogenase, Ferredoxin reduces the Fe protein. Binding and hydrolysis of ATP to the Fc
protein is thought to cause a conformations! change of the Fe protein, which facilitates the redox reactions. The Fe protein
reduces the MoFe protein and the MoFe protein reduces the N2. It is possible for two Fe proteins to bind to the MoFe
protein at one time, but only one is shown for clarity. The darker arrows trace the flow of electrons (Modified from Taiz
andZeiger 1998; Dixon and Wheeler 1986).

The reaction sequence (reviewed by Howard and Rees 2000; Orme-Johnson 1992; Werner 1992)
(Fig. 8) starts by reduction of the Fe protein by the low-potential electron donor ferredoxin.
Electrons are transferred, one at a time, from the Fe protein to the MoFe protein in a process that
involves MgATP hydrolysis. The cycle repeats until enough electrons have been provided for the
complete reduction of the N2 substrate. The overall reaction catalysed by nitrogenase is:
j + 16 MgATP + 8 e- + 8 H* -> 2 NH, + 16 MgADP + 16 P, + H,

(Eq, 1}

This chemical equation reflects one of the main features of biological nitrogen fixation: its high
energetic cost due to the high stability of the N2 triple bond. Two ATP molecules are hydrolysed at
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every electron transferred from the Fe protein to the MoFe protein. In addition N2 reduction is
always accompanied by the concomitant reduction of at least two protons to evolve H2, thus adding
to the energetic cost of the process (cf. chapter 8). In the absence of other reducible substrates, the
total electron flux through nitrogenase is funnelled into hydrogen production (Hadfield and Bulen
1969). Metabolism of dicarboxylic acids inside bacteroids through the TCA cycle (see chapter 2.1)
and subsequent oxidative phosphorylation leads to the production of H + , electrons, and ATP
required for the nitrogen fixation process (reviewed by Streeter 1991),
A second, major feature of nitrogenase is its oxygen-lability, mainly contributed by the Fe protein
component, which is irreversibly inactivated by O2 with typical half decay times of 30 to 45
seconds (Dixon and Wheeler 1986).
The product of nitrogenase exists as an equilibrium distribution of two forms, the acid ammonium
(NH/) and the base ammonia (NHO, which are readily inconvertible. An acid-base equilibrium
distribution is determined by pH, and as the pKa of ammonium is 9.23 at 20 °C (Bates and Pinching
1950), ammonium will be the dominating species at all physiologically relevant pH values.
According to the Henderson-Hasselbach equation, the ammonia concentration is for example only
1% and 0.01% of the ammonium concentration at an intracellular pH of 7.23 and pH 5.23,
respectively. In the following, the term ammonium or NHLt+ will mean an equilibrium distribution
of ammonium and ammonia as determined by the actual pH, unless otherwise stressed.
The free ammonium concentration in the bacteroid cytoplasm is not known due to experimental
obstacles, but an estimate has been published for bacteroids in soybean nodules (Streeter 1989).
The ammonium content in isolated bacteroids was estimated to be 1.20 +/- 0.08 and 2.00 +/- 0.08
u,mol g"1 FW nodules in two different experiments. It was assumed that 1 g FW nodules contained
0.15 g bacteroids, and that bacteroids consisted of 90% water. Based on these assumptions and a
mean bacteroid ammonium content of 1.6 ujnol g"' FW nodule, the bacteroid ammonium
concentration was roughly approximated to be 12 mM.

2.3 Transport of ammonium/ammonia across bacteroid and symbiosome membranes
Free-living Nrfixing rhizobia transport ammonium in two ways (reviewed by Day et al. 2001). A
high-affinity ammonium transporter (Ami) allows rapid uptake from low concentrations of
ammonium in the surrounding medium (Glenn and Dilworth 1984; Howitt et al. 1986) and thus
ensures recycling of ammonium lost from the cell and scavenging of exogenous ammonium. The
second mechanism involves NH 3 leaving and entering the cell by simple diffusion across the
membranes. At high external concentrations of ammonium, the Amt system is repressed (see
chapter 1.2), and diffusion of NH3 provides the cell with sufficient nitrogen for growth (Howitt et
al. 1986).
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Bacteroids isolated from N2-fixing nodules, on the other hand, do not express the Amt system, and
ammonium transport is thought to occur solely by simple diffusion of NH 3 down a concentration
gradient out of the cell and into the PBS (Fig. 9) (Glenn and Dilworth 1984; Howitt et al. 1986). As
pH in the PBS is presumed to be lower than in the bacteroid compartment (cf. chapter 1.3), the
acid-base equilibrium will be displaced even more in the direction of ammonium, and this enhances
the NH3 concentration gradient across the
SM

BM - the so-called acid trap (Udvardi and
Day 1997). Ammonium will not be reuptaken by the bacteroid because the Amt
system is suppressed.

PBS
(acidic)
bacteroid
(alkaline)

BM
nitrogenase
N2
p. NH,

Movement of ammonium ions from the
PBS into the plant cytoplasm requires a

amino acids

transport mechanism across the SM, and an
ammonium channel

has recently

+H

been

y

characterised in soybean (Tyerman et al.
1995) and in pea (Mouritsen and Rosendahl

Assimilation by
plant enzymes

1997) (Fig. 9). The soybean ammonium
transporter was identified by patch-clamp
studies of isolated symbiosomes and was
shown to be a voltage-gated monovalent
cation channel. This channel opens to allow
ammonium efflux from the symbiosome
when a membrane potential (negative on
the plant side) is generated across the SM,

Fig. 9: Ammonium transport in symbiosomes. Ammonia
produced in the bacteroid diffuses into the peribacteroid
space (PBS), where it is protonated (trapped) in the acidic
environment. Suppression of rhizobial Amt prevents cycling
of ammonium back into the bacteroid. Movement of ammonium ions into the plant cytoplasm requires the operation of a
channel. Ammonia assimilation into amino acids also occurs,
and these may also be provided to the plant (see chapter 2.4)
(Modified from Day et al. 2001).

which is likely to occur in vivo (see chapter
1.3). It is capable of transporting NH4+ across the SM at rates that are adequate to account for
estimates of N2 fixation rates in symbiosomes in vivo, and at low and physiologically relevant
concentrations (10-20 mM) it shows a preference for N H / (Tyerman et al. 1995). A presumably
similar voltage-driven channel capable of carrying out ammonium transport from the bacteroid side
across the SM was identified in pea root nodules (Mouritsen and Rosendahl 1997). Uptake of the
ammonium analogue "C-methylamine into energised bacteroid-side-out SM vesicles when a
membrane potential was generated across the membrane was demonstrated in this study. The
uptake mechanism appeared to have a high capacity for transport, and saturation was not observed
in the studied concentration range of 25 JAM to 150 mM methylamine.
An attempt has been made to isolate a cDNA from soybean encoding the SM ammonium channel
using functional complementation of yeast (Kaiser et. al. 1998). A single cDNA termed GmSATl
{Glycine max symbiotic ammonium transport) yielded transcripts that were able to complement an
ammonium transport defect in a yeast mutant (Kaiser et al. 1998). However, further analysis has
indicated that the GmSATJ protein is not itself a channel, but that it merely interacts with
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endogenous Mep ammonium transporters in yeast, in a way, which seems to enable ammonium
uptake (Marini et al. 2000).
Besides the ammonium transport across the SM described above, it has also been suggested that
diffusion of NHa across the SM, either via simple diffusion or facilitated via a channel, might play
a role in the translocation of nitrogen (reviewed by Day et al. 2001). Passive diffusion of NH3
across the SM could be adequate to support measured rates of ammonium assimilation, provided
that a steep concentration gradient was maintained by rapid removal of ammonium in the host cell
by the enzyme glutamtne synthase (see chapter 2.5) (Udvardi and Day 1990). However, these ideas
remain to be investigated in more detail.

2.4 Nitrogen assimilation in bacteroids
Until recently it has been generally agreed that Rhizobium bacteroids do not assimilate ammonium
to any great extent during symbiosis. The paradigm has been that fixed nitrogen is secreted
exclusively as ammonium, which is then assimilated into amino acids in the plant cytosol
(reviewed by Udvardi and Day 1997; Kaminski et al. 1998; Kahn et al. 1985; Streeter 1991).
However, more recent results challenge this view and suggest a possible involvement of amino
acids as the form of fixed nitrogen delivered from the bacteroid to the plant (reviewed by Poole and
Allaway 2000; Day et al. 2001). At present, consensus has not been reached as to whether
substantial nitrogen assimilation takes place in the nodule bacteroid compartment, and in the
following, many of the apparently contradictory results will be presented and discussed.
Early studies with anaerobically prepared nodule bacteroids showed that fixation of 1SN2 occurred
in the bacteroids and that I5NH(* was the main product excreted into the medium (Bergersen and
Turner 1967). Ammonium accounted for 94-95% of the total fixed 15N, which led to the conclusion
that no significant nitrogen assimilation took place in the bacteroids. In accordance with this, many
laboratories have subsequently found that the appropriate ammonium assimilatory enzymes were
repressed in symbiotic bacteroids (Brown and Dilworth 1975; Kurtz et al. 1975; Werner et al.
1980).
In whole nodules, the primary assimilatory products were shown to be glutamate and glutamine
(Kennedy 1966), and subsequent studies examined the localisation of assimilatory enzyme activity
in nodules. The concerted action of two enzymes, glutamine synthetase (GS) and glutamate
synthase (GOGAT), catalyse the incorporation of N H / into glutamine and gJutamate by the
combined reactions shown in Fig. 12. This pathway is known to be the main route of ammonium
assimilation in free-living rhizobia, when the external ammonium concentration is low (Nagaiani et
al. 1971; Brown and Dilworth 1975; Kondorosi et al. 1977). Glutamate dehydrogenase (GDH)
catalyses the incorporation of NH4* into glutamate (Fig. 12) at high ammonium concentrations
(Nagatani et al. 1971; Brown and Dilworth 1975).

19

PART 1. INTRODUCTION
It is unclear whether GDH plays a significant role in bacteroid nitrogen assimilation. Substantial
bacteroid GDH activity was reported by Brown and Dilworth (1975) to be present in bacteroids
from many different host plants, whereas Miller et al. (1991) demonstrated high GDH activity
levels only in R. meliloti bacteroids compared to other species. Kurz et al. (1975) found low GDH
activity levels in R. legumiiiosarum bacteroids throughout the entire 13-weeks growth period of the
plant.
GOGAT activities in isolated bacteroids were demonstrated to be very low and insufficient to
account for the level of nitrogen fixation and assimilation observed for the intact nodule (Kurz et
al. 1975; Brown and Dilworth 1975). Some GS activity was present in the bacteroids, but its
activity was not correlated to nitrogenase activity during plant development, and the low level of
GOGAT precluded the operation of the GS-GOGAT cycle (Kurtz et al. 1975). Additional evidence
in support of the view that the bacteroid GS-GOGAT pathway is not important in the assimilation
of fixed nitrogen in the nodule is provided by Kondorosi et al. (1977). In this study it was showed
that a Rhizobium GOGAT mutant, which was unable to assimilate ammonium and grow in the
free-living state without supply of glutamate, was still fully effective in symbiosis.
The role of bacteroid GS during symbiosis is not well understood, but it seems that a low level of
GS activity could be required for symbiosis. This is suggested by several observations that rhizobia
mutants lacking GS are severely impaired in nodule infection and/or nitrogen fixation (Donald and
Ludwig 1984; Moreno et al 1991). Rhizobia and bradyrhizobia possess at least two different GSs,
GS I and II, which are encoded by non-homologous genes (reviewed by Kaminski et al. 1998). The
regulation of die gene encoding GS I is unknown apart from the fact that it is only slightly affected
by nitrogen. The expression of GS II is under ntr control and thus turned off during bacteroid
differentiation (see chapter 1.2) (Kaminski et al. 1998).
Data from several in vitro studies with bacteroids and symbiosomes have suggested that some
amino acid synthesis does occur in the bacteroid cytoplasm under microaerobic conditions. Pea and
soybean bacteroids supplied in vitro with dicarboxylic acids were found to excrete alanine and
aspartate (Appels and Haaker 1991; Kouchi et al. 1991), and symbiosomes and bacteroids fed with
l4

C-malate or -succinate synthesised, and in some cases excreted,

14

C labelled amino acids,

primarily alanine, aspartate and glutamate (Salminen and Streeter 1987; Kouchi et al. 1991; Miller
et al. 1991; Rosendahl et al. 1992).
It has been confirmed that bacteroids also synthesise amino acids in the intact symbiosis.
Substantial amounts of l4C-glutamate, l4C-aspartate and l4C-alanine were found in bacteroids after
exposure of whole pea and soybean nodules to UCO2 (Rosendahl et al. 1990; Salminen and Streeter
1992).
Salminen and Streeter (1987 and 1990) found substantial and rapid synthesis of
soybean bacteroids after supply with

14

14

C-glutamate in

C-dicarboxylic acids and this was attributed to channelling

of 2-oxoglutarate to glutamate because of inhibition of 2-oxoglutarate dehydrogenase of the TCA
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cycle (cf. Fig. 7) due to an increased NADU/NAD* ratio under microaerobic conditions. The
labelling of the large glutamate pool turned over slowly, suggesting a low rate of catabolism
(Salminen and Streeter 1990). Assays of the enzyme glutamate a-decarboxylase (GAD) that
catalyses the conversion of glutamate to Y-aminobutyric acid (GABA) (cf. Fig. 12) indicated that
the enzyme was absent from the six tested strains of B. japonicum, and consistent with this no I4 C
labelling could be detected in the GABA pool (Salminen and Streeter 1990).
GAD activity has, however, later been demonstrated to be present in isolated R. meliloti bacteroids,
and so has all other enzymes of the so-called GABA shunt (see chapter 2.5 and Fig. 13)
(Fitzmaurice and O'Gara 1991; Miller et al. 1991). R. meliloti mutants defective in GAD have been
reported to posses low nitrogenase activity, and alfalfa plants inoculated with the mutant were
reduced in shoot dry weight (Fitzmaurice and O'Gara 1988). Whether GABA plays a role in
bacteroid nitrogen metabolism is, however, still a matter of debate, and it may turn out to be strain
specific. Miller et al. (1991) examined isolated bacteroids from different host plants and found very
low levels of GABA in bacteroids from pea, bean, soybean and lupine nodules, whereas R. meliloti
bacteroids from alfalfa contained substantial amounts of GABA. The GABA accumulation was
primarily observed when bacteroids were isolated anaerobically, and when bacteria were incubated
in the presence of 4% oxygen GABA concentrations declined, but remained much higher than in all
other analysed microsymbionts. GABA was not exported from isolated bacteroids under any
incubation conditions.
malate
Recently

there has been

some evidence that substantial alanine synthesis takes

SM

BM

place inside the bacteroids
and that alanine may even
be the form of fixed nitrogen exported by the bacteroid to the plant cell (Waters
et al. 1998; Allaway et al,

OAA

2000) (see Fig. 10). As
mentioned

above, it has

previously

been

observed

that soybean and pea bacteroids and symbiosomes excreted

alanine

(Salminen

plant cytosol

and Streeter 1987; Appels
and Haaker 1991; Rosendahl et al. 1992), but in the
study

by Waters et

al.

(1998) alanine was found to
be the only excreted com-

Fig, 10: A general scheme for the possible assimilation processes taking place in
the bacteroid and transfer of symbiotically fixed nitrogen through the bacteroid
membrane (BM), peribacteroid space (PBS) and symbiosome membrane (SM).
Enzymes involved are within boxes: MDH, malate dehydrogenase; ME, malic
enzyme; N^ase, nitrogenase; ADH, alanine dehydrogenase; GDH glutamate
dehydrogenase; AAT, aspartate dehydrogenase. Circles represent identified
membrane transport mechanisms, whereas dotted lines indicate transport by
passive diffusion (Modified from Day et al. 2001).
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pound that increased reproducibiy and linearly with time from purified soybean bacteroids
incubated under nitrogen-fixing conditions.

15

N2 labelling experiments demonstrated that the

recently formed ammonium from nitrogenase was incorporated into alanine, which was then
transported out of the bacteroid. When incubated with
excess

15

N2 the excreted alanine was 98 atom%

15

N. A further unusual feature of this work was that no significant ammonium excretion

could be observed and 15N-ammonium labelling was typically less than 0.06 atom% excess.
The excreted alanine was found to be formed via the reaction of ammonium with pyruvate,
catalysed by NADH-dependent aianine dehydrogenase (ADH) (Waters et al. 1998; Emerich et ah
2000; Allaway et al. 2000) (cf. Fig. 10). B. japonicum ADH has previously been found to be an
extremely powerful ammonium assimilatory enzyme unlike most ADHs, which have catabolic
roles (reviewed by Emerich et al. 2000). Waters et al. (1998) proposed that N2 reduction by
nitrogenase and ammonium assimilation by ADH were so tightly coupled that the newly formed
ammonium was never released into the cell ammonium pool. In agreement with the catalytic
mechanism, the amount of

I5

N in ammonium within the bacteroid under conditions in which

alanine excretion occurred was at the limit of detection suggesting that little free ammonium
existed within the microsymbiont. When exogenous ammonium was added to bacteroids under N2fixing conditions, alanine excretion increased implying that the formation of ammonium from
nitrogenase was limiting rather than the synthesis of alanine.
Waters et al. (1998) suggested that the reason for the Jack of consistency with earlier
investigations, where bacteroids have been found to excrete predominantly ammonium, is that most
bacteroid preparations have been contaminated with plant enzymes capable of liberating
ammonium by degrading excreted alanine and other excreted compounds. Furthermore, the choice
of oxygen tension during bacteroid incubation in different studies was suggested as another reason
why alanine excretion has not been observed previously, as the oxygen tension was shown to
strongly influence the amount of excretion of alanine (Waters etal. 1998).
An impressive, joint biochemical and genetic study by Allaway et al. (2000) pursued the
controversial results regarding bacteroid alanine synthesis. It was confirmed that alanine was also
synthesised at high rates in pea bacteroids, but only when bacteroids were incubated at high
densities under conditions that allowed accumulation of ammonium in the external medium. When
bacteroids were incubated under low to moderate densities, only ammonium could be detected as a
secretion product. The fact that the precise partitioning of ammonium to alanine could be altered so
dramatically by the in vitro assay conditions, may explain many of the contradictions in the earlier
literature. The whole cell Km for alanine synthesis was 3.2 mM N H / , which was similar to the Km
of ADH (5.1 mM) (Allaway etal. 2000).
The importance of alanine synthesis in planta was examined by identifying and mutating the
rhizobial gene for alanine dehydrogenase (aldA) and subsequently inoculating plants with the
mutant. The mutant bacteroids fixed nitrogen and secreted ammonium at normal rates but did not
synthesise alanine, and host plants were 20% reduced in biomass compared with those inoculated
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with the wild type (Allaway et al. 2000). Overall these data suggest that in planta alanine synthesis
by AldA has a significant effect on the efficiency of nitrogen export, but cannot be the sole
nitrogen secretion product from bacleroids.

2.5 Nitrogen assimilation in the plant
The assimilation of ammonium in the plant cytoplasm is, as opposed to assimilation processes
taking place in the bacteroid, considered to be fairly well understood. The activity of nitrogen
assimilatory enzymes is strongly enhanced in nodule tissues as compared to roots, and induction of
nodule-specific genes encoding isoforms of nitrogen assimilating enzymes occurs (reviewed by
Atkins 1991; Cullimore end Bennett 1992; Vance 2000). Several time course studies have shown
that the rise in nodule nitrogenase activity and leghemoglobin concentration at the onset of nitrogen
fixation is paralleled by a dramatic increase in the specific activities of nitrogen assimilatory
enzymes in the plant cytoplasm fraction. Especially the activities of GS and GOGAT have been
demonstrated to increase, but also aspartate aminotransferase (AAT) and asparagine synthetase
(AS) (see Fig. 12), (reviewed by Boland et al. 1980; Streeter 1991).
The first step in the assimilation of ammonium into organic compounds occurs via the so-called
GS-GOGAT cycle (Figs. 11 and 12) (reviewed by Robertson and Farnden 1980). Ammonium is
incorporated into the amide
group of glutamine in an ATP-

Pbotosyntfiate

dependent reaction catalysed

PLANT CELL

n

by GS. The enzyme GOGAT
subsequently catalyses the formation of two molecules of
glutamate from a molecule of
glutamine and a molecule of 2oxoglutarate in an NADH dependent

process.

Glutamate

serves as the central nitrogen
metabolite in the plant nodule
cells for the synthesis of the
other amino

acids, nucleic

I
•••••••••
symblosome

acids and other nitrogen containing compounds.

Fig. 11: A general scheme for the assimilation of symbioticatly fixed nitrogen
into amino acids in the plant cytoplasm of indeterminate legume root nodules.
The enzymes involved are within boxes: GS, glutamine synthetase; GOGAT,
glutamate syrtthase; AAT, aspartate aminotransferase; AS, asparagine
synlhetase (Modified from Vance 2000).
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Glutamine synthetase (GS):
glutamate + NH4+ + ATP ~> glutamine + ADP + Pt
Glutamate synthase (previously glutamine: 2-oxoglutarate aminotransferase) (GOGAT):
2-oxoglutarate + glutamine + NADH -»2 glutamate + NAD*
Net GS-GOGAT cycle:
2-oxoglutarate + NfV + ATP + NADH -» glutamate + ADP + Pf + NAD+
Glutamate dehydrogcnase (GDH):
2-oxoglutarate + NH4* + NAD(P)H + If <-» glutamate + NAD(P)+ + HjO
Aspartate amino transfcrase (AAT):
oxaloacetate + glutamate <-> aspartate + 2-oxoglutarate
Asparagine synthetase (AS):
aspartate + glutamine + ATP -» asparagine + glutamate + AMP + PP;
Glutamate a-decarboxylase (GAD):
glutamate + H* —» •y-'umnob'rtyric acid (GABA) + CO2

Fig. 12: Enzyme catalysed amino acid synthesis and catabolism (Modified from Boland et al. 1980, Temple el al. 1998;
Salminen and Streeter 1990).

GS is located predominantly in the cytoplasm of infected cells, whereas GOGAT occurs in the
plastids and possibly also to some extent in the cytoplasm (Shelp and Atkins 1984; Vance 2000)
(cf. Fig, 11), It has been shown that a nodule-specific form of GS is expressed only in infected cells
(Forde et al 1989), GS occurs as numerous isozymes (reviewed by Vance 2000) and is present in
very large amounts in the host cytoplasm of nodules. It has been estimated that, in soybean
nodules, the enzyme comprises 2% of the soluble protein in the cytosol (McParland et al. 1976).
The apparent Km values for ammonium of host GSs are in the order of 0.2 mM (McCormack et al.
1982; Cullimore et al. 1983), and the cytosol thus constitutes a massive sink for free ammonium
coming from bacteroids. Streeter (1989) estimated that the ammonium concentration in the soybean
nodule cytosol was essentially nil, which seems reasonable in view of the presence of large
amounts of GS with a low Km for ammonium.
Prior to 1970 it was generally assumed that ammonium was assimilated in the plant cytoplasm by
the direct amination of 2-oxoglutarate to produce glutamate in a single reaction catalysed by GDH
(cf. Fig. 12). However, the plant enzyme's high K m for ammonium (> 1 mM) suggested that GDH
did not have a major role in nitrogen assimilation, and this was confirmed by a large body of
evidence pointing at the GS-GOGAT cycle as the primary nitrogen assimilating pathway (reviewed
by Atkins 1991; Temple et al. 1998).
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After the primary assimilation of ammonium into glutamine and glutamate, nitrogen is
subsequently rapidly incorporated into aspartate and asparagine. Aspartate is formed directly by the
amination of oxaloacetate with glutamate as the amino group donor in a reversible reaction
catalysed by A AT (Figs. 11 and 12). Nodules contain two A AT isozymes of which AAT-I is
expressed also in other parts of the plant, whereas AAT-2 is highly expressed in root nodules with
low expression in other tissues (reviewed by Cullimore and Bennett 1992; Vance 2000). In situ
hybridisation and immunogold localisation studies have demonstrated that AAT-2 is fairly limited
to plastids of infected cells in nodules, while AAT-1 transcripts were expressed in uninfected cells,
nodule vascular bundles and nodule parenchyma (Vance et al. 1994; Yoshioka et al. 1999). This
indicates that only AAT-2 plays a principal role in assimilation of recently fixed nitrogen.
Asparagine is formed through amidadon of aspartate with mainly glutamine as the amide group
donor (Figs. 11 and 12) (Ta et al. 1986; Snapp and Vance 1986). This reaction is ATP-consuming
and catalysed by AS, which is localised in the nodule plant cytosol (Cullimore and Bennett 1992;
Vance 2000). Synthesis of asparagine also occurs by direct incorporation of free ammonium into
aspartate, and this reaction has been estimated to account for 35% of the asparagine biosynthesis in
alfalfa nodules (Ta et al. 1986). In E. coli both the glutamine and the ammonium dependent AS
have been characterised, but in plants the production of the AS that catalyses synthesis of
asparagine from ammonium and aspartate has not been established (reviewed by Vance.2000).
Asparagine, in particular, and to some extent also glutamine are the most important nitrogen
transport forms in indeterminate nodules (cf. chapter 1.3) and are thus the end products of nitrogen
assimilation in this type of nodules. In determinate nodules, on the other hand, purines are
synthesised in the infected cells from glutamine and glycine and exported to neighbouring
uninfected cells, where ureides are synthesised in a process that involves oxidative degradation of
purines (reviewed by Werner 1992). The ureides, allantoin and allantoic acid, are the prevalent
form in which nitrogen is exported to the xylem in determinate nodules (cf. chapter 1.3).
Root nodule nitrogen metabolism also includes the synthesis (see Figs. 12 and 13) and accumulation of y-aminobutyric acid (GABA), which is present in relatively high concentrations in nodules
of all legumes tested (Larher et al. 1983; Ta et al. 1986; reviewed by Vance and Heichel 1991).
The concentration of GABA in the plant cytosolic fraction of alfalfa nodules was found to be 50times higher than in the bacteroids (Ta et al. 1986). GABA is not usually incorporated into proteins
and the role of GABA in plants is still unclear.
A number of functions for GABA in nodules has been suggested; among these a function in
cytoplasmic pH regulation during microaerobic and aerobic conditions (Reid et al. 1985). The
enzyme GAD that catalyses the H+-consuming a-decarboxylation of glutamate leading to GABA
synthesis (cf. Fig. 12) has a sharp pH optimum around 5.8, and its activity will thus be stimulated if
pH declines from the normal physiological level (reviewed by Bown and Shelp 1997). This has
been confirmed by in vivo NMR studies of carrot cells, where it was demonstrated that an increase
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in cytosolic pH preceded GABA accumulation (Carroll et al. 1994). GAD activity increased with
reduced pH and declined as pH recovered.
It has also been suggested
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Fig. 13: The GABA shunt constitutes an alternative route for succinate biosynthesis
from 2-oxoglutarate. Krebs cycle « TCA cycle. Enzymes are indicated in italics:
GDH, glutamate dehydrogenase; GAD, giutamate cc-decarboxyJase; GABA-T,
GABA transaminase; SSADH, succinic semialdehyde dehydrogenase (Modified
from Bown and Shelp 1997).

A third suggestion for a role for GABA in plants is the hypothesis that GABA is a temporary N
store (reviewed by Shelp et al. 1999). It has been shown that elevated glutamate levels, caused by
for instance inhibition of glutamine synthesis or reduced protein synthesis, stimulate GABA
synthesis. Some experimental evidence indicates that the locations of GABA production and
accumulation are not identical, and that accumulated GABA is sequestered within organelles
(reviewed by Shelp et al 1999).
Recent results suggest that aianine may be the form in which at least a part of the nitrogen is
delivered to the plant (cf. chapter 2.4) (Waters et al, 1998; Allaway et al. 2000), but the metabolic
fate of aianine after it leaves the bacteroid is not known. The current understanding of nitrogen
assimilation in the plant cytoplasm, as it has been described in this chapter, does not yet provide
any explanation how aianine can be a starting point in the plant assimilation process. A model by
Waters and Emerich (2000) that attempts to integrate aianine in the well-known nitrogen
assimilating pathways will be described in chapter 2.7.
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2.6 Amino add transport across bacteroid and symbiosome membranes
Several transport studies with isolated bacteroids from many different host plants confirm that
bacteroids are capable of accumulating certain amino acids from the external medium quite rapidly
(Glenn and Dilworth 1981; Udvardi et al. 1988b; Herrada et al. 1989; Salminen and Streeter 1987,
1990; Jin et al. 1990; Whitehead et al. 1998). An indication that amino acids may be transported
across the BM in planta comes from the observation that some rhizobial amino acid auxotrophs are
able to establish nitrogen-fixing symbioses, which suggests that the necessary amino acids are
supplied to bacteroids by their host plants (reviewed by Udvardi and Day 1997).
A general amino acid permease (Aap) that transports a wide range of L-amino acids including
glutamate, aspartate, proline, histidine and aliphatic amino acids with very high affinity (Km for
glutamate 81 nM) has been described in free-living R. leguminosarum (Poole et al. 1985; Walshaw
et al. 1997a and b). This permease system has been cloned and was shown to consist of four
proteins forming an ATP-binding casette (ABC) transporter (Walshaw and Poole 1996), It has been
suggested that Aap is either bidirectional or regulates another efflux channel, because amino acids
can be taken up as well as excreted by free-living R. leguminosarum bacteria (Walshaw and Poole
1996).
A second ABC transport system, the so-called branched-chain amino acid transporter (Bra) has also
been cloned in R. leguminosarum, and double mutants in aap and bra are devoid of almost all
detectable high-affinity amino acid uptake (reviewed by Day et al. 2001). In addition to these
dedicated amino acid transporters, it has been demonstrated that aspartate can be transported by the
Del system (see chapter 2.1), albeit with low affinity (Reid et al. 1996; Watson et al. 1993).
However, under most growth conditions the Aap and Bra appear to dominate high-affinity amino
acid uptake in free-living bacteria and both are capable of exchanging amino acids.
The precise mechanisms by which amino acids are transported across BM in symbiosis is not
known, but exchange of intracellular amino acids from bacteroids is likely to occur via the general
amino acid transport systems, Aap and Bra (Day et al. 2001). The results by Waters et al. (1998)
(see chapter 2.4) demonstrate that alanine is exported from the bacteroid and thus that some carrier
mediated transport mechanism exists, and it is possible that specific export systems for amino acids
such as alanine may bee induced in symbiosis (Day et al. 2001).
The SM is, as opposed to the BM, considered to be rather impermeable to amino acids. Transport
studies with isolated symbiosomes from a number of different legumes have, in the majority of
cases, failed to identify amino acid transporters on the SM (Udvardi et al. 1988b; Herrada el al.
1989; Udvardi et al. 1990; Ou Yang and Day 1992; Whitehead et al. 1998). However, a notable
exception is provided by Rudbeck et al. (1999), who demonstrated that aspartate could be
transported from the bacteroid to the plant side of the SM (cf. Fig. 10) by the operation of a protonaspartate symporter on energised pea SM membrane vesicles. Furthermore, it has been suggested
that substantial amino acid concentration gradients may exist in vivo, and that amino acids may
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diffuse down the gradients across the SM, perhaps via the well-known aquaporin, Nodulin 26
(Udvardi and Day 1997; Day et al. 2001; Rivers et at. 1997).
Despite the general view that the SM is highly impermeable to amino acids, there has been several
observations of isolated symbiosomes secreting amino acids like alanine and aspartate at
substantial rates (cf. chapter 2.4) (Udvardi et al. 1990; Rosendahl et al. 1992). However, further
work is needed before firm conclusions can be drawn about in vivo amino acid transport out of
symbiosomes and transport mechanisms remain to be identified.
Given the apparent lack of transporters on the SM for amino acids, the presence of high-affinity
amino acid transporters on the BM is surprising and needs an explanation. In free-living B.
japonicum glutamate transport is induced when external substrate concentrations are very low and
repressed when glutamate is abundant (Whitehead et al. 1995). The persistence of amino acid
transporters in bacteroids may, therefore, simply reflect the restricted availability of substrates from
the plant. In this situation transporters may assist bacteroids in taking up amino acids from a very
low concentration pool in the PBS. Slow movement of amino acids across the SM followed by
rapid uptake into the bacteroid via high-affinity transporters, may allow plant amino acids to
supplement fixed nitrogen in the bacteroid for biosynthetic purposes.

2.7 Nutrient exchange cycles
Several models that integrate carbon and nitrogen exchange via shuttles and cycles involving
uptake and efflux of amino acids across the SM and BM have been proposed (Kahn et al. 1985;
Kouchi et al. 1991; Waters and Emerich 2000; Rosendahl et al. 2001). All of the models are
hypothetical and based on a mixture of solid experimental data and more or less speculative
assumptions, and the suggestions may thus inspire further investigation. I have chosen to present a
selection of the models in order to illustrate the many possible extensions and alternatives to the
more mainstream metabolic pathways described in the previous chapters 2.4,2.5 and 2.6.
Kahn et al. (1985) were the first to
propose

a simple nutrient

exchange

Plant

Bacteroid

Photosynthate

SM

model in which nitrogenase-generated
ammonium was assimilated into a carbon

\

Glutarntl*

skeleton in the plant cytoplasm and subsequently carried across the BM to serve
as a reduced carbon source (see Fig. 14).
In that way, supply of reduced carbon for

[NH,]

bacteroid metabolism would require bacteroid nitrogen fixation, and thus urge the
bacteroid to fix nitrogen continuously.
Glutamate and aspartate were suggested

Nitrogen tsslmllitlon

Fig. 14; Model of nutrient exchange between plant and bacteroid
across the symbiosome membrane (SM) and bacteroid membrane (BM) as proposed by Kahn et al. (1985). (Modified from
Udvardi and Kabn 1992).
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as candidates to participate in membrane transversing shuttles.
A more elaborate version of the model was also presented by Kahn et al. (1985) (see Fig. 15)
inspired by the malate-aspartate shuttle that operates in mitochondria (Meijer and VanDam 1974).
It is a simple mechanism requiring only two enzymes (AAT and MDH) and involving the exchange
of glutamate for aspartate and malate for 2-oxoglutarate across the membrane barrier. The net
effect of the malate/aspartate shuttle would be the transport of reducing equivalents (NADH) across
SM and BM without transport of nitrogen and carbon. A number of laboratories have provided
evidence in favour of a malate/aspartate shuttle, but it is still not clear whether it operates in the
legumt-Rhlzobium symbiotic interface (Udvardi and Kahn 1992).
Work in both R. leguminosarum
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Fig. 15: The malate-aspartate shuttle as it may exist in legume root nodules.
AAT, aspartate amino transferase; MDH, malate dehydrogenase (Modified
from Udvardi and Kahn 1992).

(1991) found that an S. meliloti
aatA mutant, which seems to be unable to generate a high level of AAT activity, forms ineffective
nodules (fix) with its host plant alfalfa, and this has also been interpreted as an indication that an
exchange of organic acids and amino acids might play a role in symbiotic metabolism (Kahn et al.
1998).
The major argument against the operation of a malate/aspartate shuttle is the impermeability of the
SM to glutamate (cf. chapter 2.6) (Udvardi et al. 1988b). A lack of formal shuttle mechanisms is
also indicated by the fact that a mutation of the aap genes encoding the amino acid permease
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described in chapter 2.6, prevented growth on glutamate as a carbon source in free-living R,
leguminosarum, but did not have any major effect on symbiotic nitrogen fixation (Walshaw et al.
1997a).
Kouchi et al. (1991) also suggested involvement of glutamate as a possible carbon source for
bacteroids in nodules and carried out studies of glutamate uptake and metabolism in isolated B.
japonicum bacteroids and symbiosomes. The results suggested that the major pathway of glutamate
utilisation in bacteroids was transamination to form aspartate, but it was additionally suggested that
the GAD catalysed GABA pathway (cf. Fig. 13) was partly responsible for the catabolism of
glutamate. The utilisation of glutamate as a carbon source was severely inhibited in isolated
symbiosomes as compared to isolated bacteroids, but at rather high, though still physiologically
relevant, glutamate concentrations, considerable glutamate utilisation was observed, indicating that
the SM may not work as a barrier in vivo (Kouchi et al. 1991).
Waters
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(2000) have proposed an
alanine-pyruvate
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Fig. 16: Proposed alanine-pyruvate exchange cycle. The broken vertical lines
represent the symbiosome and bacteroid membranes, SM and BM, respectively.
The open arrows represent the transport of malaie and alanine across the
membranes. Abbreviated metabolites are: 2-OG: 2-oxoglutarate, PEP:
phosphoenol pyruvate, OAA: oxaJoacetate. (Modified from Waters and Emerich
2000).

the plant to the bacteroid.
In this model malate is transported into the bacteroid (cf, chapter 2.1), decarboxylated into pyruvate
and synthesised into alanine. Alanine is assumed to be transported out of the symbiosome, into the
cytosol of infected plant cells, where ammonium is transferred to another carrier such as 2oxoglutarate to form glutamate, which can then be used to synthesise other nitrogen containing
compounds. The pyruvate, which is generated from alanine transamination, presents a problem to
the model, because pyruvate is not readily oxidised by plant mitochondria. However, if puruvate
could be converted into phosphoenol pyruvate (PEP), it could subsequently be recycled back to
malate via the enzymes PEP carboxylase and MDH (cf. chapter 2.1) in the infected plant cells. The
enzymes for conversion of pyruvate to PEP or to oxaioacetate (OAA) are known in plants but
remain to be identified in root nodules, and the solidity of the model is therefore not known at the
moment. The transport of alanine across the SM is also a weak point of the model, but it is
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suggested that alanine alternatively could be deaminated within the PBS to liberate ammonium,
which could be transported out of the symbiosome by ammonium transporters on the SM (see
chapter 2.3).
Rosendahl et al. (2001) proposed the operation of transamination cycles including processes taking
place in the symbiotic interface between the bacteroid and the plant as well as in the bacteroid
cytoplasm (see Fig. 17). It was hypothesised that these processes may constitute a component of
the transfer of nitrogen between the symbionts and possibly also a mechanism whereby Ihe
bacteroid TCA cycle may be regulated during symbiotic nitrogen fixation. This model
encompasses previous findings that aspartate under certain circumstances is the amino group donor
for
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Fig. 17; Proposed model for operation of a transanunation cycle (Modified
from Simonsen 1998). AAT, aspartate aminotransfcrase; Asp, aspartate; 20X
' 2-oxoglutarate; Glu, glutamate; OAA, oxaloacetate; Dc, dicarboxylic
^
j amim K j d p e r m e a s e . 2 and 3, dicarboxylic acid transporters; 4,
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In vivo NMR spectroscopy

3.1 Fundamental principles of nuclear magnetic resonance (NMR)
A few important principles of NMR will be summarised in the following to provide a suitable
background for the later presentation and discussion of in vivo NMR experiments on root nodules.
A detailed introduction to NMR as well as its application to plant-microbe symbioses and plant
systems in general can be found in various textbooks and recent reviews on which the present
chapter is also based (Sanders and Hunter 1993; Pfeffer and Shachar-Hill 1996; Bligny and Douce
2001; K5ckenberger 2001; Pfeffer et al. 2001; Ratcliffe and Shachar-Hill 2001).

31

PART 1. INTRODUCTION
A number of nuclei, among these the biologically relevant 'H, l3 C, 15N, n O ,

19

F and 31 P, possess a

magnetic moment and angular momentum (nuclear spin). The magnetic dipole axes of the nuclei
are usually randomly ordered. However, when exposed to a magnetic field (Bo), this field interacts
with the magnetic moments of the nuclei (see Fig. 18). A new thermal equilibrium is achieved in
which the population of nuclei with the magnetic dipole axes aligned parallel with the external field
is slightly bigger than the population of the nuclei with anti-parallel aligned axes. These two spin
states have different energies and are separated by an amount, AE, which is field dependent:
(Eq.2)
where v is the magnetogyric ratio of the nucleus (see Table 2).
The ratio of the populations of the Jower and the higher energy state (N a and Np, respectively) is
given by the Boltzmann distribution:
(Eq.3)
A weak net magnetisation of the sample, which can be represented by a vector M o , results from this
unequal population distribution. The sample magnetisation can be measured through the induction
of a voltage signal in a coil surrounding the sample after its manipulation by an appropriate radiofrequency (r.f.) pulse.

T, relaxation \ ; > . _

T2 relaxation
Fig. 18: Schematic representation of the nuclear resonance phenomenon. The sample magnetisation Mo
arises from the uneven distribution of the nuclear spin ensemble between two different states with their
axes either aligned parallel or anti-parallel to the axis of the main magnetic field BQ. The magnetic
dipoles precess (here indicated as vectors) around the main field axis with the Lannor frequency <o.
After the application of a n/2 radio frequency pulse, the original distribution is shifted away from the
ihermodynamic equilibrium, and a phase coherence is established between the precessing dipoles. The
result is a sample magnetisation MX, precessing in the transverse plane with a frequency (o, and the
detection of this precession forms the basis of an NMR signal. The spin ensemble returns to the original
distribution between the two states through T! relaxation. The loss of phase coherence is described by
T2 relaxation. Both processes occur simultaneously but are depicted separately in the diagram for
clarity (From Kockenberger 2001).
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One of the most fundamental principles underlying NMR is the proportionality between the
resonance frequency (the Larmor frequency, co) and the magnetic field that acts on the nuclei:
(D = Y B 0

(Eq. 4)

The identification of the chemical nature of a compound by its resonance lines is based on this
principle. Each nucleus within a molecule experiences a slightly different magnetic field because
the main magnetic field is shielded by surrounding electron clouds. Thus, the effective magnetic
field acting on a given nucleus depends on the chemical nature of the group and the chemical
environment in which it is bound. Because of differences in shielding each nucleus will absorb
energy at a slightly different frequency. For instance, the nitrogen nuclei in the amide and amino
groups, respectively, of glutamine molecules can be identified by their different resonance
frequencies due to differences in the local shielding of the magnetic field. The separation of the
resonance frequencies from an arbitrarily chosen reference is called the chemical shift (8), which is
calculated on the basis on the relationship:
5=lO < s (v i -v r )/v r

(Eq.5)

where V; and v s are the resonance frequencies of the compound of interest and the reference
compound, respectively. 8, which is independent of the field strength of the magnet, is a unitless
number that is expressed in parts per million (ppm). The result of an NMR analysis is a spectrum,
that is, a plot of intensity against energy in which each signal occurs at a characteristic chemical
shift.
Table 2: Properties of some biologically relevant nuclei with spin 1/2 (Modified from Berger et al.
1997).
Nucleus
Magnetogyric ratio, y
Natural abundance

(•lO'radTV)

(%)

'H
C
15
N

26.752

99.98

6.728

1.11
0.365

I9p

25.181

Mp

10.839

I3

-2.712

100
100

3.2 Ti and T2 relaxation
After the thermal equilibrium is perturbed by the initial r.f. pulse, the nuclei start to return to the
initial state by relaxation (cf. Fig. 18). The initial population distribution between the different
states can be restored only by an exchange of energy between the exited nuclei and their
environment. This is a first order process with a time constant T| for an identical ensemble of
nuclei. In the classical mechanical treatment, T] relaxation (also known as longitudinal or spin-
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lattice relaxation) represents the recovery of the bulk magnetisation vector in the direction of the
main magnetic field.
There are continuous fluctuations of the local magnetic fields due to rotational and translational
molecular motion, which causes a decay of the average sample magnetisation vector in the
transverse plane by a first order process with a time constant T2. T2 relaxation is also known as
transverse or spin-spin relaxation.
The mechanistic explanations of both longitudinal and transverse relaxation rates include a variety
of physical processes, such as inter- and intramolecular dipole-dipole interactions between two
nuclei.
The experimental or apparent T2 time constant is called T2* and may be shorter (but never longer)
than the true T 2 because of local magnetic field inhomogeneity. The inhomogeneity of the magnetic
field in plants stems mainly from the presence of small air-filled intercellular spaces (reviewed by
Kockenberger 2001). Air and water have different magnetic susceptibility when exposed to a
magnetic field, which can result in strong internal magnetic field gradients at the interface between
water and air. This will shorten the experimental transverse relaxation time constant T2* and this
effect becomes more pronounced with increased magnetic field strength. Shortening of .T2* can also
be caused by such diverse factors as interactions with paramagnetic ions and molecules, reduced
molecular motility and exchange effects.
A shortened T2* will lead to line broadening of signals in an NMR spectrum. The resonance line
width, Avm (the full width at half the height of the peak), and T2* are related by:
Av,c = (TtT2*rl

(Eq.6)

In general the broader the signal, the more difficult it is to define its shape and extent and the
greater the chance of overlap with neighbouring signals. However, identifying the cause of the line
broadening leads to information about the intracellular environment of the ion or the molecule that
gives the NMR signal. In extreme cases line broadening can render a signal undetectable and this
too may be informative. Nuclei that are present in a sample without being detected in a simple
NMR experiment, are said to be NMR-invisible. This often occurs for large molecules e.g. high
molecular weight polyphosphate or for small molecules that bind to large molecules such as ADP
binding to proteins. Interaction with paramagnetic compounds can also greatly reduce T2" and lead
to NMR-invisibility. Different compartments in a cell may have different relaxation properties.

3.3 Signal-to-noise ratio
The signal in an NMR experiment is a small electromotive force that is induced in the detection
coil by the precession of the sample magnetisation iit the transverse plane. The signal is modulated
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down in frequency, digitised and sent to a computer where it is converted into a spectrum by a
mathematical procedure called a Fourier transformation. However, from the coil to digitisation
there are a number of sources for experimental noise that impair the detection sensitivity (Hoult
and Richards 1976). The signal-to-noise (S/N) ratio is approximately proportional to the square of
the applied magnetic field (Bo7/4) and to the number of nuclei within the sample.
The natural abundance of a magnetic isotope of interest (cf. Table 2) is one of the crucial factors to
determine whether the number of nuclei within a biological sample is large enough to exceed the
detection threshold.

31

P is 100% naturally abundant so therefore it is favourable to observe 31P

metabolites by NMR. I5N is, however, only present at 0.365% of a natural population and
furthermore has a low magnetogyric ratio (cf. Table 2) which leads to rather low sensitivity of I5 N
NMR.

I5

N metabolites are thus not easily detected in an unenriched sample. However, this can be

exploited to advantage because the distribution of label from a given

1S

N labelled substrate, which

is administered to the biological system under study, can be followed through a metabolic pathway
by in vivo l5N NMR.
A common way to increase the S/N ratio is signal averaging by the addition of many single scans
or transients. In a spectrum resulting from the summation of n transients, the signals will be « times
bigger that they are in a single spectrum. The noise will, however, increase by only V« and so the
ratio of S/N amplitude will increase by V«. Increasing the S/N ratio by signal averaging therefore
rapidly leads to very long experimental times.
Application of the nuclear Overhauser effect (NOE) is a means to enhance signal intensities. NOE
is a change in the intensity of a spectroscopic signal caused by the continuous saturation of a
transition of another nearby nucleus during the NMR experiment. The nuclei interact through space
and need not be covalently bound. The saturation of the transition of one of the nuclei will cause a
new population distribution to develop as relaxation occurs. Dipole-dipole relaxation will lead to
depopulation of the upper level and thereby an increased population difference, which will cause
intensity enhancement of the signal from the observed nucleus. It is particularly interesting for the
insensitive

15

N nucleus, where the proton induced NOE may yield a large increase of the signal

intensities. The NOE factor (t)) is a fractional increase determined by the magnetogyric ratios of
the saturated and the observed nucleus, YA and Yx» respectively:
T1=YA/2YX

(Eq.7)

In practice the effective NOE factor, r\abi, may be smaller than the theoretical value as a result of
molecular or experimental factors. The NOE factor, t[, gives the maximal fractional increase in a
signal due to the NOE, and the resulting total intensity of the enhanced X-signal is given by:
I = C 1 + T|) I a

(Eq.8)
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where Io is the original intensity. The maximum proton-induced TJ for

15

N is according to Eq. 7

I5

about -4.9 as the y-values of 'H and N differ by a factor of nearly 10 (see Table 2). As the 15N
magnetogyric ratio is negative the NOE factor will also be negative. This will give improved
signal-to-noise only if T|obj is so large and negative that the net signal is inverted but more intense
than in the absence of NOE. However, in the case where the dipole-dipole contribution is less than
100%, it is possible for t|obs to be close to -1, leading to a complete loss of signal (cf, Eq. 8).

4

Concluding remarks and objectives

Carbon and nitrogen metabolism in tegume-Rhizobiu/n root nodules has been studied with
intermittent intensity since the 1960s. However, the complex interwoven metabolic network is still
not fully understood, as described in chapter 2 and illustrated by the many different metabolic
schemes presented in chapter 2.7.
The form of fixed nitrogen exported by the bacteroid to the plant cell is still a matter of debate,
and the recent controversial and remarkable results by Waters et al. (1998) and Allaway et al.
(2000) (cf. chapter 2.4) mandate new investigations of nodule nitrogen metabolism. The degree of
partitioning to alanine and ammonium by different rhizobia species is unknown, as are the effects
of different environmental conditions and AldA expression levels on alanine synthesis. Alanine
may be a major secretion product of bacteroids, but its metabolic fate after it leaves the bacteroid is
still unknown. Likewise, transport systems for alanine as well as other amino acids on the SM
remain to be identified.
The size of the free ammonium pool in the bacteroid cytoplasm during symbiosis is an open
question. Waters et al. (1998) suggest a that ammonium synthesis and subsequent assimilation by
alanine dehydrogenase are so tightly coupled in the bacteroid cytoplasm that very little free
ammonium is released. Allaway et al. (2000), on the other hand, observe a plastic partitioning of
ammonium and alanine excretion from the bacteroids and suggest that the ammonium
concentration inside the bacteroids is one of the key variables governing the rate of alanine
synthesis. To my knowledge, the only published attempt to estimate the free ammonium
concentration in bacteroids was made by Streeter (1989) (cf. chapter 2.2). This estimate was based
on an extrapolation of time dependent experimental data to time zero as well as on quite a lot of
assumptions, so there is a need for a more direct determination of the concentration of free
ammonium inside the bacteroid.
The mechanism by which ammonium reaches the plant cytosol remains controversial (Udvardi
and Day 1997). It is clear that in soybean and pea the SM contains channels, which have properties
that one would expect of a transporter delivering ammonium to the plant (cf. chapter 2.3), but its
operation during nitrogen fixation remains to be demonstrated. The gene encoding the putative SM
ammonium transporter has not yet been identified, and therefore it has not been possible to prove
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its function by for instance blocking the expression of the gene using antisense RNA techniques.
A general problem in the study of nodule metabolism is the extrapolation from in vitro to in vivo.
Information on the microenvironment of the different compartments in the nodule is lacking, and
the in vivo significance of in vitro findings is therefore difficult to appreciate. Biochemical
reactions in intact living cells can be studied by NMR spectroscopy ideally without interfering with
metabolic processes or destroying enzyme complexes. While determinations of enzyme activities in
crude extracts may give a first clue as to which ammonium assimilation pathways are active, they
cannot be used to predict the in vivo flux distribution over competing enzyme systems such as
GDH and GS/GOGAT. In vivo NMR spectroscopy, especially when used in combination with
stable isotope labelling such as I5N, does allow the characterisation of metabolic activities in the
living cell. Other methods for studying metabolic pathways rely on extractions of the tissue and
subsequent purification and analysis. These procedures are time consuming and this is a significant
disadvantage in time course experiments, where the aim is to follow the label through a pathway.
In vivo l3N NMR spectroscopy has previously been used successfully in the study of plant, fungal
and bacterial nitrogen metabolism. Much of the work has contributed to the understanding of the
roles of GDH and the GS/GOGAT cycle in ammonium assimilation in different systems including
cell suspensions (Robinson et al. 1991; Fox et al. 1995; Amancio et al. 1997), embryogenic
cultures (Joy et al. 1996 and 1997), root tissues (Amancio and Santos 1992), Sphagnum fallax
(Kahl et al. 1997), ectomycorrhizal mycelium (Martin 1985) and Corynebacterium

glutamicum

(Tesch et al. 1999). The elucidation of the nitrogen assimilating pathways has usually been
achieved by supplying
subsequently

15

N-ammonium or

l5

N-nitrate to the living biological system and

15

N NMR analysing the incorporation of the

i5

N label into amino acids in the

presence and absence of enzyme inhibitors.
Metabolic studies by in vivo NMR spectroscopy has the advantage of avoiding artefacts caused by
the breakdown of labile compounds during extraction and it also eliminates errors due to
incomplete recovery of solutes from the tissue. A crucial factor in studies of bacteroid metabolism
and functioning in vitro is the degree to which bacteroid preparations are free from contaminating
plant enzymes and metabolites. Waters et al. (1998) suggested that the presence of plant enzymes
in earlier in vitro studies of bacteroids had caused significant artefacts in the results concerning
metabolic products released from bacteroids (cf. chapter 2.4), but this was subsequently rejected by
Li et al. (2000). Likewise, major errors might occur in the determination of metabolite levels
because of reallocation or degradation of metabolites during extraction, processing of extracts or
separation of compartments (Streeter 1987, 1989; Miller et al. 1991).
An unfavourable feature of tsN NMR spectroscopy is that it is a relatively insensitive spectroscopic
method. This might have discouraged previous attempts to study nitrogen fixation, because to my
knowledge, no reports on

I5

N NMR spectroscopy used for studying living nitrogen fixing

organisms are available. The only reported I5N NMR investigation of
al. (1988) who incubated methanogenic bacteria with

15

15

N2 fixation is by Belay et

N2 and subsequently analysed harvested,
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dead cells by

15

N NMR. However, the literature contains a few in vivo

31

P NMR spectroscopic

studies of symbiotic legume root nodules such as soybean (Mitsumuri et al. 1985; Rolin et al.
1989a & b) and alfalfa (Nikolaev et al. 1994). Results from these investigations demonstrate that it
is possible to keep nodules metaboiicaily active, while recording NMR spectra.
In conclusion, accurate estimation of the assimilation and translocation of fixed nitrogen in nodules
would benefit from non-invasive and non-destructive measurements of the fate of the fixed
nitrogen. The objective of the present study was thus to investigate nitrogen fixation and
assimilation in 15N2 fixing root nodules root by in vivo I5N NMR spectroscopy.
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5

Introduction

The aim of my experimental work has, throughout the project period, been to obtain informative in
vivo I3N NMR spectra of 15N2 fixing root nodules. However, a lot of equipment and procedures had
to be developed and a lot of problems had to be solved first. The process of developing an
experimental set-up that maintained the nodules in a physiologically viable state while in the NMR
tube will be described in chapter 7. The in vivo NMR technique requires in general that the
biological system under study is immersed in aqueous medium in order to maximise magnetic field
homogeneity to achieve the narrowest signal line widths. The search for the optimal conditions for
maximal nitrogen fixation rates of immersed, detached nodules in the NMR tube is described in
chapter 8.
When the first in vivo

I5

N NMR spectra were obtained, the next task was the interpretation of

results and the identification of metabolites giving rise to the observed signals. This was by no
means straightforward and included several approaches involving both NMR (described in chapter
10) as well as mass spectrometry (described in chapter 11). NMR in general and

15

N NMR

especially is a relatively insensitive spectroscopic method (cf. chapter 3). This Is not a serious
limitation, when large amounts of material are available as in studies of purified organic
compounds, but it is one of the main limitations in vivo. In order to detect physiological levels of
nitrogen metabolites, it was necessary to put an effort into optimising experimental variables
influencing the 15N S/N ratio as described in chapter 10.2 and 10.5.
One of the special and useful features of in vivo NMR is that unexpected information, which would
escape detection by other analytical methods, might be revealed (reviewed by Ratcliffe 1996). This
includes the discovery of novel compounds like the unusual root nodule

31

P metabolites described

in chapter 7.2 as well as information on intracellular environment as illustrated by the unusual
ammonium chemical shift observed in vivo (described in chapter 10.3). These most unusual and
unexpected results have been pursued and investigated to some extent as described in the respective
chapters, but remain to be fully elucidated.
All presented

3l

P and

15

N NMR spectra have been recorded on a Varian Unity Inova 600

spectrometer using a broadband 10-mm-diameter probehead unless otherwise stated.

6

Biological material

Pea (Pisum sativum L.) was the model plant of choice from the beginning and the majority of my
work has been done with the pea variety "Solara". The variety "Bodil" was used for some
experiments mentioned in chapter 8.1. Seeds were inoculated with suspension cultures of
Rhiiobium

teguminosarum bv. viceae as described in the article manuscript and different
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Rhizobium strains were tested as mentioned in chapter 8.1. However, the strain Ris0 18a, which
was used from the beginning, remained the preferred strain and was used for all presented
experiments unless otherwise stressed.
Nodules from soybean {Glycine max L. cv. Evans) and Lotus japonicum inoculated with
Brady rhizobium japonicum strain 110 (Hahn and Hennecke 1984) and Mesorhizobium loti strain
R7A (Sullivan et al. 1995), respectively, were also used for a few experiments described in
chapters 7.2 and 10.3. As mentioned in chapter 1.3, Lotus nodules are of the indeterminate type like
pea nodules, whereas soybean nodules are determinate.
In our laboratory, plants have traditionally been grown in vermiculite-filled pots in an experimental
set-up described by Rosendahl and Jakobsen (1987), and I started out by using this growth system.
However, I changed to a different, so-called aeroponic growth system in the optimisation process
leading to root nodules that retained the highest possible nitrogenase activity under in vivo NMR
conditions (cf. chapter 8.1). Experiments presented in Figs. 21-22, Fig. 23 B and C, Fig. 25
(partly), Figs. 26-27, Fig. 36 (Exp. i-6), Figs. 37-39 and Fig. 42 have been performed with nodules
grown in vermiculite, and all other results are based on nodules grown in the aeroponic system.
The construction of the aeroponic system was initiated by L. Rosendahl and P. Mouritsen in our
laboratory with inspiration from M. J. Harrison, Noble Foundation, Oklahoma, USA where it is
used for small Medicago truncatula plants. I found it necessary to introduce some minor
adaptations for cultivating large amounts of pea plants, and these optimisations will be presented in
the following. A detailed description of the aeroponic system construction and handling is given in
the article manuscript.
I experienced that exudates from roots caused substantial acidification of the nutrient solution in
the aeroponic system, and I therefore included monitoring, buffering and adjusting of pH in the
culturing procedures. I tested whether the pH buffer MES had any adverse effects on plant growth
and found that 8 mM MES in the nutrient solution provided a reasonable pH buffering without
affecting plant growth. Additional pH adjusting by base titration was sometimes necessary
depending on the amount and age of plants.
Plants were extremely vulnerable to salt deposits on the stems caused by evaporation of nutrient
solution though the holes in the lid of the aeroponic system, and several generations of plants died
off in the beginning. I tried different ways of tightening of the lid and managed to minimise salt
depositing. It was crucial to immobilise plants in an upright position to avoid tearing of the plastic
film covering the lid, and I achieved this by constructing special plant supporting racks.
The aeroponic system ended up being a very efficient and convenient system for producing large
amounts of nodule material, and nodules were easily harvested with minimal mechanical
disturbance.
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7

The perfusion system

In order to be able to study nitrogen fixation and assimilation in living pea root nodules by

15

N

NMR spectroscopy, specialised equipment had to be constructed and developed, and this will be
described in the following chapters. First of all there was a need for an experimental set-up that
maintained the root nodules in a physiologically viable and controllable state while in the NMR
tube. Secondly it was crucial to construct and handle the system in a way that ensured a high 13N
enrichment throughout incubation experiments.
Maintaining a biological tissue in a functional state within the limited volume of the NMR tube
does, in general, imply a continuous supply of oxygen and other nutrients as well as the removal of
waste products. A so-called perfusion system where a buffer solution is circulated through the
sample volume can meet these demands. Several perfusion system set-ups have been presented in
the literature (Lee and Ratcliffe 1983b; Roby et al. 1987), and as no expertise was present in our
laboratory in the beginning of
my project, I started out by

100

visiting the experienced in vivo
plant NMR group of C. Roby in
Grenoble. Very sophisticated
perfusion systems were used in
this laboratory for many different purposes, and I acquired

70 H

plenty of useful practical and
technical information.

60

60
The first generation

perfusion

system, which I constructed with
inspiration from Grenoble, contained devices for monitoring
and adjusting pH as well as O2
during incubations and in vivo

120 180 240 300 360 420 480 540 600
Incubation time (min)

Fig. 19:15N enrichment (expressed as % of toial N2) in the gas phase of the
perfusion system. Different perfusion system designs were tested of which
some are given in the table below. Gas samples were taken in the
beginning and at the end of incubation experiments, where perfused root
nodules were analysed by I5N NMR spectroscopy. Gas samples were taken
from the reservoir with a syringe and transferred to evacuated 3 mL glass
containers. The gas composition (Hj,wN2, l5 Nj. O2, Ar and COj) was
subsequently analysed by mass spectrometry.

NMR experiments. However, it
turned
difficult

out

to be

Perfusion system design

extremely

to maintain the

l5

N

Symbol in
Fig. 19

pH stat

enrichment at a reasonably high
level in such a complex system,
and many different changes were
subsequently tested in order to
improve the gas tightness of the
perfusion system (see Fig. 20).

Number of
Filters on
Peristaltic pump with
return tubes return tubes
(from NMR tube to
reservoir)
1
-

silicone
tubing

•

•
-

2

-

+

A.

•

2

+

+

X

+

2

+

+

•

2

-

Tygon*
tubing
+
+

In brief, this caused the perfu-
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sion system for the present study to undergo an evolution in my hands from a very complex system
to a rather simple one.
The final perfusion system, which was used for all in vivo experiments described in the article
manuscript, was a closed system consisting of a reservoir that contained both a gas and a liquid
phase, and a system of tubing that allowed the perfusion buffer to be circulated (see Fig. 20). In
order to minimise leaks, all trafficking of liquids and gasses in and out of the system was carried
out by needle injections through the rubber stopper in the serum bottle that made up the reservoir.
The liquid was circulated by the operation of a peristaltic pump, and the gas pressure was regulated
by manual expansion/reduction of the closed system volume by syringes. Approximately 1.5 g FW
(= 0.17 g DW) foot nodules could be contained within the NMR tube, and about 1 g FW was
within the volume of the NMR detection coil. More details of the perfusion system construction
and handling are described in the article manuscript.

flano, meter,

Expansion
syringes

Peristaltic
pump

Gas phase
Liquid phase

NMR tube with
root nodules

is.N

15

2

N2

O2

it-

Pig. 20; Schematic drawing of the perfusion system used for studying
nitrogen fixation and assimilation in living pea root nodules by ISN NMR
spcctroscopy. Approximately 1.5 g FW (» 0.17 g DW) root nodules could be
contained within the NMR tube, and about 1 g FW was within the volume of
the NMR detection coil. The symbol ® indicates a three-way stop-cock.

7.1 Monitoring of nodule physiological status by 3 l P NMR spectroscopy
It is not trivial to maintain a biological tissue well oxygenated in the NMR tube, and monitoring of
the physiological state is therefore required. A common indicator of hypoxic metabolism in
biological systems is the relative size of the adenylate pools (reviewed by Roberts and Xia 1996).
In hypoxic cells the concentration of ATP is typically lower whereas ADP and AMP pools are
higher than those found in aerobic cells. 3I P NMR spectroscopy offers a convenient non-invasive
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method for monitoring of adenylate pooJ sizes and in addition permits determinations of changes in
intracellular pH (see chapter 7.3). The 3 I P nucleus is 100% naturally abundant and has a relatively
high intrinsic sensitivity i.e. magnetogyrie ratio (cf. Table 2, chapter 3), and changes in phosphorus
metabolite concentrations can often be measured in a few minutes.
Fig. 21 shows in vivo

3I

PNMR

spectra of pea root nodules,
which were exposed to various
concentrations of O2 and Nj
dissolved

in

the

perfusion

buffer in a time course study.
31

P NMR signals from ade-

nylates

are

present

in

the

spectra and clearly change with
changing

O2

concentrations.

The resonances from a- and yATP are not well resolved from
the resonances from a- and $~
ADP, respectively, but (3-ATP
gives rise to a unique, wellresolved signal at -19.0 ppm. A

-6

-10

-16

-20

ppm

solid quantitative analysis of
ATP/ADP levels can be done
based on 3 I P NMR spectra, but
qualitative results were sufficient

for

my

purpose

of

ensuring that the root nodules
were in a well oxygenated phy-

Fig. 21: In vivo 31P NMR spectra of pea root nodules perfused at 50 mL min"!
with a buffer in equilibrium with a gas phase containing (A) 50% O2 + 50%
N2, (B) 100% N3 and (C) 100% O2. Numbers refer to assignments given in
Table 3. MDP (methylene diphosphonic acid) was present as an aqueous
solution at pH 8.9 in a capillary and used as a the chemical shift reference at
16.38 ppm, but the resonance is outside the shown spectral window. Buffer
composition and NMR acquisition parameters are given in the article
manuscript.

siological state.

In my work I have used the mere presence of the P-ATP signal as an indicator of normoxia, which
is the physiological state under which ATP synthesis occurs at a high rate through oxidative
phosphorylation (respiration). As seen from the spectra in Fig. 21 the (J-ATP signal is present when
nodules are perfused with a buffer in equilibrium with 50% O2, disappears when no oxygen is
dissolved in the perfusion buffer and reappears when nodules are perfused with an oxygen
saturated buffer.
I recorded 3I P spectra routinely before and after time course I5N NMR studies of

15

N2 fixing root

nodules. In general, root nodules could be kept metabolically active in the perfusion system for
more that 10 hours, as judged from the presence of P-ATP signals in

31

P spectra, when sufficient

oxygen was provided (see chapter 10.2).
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The 31P ATP signals from root nodules represent ATP, which is present in both the plant and the
bacteroid cytoplasm. I have not been able to find any reported estimates of the relative volumes
taken up by the plant and the bacteroid cytoplasm in pea nodules, and it is therefore difficult to
ascertain whether the information given by the ATP signals apply to both compartments. Oxygen
gradients are present inside the root nodules (cf. chapter 1.4), which may lead to substantially lower
oxygen concentrations in infected cells (cf. Fig. 6). There is therefore a risk that the bacteroid
respiration might be oxygen limited (Kuzma et at. 1999) and that this would not be revealed by a
lacking p-ATP signal, if there was still a major contribution to the ATP signal from the plant
adenylate pool.

7.2 Usual and unusual phosphorus metabolites in pea, Lotus and soybean nodules
An elaborate analysis of the observed in vivo 3I P NMR resonances from pea root nodules has been
beyond the scope of my work. However, tentative assignments of 3 I P resonances have been made
(see Table 3) based on comparisons with literature values and acquisition of

31

P spectra of

perchloric acid extracts (see Fig. 22), performed during my stay in the laboratory of .C. Roby,

Fig. 22: Fully relaxed and proton decoupled "P NMR spectrum of a neutralised perchloric acid
extract from seven-week-oid pea root nodules. Numbers refer to assignments given in Table 3.
MPA and MDP are the reference compounds methyl phosphoramide and methylene diphosphonic acid, respectively, which had been added during the extraction procedure. The perchloric
acid extraction was performed as described by Roby et al. 1987. The spectrum was recorded
during my stay in Grenoble on a 200 MHz Bruker spectrometer equipped with a 10 mm broadband probe. Acquisition parameters were: 90tt pulse angle, 0.5 s acquisition time, 20 s recycle
delay and 8065 transients resulting in a total acquisition time of 45 hours.
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Grenoble. All the expected phosphorus metabolites, which are normally observed in plant tissue
(e.g. Roby et al. 1987, Rolin et al. 1989a; Saint-Ges et al. 1991), were found to be present in pea
root nodules.

Table 3: In vivo and in vitro J1P chemical shifts and concentrations of phosphorus metabolites in pea
root nodules.
$

No

Phosphorus metabolite

Pea nodules
In vivo

s

Concentration9
(Hmol/g FW)

Chemical shift'
(ppm)
Pea nodules
Extract* pH 7.5

Pea nodules

1

GIucose-6-phosphate
Mannose-6-phosphate
Glycerol-3-phosphate

4.3

4.62,4.44,4.33

0.27

2

Phosphoethanolamine
3-Phosphoglycerate
Fructose-6-phosphate

3.8

4.03,3.91

0.41

3

Phosphatidyl choline

3.4

3.39

0.60

4
5

Phosphate

2.1 (cyt.)
0.3 (vac.)

2.37

4.03

6

Phytate*

1.6, 1.0

1.79,1.39

7

Glycerophosphocholine

8

Phophoenolpyruvate

X
11

0.04

0.02

-0.7

-0.61

0.03

Unknown compound "X"

-1.9

-1.87

0.10

ATP

-10.5
-19.0
-5.4

-10.88
-21.29
-6.01

0.07

P

-6.2

-6.32

a

-11.5
-12.6

-11.11
-12.46

a

14

P

9

Y
a

11
10

ADP

12
13

UDPG"

P

Numbers refer to annotations in ""P NMR spectra in Figs. 21,22 and 23

All assignments are based solely on comparisons with literature values. Chemical shifts are quoted relative to the
resonance of 85% phosphoric acid at 0 ppm. NMR acquisition conditions are given in the article manuscript and in the
legend of Fig. 22
£

The neutralised perchloric acid extract was prepared as described by Roby et al. 1987

' Concentrations were calculated from the fully reJaxed, proton-decoupled 31P NMR spectrum of a perchloric acid extract
shown in Fig. 22 by comparing peak intensities of phosphorus metabolites with the intensity of the internal standard
methyl phosphoramide (MPA), which was added to 5.8 g FW root nodules before extraction.
* Meso-inositole hexaphosphate
D

Uridin-diphospho-glucose
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An additional, very unusual 3 I P resonance, not previously reported in plant material, was observed
in pea nodule spectra at around -1.9
5

ppm (denoted "X" in Table 3 and Figs.
21-23). This signal was observed in
several in vivo experiments to be more
narrow and persistent during prolonged

J&

perfusion than all other 31P signals. The
same chemical shift was observed in

A

14

A*

ft

31

vivo and in vitro in P NMR spectra of

5

perchloric acid extracts at pH 7.5 and
showed no coupling to other 31P nuclei
(data not shown). The signal appeared
as a 1:2:1 triplet with J = 8.9 Hz in
proton coupled

3I

P NMR spectra of a

9
jho
v/

B

A13

14

^^w

5

root nodule perchloric acid extract (data
not shown), which indicates that it is a
thylene group. The concentration in the

12

l\ r IPCCG

phosphate group located next to a me-

10

C

1

1A 13

5

root nodule tissue was estimated to be
0.1 umol g'1 FW (cf. Table 3). The yet

i 24 i

unidentified peak X was not observed
in

31

P NMR spectra of either pea root

tips, a dense suspension of free-living

D
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intact root nodules from Lotus or soybean plants (cf. Fig. 23).
E
in the search for experimental condi-

|
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Ex) , p,

Rhizobium leguminosarum bv. vicea, or

Lotus and soybean nodules were used
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tions that would result in highly informative

15

N NMR spectra (see chapter

10.2). However, another very surprising
and unusual

3)

P resonance was obser-

ved in two separate experiments with
Lotus nodules at 16.3 ppm (cf. Fig. 23
B). This resonance frequency is very
close to the frequency of methylene
diphosphonic acid (MDP), which is a
frequently used reference compound
that was noj applied in these experiments. The Lotus resonance at 16.3
ppm was never observed in

3I

P NMR

Fig. 23: In vivo 3I P spectra of (A) pea nodules, (B) Lotus nodules,
(C) soybean nodules, (D) 3 mm long pea root tips, (E) Rhizobium
leguminosarum bv. vicea suspension. Nodules and root tips were
perfused with buffer (10% DjO, pH 6) as described in the article
manuscript. The buffer was in equilibrium with a gas phase
containing 50,40,50 and 100% O 2 for experiment A, B, C and D,
respectively. For experiment E the dense Rhizobium suspension
was produced from 2 L of a three-day-old yeast broth culture,
which was centrifuged at 4000 rpm and washed with perfusion
buffer twice. The bacteria were finally suspended in perfusion
buffer (10% D2O, pH 6), but not perfused during the acquisition.
Acquisition parameiers for al! spectra are as described in the
article manuscript, but with different numbers of transients leading
to tolal acquisition limes of 30, 30, 30, 60 and 120 min for
spectrum A, B, C, D and E, respectively. Numbers refer to
assignments given in Table 3. Additional assignments are: PCCG,
phospholine-substituted f}-l,3;l>6 cyclic glucan; Ext. Pj, external
inorganic phosphate. A capillary containing an aqueous solution of
MDP (methylene diphosphonic acid) was present only in experiment B.
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spectra of either pea or soybean nodules, and it was not observed in spectra recorded from the
buffer after perfusion of Lotus nodules. The identity of this unusual compound was not further
pursued and remains a mystery.
Soybean nodules have previously been studied by 31P NMR and were observed to give rise to an
unusuaJ 31P resonance at around 0.4 ppm (RoJin et al. J989a and b), which I also observed (cf. Fig.
23 C). This 3I P metabolite was later identified as a phosphocholine substituted macrocyclic glucan
(PCCG) synthesised by the bacterium in both the free-living and the symbiotic state (Rolin et al.
1992) and suggested to play a role in osmoregulation (Pfeffer et al. 1994).
It is interesting that the three nodule types studied give rise to three different very unusual

31

P

3l

resonances. The identity and function of the unusual P metabolites in pea and alfalfa nodules have
not yet been investigated, but the discovery of these novel compounds illustrate the strong potential
of in vivo NMR spectroscopy to reveal unexpected information that would escape detection by
other analytical methods,

7.3 pH effects on phosphate chemical shifts
Monitoring of the nodule physiological status by 3I P NMR spectroscopy also includes the detection
of possible changes in intracellular pH, because cytoplasmic acidosis is associated with intolerance
of low O2 (reviewed by Xia et al. 1995). NMR signals from ionisable metabolites often have pH
dependent properties, when the pH of the surrounding medium is close to the pK» of the ionisable
group. Chemica] shifts are pH dependent, if there is a shift difference between the acid and the base
form, and the proton exchange rate is rapid.
Inorganic phosphate, a ubiquitous ion with a pKa for the species H2PO4" of 6.8, is an excellent
probe for the cytoplasmic pH, and although it is less sensitive to pH in the acidic range, it can also
be used to put an upper limit on the vacuolar pH. To measure intracellular pH using
vivo

3I

31

P NMR, in

P chemical shifts are compared with a titration curve of inorganic phosphate (Moon and

Richards 1975).
All the techniques available for measuring intracellular pH are affected by uncertainties in the
construction of appropriate calibration curves, and NMR is no exception. Uncertainties about the
solute composition of cytoplasm and vacuolc, especially total ionic strength and free Mg 2+
concentration, lead to uncertainties in absolute pH values (Roberts et al. 1981). The titration curve
of Pi in undiluted maize root tip homogenates resembles that of Pj in 100 mM KCl and 2 mM
MgClj (Roberts et al. 1981), but to apply the NMR method rigorously to root nodules, one would
have to examine the solute composition of this tissue and to know how Mg 2+ and ionic strength are
distributed between the cytoplasm and vacuole. It has been beyond the scope of my work to go
deeply into using 31P NMR for pH measurements, so I have based my pH estimates on calibration
curves of measured chemical shifts for phosphate in two different solutions, whose compositions
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were intended to mimic the cytoplasm and vacuole, respectively,
as suggested by Spickett et al.
(1993) (see Fig. 24).
The pH values in the cytoplasm
and vacuole of pea root nodules
were estimated to be 7.2 and 5.2,
respectively, from the P| chemical
shifts at 2.1 ppm and 0.3 ppm,
respectively, in the representative
31

P spectrum presented in Fig. 23

A. The cytoplasmic compartment
at pH 7.2 might include both the
plant and the bacteroid cytoplasm.
The resonance at 1.6 ppm could
represent Pi in a different subcellular compartment with a pH of
approximately 6.8 or it could be a
signal from one of the phosphate
groups of phytate. Another pos-

Fig. 24: Calibration curves of phosphate chemical shifts as a function of
pH in different solutions, whose ionic compositions were intended to
mimic the cytosol and the vacuole as suggested by Spickett et al. (1993).
The cytosolie calibration solution consisted of 100 mM KC1, 5 mM
MgSO4, 2 mM NaH2PO4 and 3 mM Na2HPO4. The vacuolar calibration
solution contained 20 mM KC1,50 mM MgCh, 10 mM citric acid, 5 mM
malic acid and 5 mM NaH2PO4. pH was regulated with KOH and HCI.
3|
P chemical shifts were measured relative to the signal from methylene
diphosphonic acid (pH 8.9 in TRIS buffer) contained in a capillary included in the NMR tube and are quoted relative to the resonance of 85%
phosphoric acid at 0 ppm.

sible signal from phytate was observed at 1.0 ppm, but the exact position of the phytate multiple! is highly sensitive to pH and to
the chemical environment, making its correct identification difficult (Saint-Ges el al. 1991).
However, it seems likely that the two small peaks represent phytate, as 31 P spectra of perchloric
acid extracts from root nodules also contained phytate resonances of approximately the same
intensity (cf. Fig. 22). I observed that pH in the root nodule cytoplasm as well as in the vacuole
remained stable during more than 10 hours in the perfusion system when the oxygen supply was
adequate (data not shown).

8

Nitrogen fixation rate

At the beginning of the project it was not known whether detached nodules would be able to take
up and fix I5N2 at a reasonable rate from the water phase under the given conditions of an NMR
tube, so this had to be investigated before in vivo 15N NMR experiments could be started out. In the
following chapters, the experimental parameters that were tested and varied in order to find the
optimal conditions for maximal nitrogen fixation will be described.
Several techniques have previously been developed for measuring nitrogen fixation rates in nodules
and the most applied methods are the acetylene reduction assay (ARA), the measurement of H2
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evolution and of

!5

N2-incorporation. Each of these methods has inherent shortcomings and

disadvantages, and estimates of nitrogenase activity may be affected by the used assay (reviewed
by Hunt and Layzell 1993), In the presence of 10% acetylene virtually all electron flux through
mtrogenase is diverted to acetylene reduction, and measurement of the ethylene production rate
provides the basis for the ARA (Hardy et al. 1968). I started out by using ARA for quantifying
nodule nitrogenase activity, but for convenience I changed to using H2 evolution, which has been
used for obtaining most of the results presented in this chapter.
Hz production is an obligate part of the N2 fixation reaction (cf. Eq. 1, chapter 2.2) and thus reflects
nitrogenase activity. It is, however, not straightforward to convert measured H 2 evolution to
nitrogenase activity, because the relative allocation of electrons by nitrogenase -to H* and N2
reduction is subject to variation (Sk0t 1983). The theoretical ratio of H2 to N2 given by the
nitrogenase equation is 1, but larger ratios are often observed (reviewed by Sk0t 1983). Certain
legume symbioses possess an uptake hydrogenase enzyme (Hup) that recycles some or all of the H2
produced by nitrogenase (Truelsen and Wyndaele 1984) and H 2 analysis cannot be used to estimate
nitrogenase activity in these Hup+ symbioses. The pea symbiont R. leguminosarum strain Ris0 18a,
which I have used for all experiments except when otherwise stressed, is Hup" (Truelsen and
Wyndaele 1984), and the measurement of H2 evolution has been an adequate method for my
purpose of comparing how nitrogenase activity was influenced by different treatments and
experimental conditions.

8.1 Maximising the nitrogenase activity
The amount of bacteroid-containing nodule tissue in the late symbiotic developmental stage (cf.
chapter 1,3) varies with the age of the nodules, and this is one of the major determinants of the
extent of N2 fixation. It is well known that the maximum rate of nodule nitrogenase activity in
legumes occurs at flowering or just before the pod-filling stage of seed development (Robertsen
and Farnden 1980; Sprent 1982). It is generally assumed that the reason for this change in
nitrogenase activity is a change in the source-sink relationships of the plant resulting in a decreased
supply to nodules of photosynthates, which support nitrogenase activity (Minchin et al. 1981). For
the pea variety and the growth conditions that I have mainly employed (see article manuscript) the
early pod-filling stage occurs six to seven weeks after sowing and all experiments have been
performed with nodules from plants of this age.
Physical disturbance of root nodules, which necessarily occurs at harvesting and nodule excision,
causes an inhibition of nitrogenase activity (see Fig. 25) as a result of a decrease in the O2
permeability (cf. chapter 1.4). The decrease in nitrogenase activity at nodule excision is
furthermore attributed to a cessation in the import of phloem-supplied carbohydrate as well as a
cessation in the export of the products of N2 fixation in the xylem. I tried different procedures for
gentle washing and excision of root nodules but always ended up with detached nodules, whose
nitrogenase activity was at least an order of magnitude smaller than for nodules in an undisturbed
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root system (Fig. 25). Introduction
of a different plant growth system,
the aeroponic system described in
chapter 6 and in the article manuscript, made it possible to harvest
nodules with minimal physical disturbance, and the nodules retained a
higher nitrogenase activity (Fig. 25).
In the search for pea root nodules
with the highest possible nitrogenase activity I also tested different
biological materials. One different
pea variety, "Bodil", and two different R. leguminosarum strains, Ris0
1A and 128 C53 (Truelseri and
Wyndaele 1984), were assayed but
did not give rise to root nodules
with larger nitrogen fixation rates
(data not shown) than the pea
variety

"Solara"

in

combination

with R. leguminosarum Ris0 18A,
which was used for all other experiments.

Immersion in water has previously
been reported to inhibit nitrogenase
activity in soybean nodules and was
attributed to a reduction in oxygen
supply to the nodules (Sprent 1969).
It was reported that increasing the
O 2 content to 0.8 atm or more in the

Fig. 25: Effect of the treatment of pea root nodules on nitrogenase
activity, which was measured as hydrogen evolution rate in atmospheric air. The undisturbed root system was assayed in a closed gas
tight root chamber, whereas the washed, detopped root system and the
detached nodules were assayed in closed serum bottles. The immersed
nodules were covered by perfusion buffer, pH 6 (see article manuscript) and gently shaken throughout the incubation. Nodules harvested from two different plant growth systems (cf. chapter 6} were
tested: vermiculite as well as the aeroponic system. Numbers below
columns indicate number of replicates. Gas samples were taken at
intervals for each replicate, and analysed for Hj using a gas chromatograph (Hewlett Packard 6890) equipped with a stainless steel
column (2 m x 1/8" diam.) containing molecular sieve 5A (80-100
mesh) at 60"C and a thermal conductivity detector. Argon was used as
a carrier gas with a flow of 50 mL nun"1.

gas phase above the immersed nodules and shaking of the incubation vessel, would make the nitrogenase activity return to the rate of
dry nodules in a pO 2 of 0.2 atm. Bergersen (1982) reported that detached root nodules with water
bathing the nodule surface fixed less N2 and stated that such results were almost always due to the
effects of free water interfering with gas phase diffusion into the porous nodule surface.
I examined the nitrogen fixation capacity of pea nodules immersed in buffer and found substantial
inhibition when the gas phase above the solution was atmospheric air (Fig. 25). Nodules grown in
the aeroponic system seemed to maintain a higher nitrogenase activity, which may be attributed to
the fact that nodules are covered with a water film in the aeroponic system and thus adapted to
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taking up oxygen and nitrogen under these circum-

30

stances. I found that the degree of shaking of

• 2 0 % O2+ 80% Ar

nodules in buffer was crucial for maximising the

050% O2+50% Ar

measured nitrogen fixation rate i.e. the diffusion of
gasses through the liquid seems to be rate limiting
(data not shown).
The pH of the buffer used for immersion of nodules
was tested in the range of pH 5 to pH 7.5 and I
found that the nitrogenase activity was inhibited at
pH values above 7 (data not shown). Consequently,
a]J further incubations of nodules in the perfusion
system were performed with a buffer of pH 6.
The reason for inhibition of nitrogenase at immersion of nodules was assumed to be due to limitation
by sub-optimal O2 concentrations in the infected
cells as described above, and I tested whether
increasing the O 2 content would lead to increased
nitrogen fixation rates. As seen from Fig. 26 it was
indeed possible to stimulate the nitrogenase activity
by raising pO 2 , and a more detailed examination of
the optimal oxygen level was undertaken for
nodules incubated in the perfusion system.

Fig, 26: Effect of increasing the oxygen content on
the nitrogenase activity of pea root nodules. Detached nodules were incubated in closed bottles,
which were either filled with gas or with perfusion
buffer, pH 6 (see article manuscript) covering the
nodules and a gas phase above the solution. Two
different oxygen levels were tested. Bottles were
shaken gently throughout the incubation period.
Gas samples were taken at intervals, and analysed
for H2 as described in legend of Fig. 25.

8.2 Nitrogenase activity in the perfusion system
The actual nitrogenase activity for nodules incubated in the perfusion system (cf. chapter 7), was
measured at different O 2 concentrations in the gas phase. It has previously been shown that
respiration and nitrogenase activity are O2 limited in the range of O2 concentrations measured in
infected cells of nodules (Kuzma et al. 1993). It was reported that when pO 2 was increased to
slightly above the point, where there ceased to be stimulation, nitrogenase activity declined and
respiration stabilised or declined. I therefore expected that it would be possible to define an optimal
pC>2 for maximal nitrogenase activity.
Results from two different experiments are presented in Fig. 27. Oxygen levels were varied
between 30% and 80% and a total gas pressure of 1.5 atm was employed in order to increase the
concentrations of gasses dissolved in the perfusion buffer. The first experiment indicated that the
nitrogen fixation rate was maximal at around 50% Oj. Nitrogenase was apparently totally inhibited
at 80% O2 since no hydrogen evolution could be detected. The inhibition seemed to be irreversible
as a switch back to 50% O2 did not result in hydrogen evolution even after 30 min. These results
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could, however, not be reproduced in a
second experiment, where no variation
of the nitrogenase activity was observed with a change in p(>2The experimental reason for these
apparently inconsistent results was not
pursued, and it was decided to continue
incubations in the perfusion system
with an (VNj ratio of 1 and a total gas
pressure of 1.5 atm. Further efforts to
optimise the experimental conditions
for maximal nitrogenase activity in the
perfusion system were undertaken for
incubations with 13N2-fixing nodules as
described in chapter 10.2.
In the beginning of the project I purged
the perfusion system with pure O2,
while circulating the buffer through the
NMR tube containing the nodules, in
order to drive off all
introducing

15

H

N2 before

N2. I tested the nitroge-

nase activity of nodules after this
treatment and found that nitrogenase
was completely inhibited (data not

Fig. 27: The nitrogenase aciivity for pea root nodules, which were
placed in an NMR tube and perfused by the system described in
chapter 7 and depicted in Fig. 20. The gas phase in the reservoir
was varied to different concentrations of O2 and N2, and nitrogenase activity was measured as the hydrogen evolution rate. The
experiment was performed twice with different root nodule samples
(Exp. 1 and 2), The oxygen content was increased gradually by
10% in both experiments, and in Exp.l the gas composition was
changed back to 50% O2 and 50% N2 at the end of the experiment.
Gas samples were analysed for H2 as described in legend of Fig.
25.

shown). This was surprising because the concentration of oxygen dissolved in the buffer, which is
experienced by the nodules, is much smaller than the concentration of oxygen in ambient air.
Anyway, I subsequently changed the purging procedure to consist of a period with Ar purge
followed by a very short period of G2 purge, while shunting the NMR tube.

9

Total amino acid pools

Information on the total pool sizes of soluble amino acids in root nodules was needed in order to be
able to interpret the data on

15

N labelling that are presented in chapters 10 and 11. However, the

equipment for amino acid analysis was not available in our institution, and all amino acid analyses
have been performed at the Department of Clinical Genetics, Copenhagen University Hospital by
the procedure described in the article manuscript.
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The preparation of root nodule extracts for amino acid analysis was performed by me and some
optimisation of extraction procedures from the literature was needed to obtain reliable results. I
experienced that particularly glutamine (but also asparagine to some extent) was extremely
susceptible to deamidation and that it was crucial to keep nodules as well as extracts cold during
the entire process of extraction and purification. It was also important to perform the extraction and
purification as fast as possible, because deamidation of glutamine would occur even at low
temperatures. When extracts were kept at -80 °C glutamine was stable. I tested the improved
extraction and purification procedures with standard samples of relevant arnino acids and found the
same recovery of glutamine and asparagine as of all other tested amino acids (data not shown).
Results from analyses of different root
nodule samples are shown in Fig. 28,

I

and il is evident that asparagine was the

D Freshly harvested
nodules

dominating free amino acid in freshly
150 •

harvested nodules (172 jimol g"1 DW)
as well as in nodules that had been
perfused for many hours during an

• Nodules after 10 h
perfusion {exp. 1)

I

NMR experiment (74-150 ujnol g"'

Q Nodules after 8 h
perfusion (exp. 2)
100

DW). Asparagine is the end product of
nitrogen assimilation in indeterminale
nodule and the form in which nitrogen
is exported from the nodules to the plant

I
50 J

j

(cf. chapter 1.3 and 2.5). The other
major cc-amino acids glutamine, alani-

r

ne, aspartate and glutamate were present
in much smaller amounts in the range of
5-27 nmol g'1 DW for freshly harvested

Asn

Gaba

Gin

Ala

Asp

Glu

nodules and 2-14 fimol g"1 DW for perfused nodules. These results indicate
that, in general, concentrations of free
a-amino acids were slightly lower in
perfused nodules. y-Aminobutyric acid
(GABA), on the other hand, is not an a-

Fig. 28: Concentrations of soluble amino acids in freshly harvested pea root nodules and nodules that had been subjected to
perfusion for 10 and 8 hours, respectively, in two different experiments. AH nodules were from six-week-old plants. Extraction and
analysis of amino acids was performed as described in the article
manuscript. Values are expressed per DW but may be converted to
FW by using a FW/DW ratio of about 8.5 for comparison with
Fig. 29. Error bars denote standard errors (n=3).

amino acid and is not used for protein
synthesis, but it constituted a substantial part of the soluble pool of nitrogen-containing metabolites
in freshly harvested nodules (12 u.mol g"! DW) and the pool size apparently increased substantially
during perfusion (32-51 ^mol g'1 DW).
The incubation and perfusion of nodules in an NMR tube seemed to have a minor impact on the
pool sizes of the free a-amino acids, whereas accumulation of GABA occurred. GABA is
synthesised through a decarboxylation of glutamate, and the enzyme glutamate a-decarboxylase
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(GAD) is well known in plant (issue and has also been reported to be present in symbiotic rhizobia
bacteroids (cf. chapter 2.4 and 2.5). As previously mentioned, the role of GAB A is unclear, so at
present it is not possible to draw any further conclusions from the observation that GABA
accumulated in the root nodules during perfusion in the NMR tube. However, this observation
makes it clear that nodule metabolism is affected to some extent by the applied procedures
although in vivo NMR spectroscopy is usually regarded as a non-invasive method. Whether nodule
GABA accumulation also occurs during other forms of incubation in previous investigations of
root nodule metabolism is not
known, because the GABA level is

9.5
(S.E. 6.5)

usually not measured before and
after incubation.
2.0

0 Plant cytosol

Q Bacteroid

Gaba

Ala

'j

My analyses of total concentrations of amino acids do not allow

1.5

for a discrimination of amino acids
localised in the bacteroid or in the

1.0-

plant cytosol. Literature reports of
amino acid levels in root nodules
are scarce, but Fig. 29 shows re-

0.5

sults from a previous study on pea
root nodules where bacteroids and

0.0
Asn

Gin

Asp

Glu

plant cytosol were fractionated and
analysed separately (Rosendahl et
al. 1990), and it is obvious that the
plant fraction of amino acids was
by far the largest.

Fig. 29: Concentrations of soluble amino acids in the plant cytosol and
the bacteroid, respectively, as reported in a study of pea root nodules by
Rosendahl et al. 1990. Values for each of the fractions are expressed per
g FW of the entire nodule. All nodules were from fivc-week-old plants.
Error bars denote standard errors (n=3).

10 Nitrogen assimilation studied by 15N NMR spectroscopy
The development of in vivo

15

N NMR spectroscopy for the study of nitrogen fixation and

assimilation in pea root nodules turned out to present two major experimental challenges. First of
all, a considerable effort was devoted to further optimisation of the experimental conditions for
nodules in the perfusion system. The aim was to maximise the ISN2 fixation rate in order to make
the level of I5N labelling of metabolites exceed the l5N NMR detection limit (see chapter 10.2).
Secondly, the identification of metabolites giving rise to the observed in vivo

15

N signals turned out

to be by no means straightforward and led to application of various approaches.
The assignment of
I5

15

N NMR resonances is of course a crucial point and can be approached in

several ways. N spectra of living plants, bacteria and fungi, which have been

I3

N enriched in

some way, can be obtained from the literature (Table 4), and reported chemical shifts may be used
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for first tentative assignments. Amino acids and ammonium are the most common NMRobservable

I5

N enriched metabolites, but the reported resonance frequencies vary substantially as

seen from Table 4. The I5N chemical shift may be influenced by the nature of the intracellular
environment i.e. factors such as ionic composition, pH, paramagnetic compounds, association with
other molecules as well as experimental conditions such as temperature and composition of
incubation medium. Thus, care should be taken to base assignments purely on literature values
from different biological systems. I have therefore used multiple approaches in order to be able to
identify in vivo resonances unequivocally.

Table 4: Literature values of in vivo I5N chemical shifts of amino acids and ammonium in plants,
bacteria and fungi
Gin
amide

Asn
amide

Ala

Brevibacterium
lacwfennentum
(Haranera*. 1983)

90.8

88.1

21.6

Carrot cells*
(Fox et al. 1992)

91.2

19.8

0

91

20

0

Corynebacterium
glutamicum"
(Tesch etal. 1999)
Duckweed (Lemnaceae)*
(Monseiise & Kost 1993)
Ectomycorrhizal
mycelium8
(Martin el al. 1994)
Green algae (Chlorella
fused)
(Kuesel etal. 1989)
Make roots'
(Araancio & Santos 1992)
Neuraspom crassa
mycelium*
(Kanamori et al. 1982a)
Nettrospora crassa
mycelium'
(Legerton et al. 1981)
Norway spruce seedlings
roots and stems
(Aarnes<tfa/.1995)

90.8

90.5

Glu

Gin
amino

19.5

19.9

22.0
21.9

19.7

19.6

92.5

23.3

21.2

20.9

22.3

20.0

19.8

90.6

22.6

20.35

20.16

92.2

22.3

91.1

22.0

89.0"

Asp

GABA

16.8

19.3

90.4

91.7

Asn
amino

NH4+

Biological system
(Reference)

0

18.6

11.6

0

12.0

0

20.3

0.1
19.8

10.6

-0.1

All spectra were collected either without DjO or with D^O contained in a capillary
Chemical shifts were originally reported relative to NO/ at 0 pmm, but have been converted to a scale that puts urea at
55.8 ppm (and HO{ at 354.6 pmm)
* Chemical shifts are reported relative to intracellular ammonium at 0 ppm
* This value was reported by the authors, but the published in vivo IJN NMR spectra showed a signal from the asparagine
amide group at approximately 91.4 ppm

It was investigated how

I5

N chemical shifts are influenced by the following variables: pH,

temperature, phosphate and D2O concentrations by using authentic

I5

N amino acid samples (see

)5

chapter 10.1). Furthermore, I used different N2 incubation procedures for obtaining root nodules
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with high 13N enrichment of the amino acid pool, which made it possible to observe a number of
resonances during the subsequent recording of I5N NMR spectra (see chapter 10,3) and to optimise
the NMR acquisition parameters for in vivo experiments (see chapter 10.5). These nodules were
dead and thus not metabolically active when subjected to

15

N NMR spectroscopy, but it was

I5

assumed that N amino acids would be in an intracellular environment mimicking the living root
nodules. However, it turned out later that the influence of the intracellular environment on some of
the NMR properties of
living nodules.

1S

N metabolites was substantially different in dead nodules compared to

I5

13

N spectra of extracts from

spiking of these extracts with authentic

N enriched nodules were likewise recorded, and

15

N amino acid standards permitted a very reliable

1S

identification of metabolites that were N labelled by assimilation of fixed

15

N2. Finally, nodule

extracts were analysed by different mass spectrometric methods (see chapter 11) in order to provide
complementary results on

I5

N labelling of amino acids to support the assignment of

I5

N NMR

resonances.

10.1 Medium effects on 15N NMR properties of amino acids and ammonium
pH
In aqueous solutions, the protons attached to ammonium and amino group nitrogens undergo basecatalysed exchange with water protons. The rate of exchange, l/t e (where Te is the average lifetime
between proton transfer), thus increases with pH and furthermore depends on the pK, of the given
amino group. At very low pH the proton exchange rate of ammonium and ct-amino groups with a
pKa of 9-10 is slow on the NMR time scale ( l / t e « J ) , whereas at neutral pH, exchange is rapid
( l / t e » J ) (reviewed by Legerton et at. 1983). Slow exchange will lead to a multiplet in protoncoupled 15N (or 14N) spectra, whereas fast exchange will result in a singlet. This singlet broadens as
the pH is reduced, and the line width of proton-coupled

I5

N resonances is pH dependent when the

proton exchange rate is intermediate. The line widths of a-amino groups of amino acids and
ammonium have been used as in vivo probes of intracellular and subcellular pH (Legerton et at.
1983; Aarnes et at. 1995), and the strong pH dependence in the line width of the ammonium signal
provided the basis for an in vivo investigation of the subcellular distribution of ammonium (Lee
and Ratcliffe 1993).
In the biological pH range the protons attached to amide groups are in slow exchange and the
exchange rate is not influenced by pH.
In the present study, I have generally used full proton decoupling when recording I5N spectra in
order to take full advantage of the NOE (cf. chapter 3.3), and line broadening caused by exchange
effects is thus not observed. However, the exchange rate of protons attached to nitrogen has an
impact on many of the >SN NMR observable properties, which will be described in the following
chapters.
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pH and chemical shift
The pH of the medium may, in addition to the proton exchange rate, also influence the

15

N

chemical shifts of ionisable groups, as described in chapter 7.3. pH dependent chemical shifts may
be observed for amino groups and ammonium because the proton exchange rate is rapid in the
relevant pH range. Deprotonation of the amines with increasing pH shifts the resonance
significantly upfield (Berger et al. 1997), but under normal physiological conditions the NMR
signals will not be affected because the pKa values of the amino acids that are relevant to my work
are too remote from the cytoplasmic and vacuolar pH. Literature values of amino group pKas are as
follows: asparagine 8.84, glutamine 9.00, glutamate 9.69, aspartate 9.72, and GABA 10.56
(Strandgaard Andersen et al. 1993).
I measured

15

N chemical shifts of

92

amino acids at different pHs (see Fig.
30 and Table 5) and, as expected, the

90

observed effects clearly reflected the
differences in amino group pKa values.
20

The chemical shifts of asparagine and
glutamine a-amino groups changed
slightly in the upfield direction with

&
«

pH in the range from 7 to 8 and
dramatically from around pH 8 and
upwards when increasing deprotona-

10
1 8

16-

6
14

tion caused increased shielding of the
I5

N nucleus. The chemical shifts of

12

glutamate, aspartate and GABA amino
groups only showed minor upfield

~A~ Gin amide 1
—&— Asn amide
—6— Gin amino
—•— Asn amino
-e-Asp
-x-GABA

x—x-

-*——x—x

10
7

shifting for pH values above 8.

8

PH

The

amide

group

shielding

of

asparagine, but not glutamine, was
slightly influenced by the deprotonation of the a-amino group. With increasing pH and increasing deproto-

Fig. 30: Amino acid chemical shifts as a function of pH. 99% I5N
enriched amino acids were dissolved in 0.1 M HC1 to a concentration of about 30 inM and titrated to different pH values with
KOH and HC1. Chemical shifts are referenced to urea at 55.8 ppm,
which was present as an aqueous solution in a capillary. I3N NMR
spectra were acquired as described in the article manuscript.

nation of the amino group, the asparagine amide group becomes deshielded and the resonance is
thus shifted downfield. The difference between glutamine and asparagine can be ascribed to the
difference in length of the carbon backbone connecting the amino and amide groups. The extra
carbon atom in glutamine apparently attenuates the effects on the amide group of the change in
electron density with deprotonation of the amino group.
In the physiologically relevant pH range from 7 to 7.5 a variation of maximum 0.1 to 0.2 ppm in
the chemical shift of individual amino acids was observed.
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Histidine (imidazolium pKa = 6.00) has previously been used as an in vivo intraeellular pH probe
by 15N NMR spectroscopy of intact Neurospora crassa mycelium (Legerton etal. 1983), but in my
work this has not been possible because root nodules contain only minor amounts of histidine,
which is furthermore not f5N labelled to any great extent (data not shown).
The

13

N chemical shift of ammo-

nium/ammonia depends strongly
on pH, because there is a large
chemical shift difference between
ammonum and ammonia of about
30 ppm, I measured this effect in
more detail in the search for an

.1

explanation of the very unusual in

-a— "Cytosol" solution

vivo ammonium chemical shifts
that were observed in root nodules

Z

-a

- o - Water

(see chapter 10.3). The pKa value
of ammonium at 20 °C is 9.23
(Bates and Pinching 1950), and as

_ * ^ 0 . 1 MHCI

-10

6

the

chemical

shift

were

observed already between pH 7
and 8. Ammonium was originally
dissolved in a solution, whose
composition

was

intended

to

mimic the cell cytosol (Spickett et

8

9

10

pH

seen from Fig. 31, major changes
in

7

Fig. 31: Ammonium chemical shift as a function of pH. 99% I5N
enriched ammonium chloride was dissolved in different solvents: (J) a
"cytosol" solution consisting of 100 mM KCI, 5 raM MgSO< and 5mM
NaH2PO4 (Spickett et al, 1993), (2) 0.1 M HC1 and (3) water. The
ammonium concentrations were about 5, 30 and 5 mM, respectively in
the three solvents, and the titrations to different pH values were done
with KOH and HO. Chemical shifts are referenced to urea at 55.8 ppm,
which was present as an aqueous solution in a capillary- I5N NMR spectra
were acquired as described in the article manuscript.

al. 1993), but it was only possible
to obtain 15N measurements at pH values lower than 8 because precipitation of MgOrk occurred at
higher pH. Titration and recording of I5 N spectra from ammonium dissolved in either 0.1 M HC1 or
pure water demonstrated the expected strong upfield shifting of the ammonium resonance with
increasing pH.

pH and NOE
The NOE factors, r) (cf. Eq. 7 and 8, chapter 3.3), for standard samples of I5 N labelled ammonium
and amino acids were determined as the ratio between signal intensities in liN NMR spectra
acquired with full decoupling and NOE and spectra with inverse gated decoupling (see Fig. 32).
The possible impact of NOE factors on the appearance of in vivo

15

N NMR spectra will be

discussed in chapter 10.3 and 10.5.
I observed a dramatic change of a-amino group TJ with pH (Fig. 32 A). At low pH (below 6) NOE
factors were near or even below the theoretical minimum value of -5, but with increasing pH the r\
increased and even passed through - 1 , which implied a complete loss of the signal at the given pH
in spectra with full decoupling. The amino group of asparagine had a t ) of -1 already at around pH
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7.1, whereas the t| for amino groups of glutamine, aspartate and glutamate went through -1 at much
higher pH values: 8.1, 8.6 and above 9, respectively. The differences between amino acids in the
observed pH dependence reflected the amino group pKj, values mentioned above.

B

—»~ Gin amide
—<t— Asn amide
X

GABA

—•— Ammonium

-s

Fig. 32: Amino acid and ammonium NOE factors (T|) as
a function of pH. (A) a-Amino groups and (B) amide
groups, ammonium and GABA. 99% I5N enriched ammonium and amino acids were dissolved in 0,1 M HO to
a concentration of about 30 mM and titrated to different
pH values with KOH and HCi. NOE factors were determined as the ratio between signal intensities in spectra
with full decoupling and spectra with inverse gated decoupling. NMR acquisition parameters are given in the
article manuscript.

•10

7

PH

An anomalous pH dependence of the NOE factor of 15N glycine has previously been reported. A
reduction in the NOE factor with increasing pH was observed and attributed to scalar and spinrotation relaxation (Cooper et al. 1973; Leipert and Noggle 1975). This explanation was later
questioned by Irving and Lapidot (1975), who claimed that the pH dependent phenomenon arose
purely from contamination by paramagnetic impurities. It was stated that an increasing
coordination of amino groups to mainly Cu2+ would occur with increasing pH and cause the
observed decrease in rj. In order to find the explanation for the change of a-amino group T) with pH
that I observe, further experiments would be needed. In any case it is very difficult to predict what
will be happening in vivo, because the presence of paramagnetic impurities cannot be controlled.
The rj values for ammonium and GABA were, surprisingly, observed to be much smaller than the
theoretical minimum of -5 in part of (ammonium) or all of (GABA) the tested pH range (Fig. 32
B). Ammonium NOE factors displayed systematic pH dependence with T| values increasing in the
range of -10 to -2 for pH values of 6-9. GABA NOE factors were found to vary in a peculiar and
unsystematic way between -6 and -10 throughout the tested pH range. I did not pursue these
intriguing results further. Amide group T] did not change systematically with pH, but were observed
to be mainly between -4 and the theoretical minimum of -5 in the tested pH range in accordance
with expectations (Fig. 32 B).
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Phosphate
From the three titration curves in Fig. 31 it is
obvious that the ionic composition of the medium
influences

the

ammonium

chemical

shift.

Phosphate is an ubiquitous anion in the plant
cytoplasm with estimated concentrations in the
range of 5 to 18 mM (Schachtman et al 1998; Lee
and Ratcliffe 1983a). The phosphate concentration
in

bacteroids

of

root

nodules

has

been

demonstrated to be even higher by Sa and Israel
(1991), who found that phosphorus concentrations
in soybean nodules were 4-5 mg g"1 DW plant cell
and 10-12 mg g'1 DW bacteroid. I investigated the
counter ion effect of phosphate on the

I5

N

ammonium chemical shift and observed that
increasing the phosphate concentrations to much
higher levels than encountered in physiological
systems only shifted the ammonium resonance
slightly towards higher resonance frequencies (see

Fig. 33: Ammonium chemical shift as a function of
the phosphate concentration. 99% /5N enriched ammonium chloride was dissolved to a final concentration of 0.11 M in 1) water, 2) 0.5 M phosphate
buffer pH 7.2 and 3) i M phosphate buffer pH 7.2.
No reference compound was present during recording
of the spectra, and the chemical shift scale is therefore arbitrary.

Fig. 33).

D2O
It is necessary to include some deuterated
species in the NMR tube for field-

Gin amide

frequency locking and when working with

a Asn amide

biological systems D2O is an obvious

o Gin amino

choice. However, deuteration increases the
nitrogen shielding by about 0.5-0.7 ppm
per hydrogen replaced in aminos or
amides (reviewed by Mason 1996). The
effects are reported to be smaller in NFL;*,
about 0.3 ppm per hydrogen. Amide

I5

• Glu
Asn amino
Asp
x Ammonium

N

signals are split by deuteration because of
the slow proton exchange rate, and three
separate

signals

I5

I5

are

observed

from

15

CO NH 2 , CO NHD and CO ND2, respectively. The fast exchange rate of
amino and ammonium protons will result
in

15

N signals with chemical shift values

representing a weighted mean of the
deuterated and non-deuterated
13

15

N nu-

cleus. The N chemical shift thus depends

Fig. 34: Amino acid chemical shifts as a function of the D2O
concentration. 99% I5N enriched amino acids were dissolved in
0.1 M HC1 to a concentration of about 10 mM. The D2O
concentration was regulated to the desired level, and pH was
regulated to 5.8. NMR acquisition parameters were as described in the article manuscript. Chemical shifts are referenced to
urea at 55.8 ppm, which was present as an aqueous solution in
a capillary.
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on the D2O concentration in a predictable way, and

92 i

the upfield shifting of for instance ammonium in

91 -

10% D2O may be estimated as: 10% * 0.3 ppm

90 -

/proton * 4 protons = 0.12 ppm.

•
0

In order to be able to compare literature values and
own

I5

A

N spectra of nodules and extracts with

X

Gin amide
Glu
Asp
Ammonium

different D2O concentrations, the D2O effects on the
actual amino acid chemical shifts were quantified
(see Fig. 34 and Table 5). As expected, the amide
chemical shifts were largely unchanged, whereas the
ammonium and amino group resonances were
observed to be shifted approximately 0.15 and 0.1

I^
e

8

18

ppm, respectively, upfield with a change in D2O
concentration of 10%. The change in the ammonium

0

chemical shift was close to the expected value, but

-1

the amino group resonances were shifted a bit less
than predicted from the literature values mentioned

L —,-

20

30

40

50

above.
Temperature (°C)

Temperature
The amide and amino resonances of amino acids
were observed to be shifted in opposite directions
with a change in temperature (see Fig. 35 and Table
5). An increase of 10 °C shifted the glutamine
amide resonance approximately 0.2 ppm downfield,
whereas the ammonium and the amino resonances
of glutamine and aspartate were shifted approximately 0.1 ppm upfield.

Fig. 35: Amino acid chemical shifts as a function
of the temperature. 99% 13N enriched amino acids
were dissolved in 0.1 M HCl (20% D2O) to a
concentration of about 10 mM, and pH was
regulated to 5.8. The NMR tube was heated/cooled
in the NMR spectrometer to the desired tempe«
ratures and left to equilibrate for about five minutes
before acquisition of spectra. The chemical shifts at
the selected temperatures were measured in two
repeated rounds and showed the same values.
NMR acquisition parameters were as described in
the article manuscript. Chemical shifts are referenced to urea at 55.8 ppm, which was present as
an aqueous solution in a capillary

Table 5: ISN chemical shifts* of amino acid authentic samples in 0.1 M HCl adjusted to different pH
values, DiO concentrations and temperatures (Figs. 30,31,34 and 35)
pH

T(°C)

%D 2 O

6.9
7.0

Gin
amide

Asa
amide

90.86

Gin
amino

Asn
atnfno

Asp

GABA

NH4*

18.34

11.75

-0.26

11.70

-0.85

18.90

19.85
90.51

25

Glu

19.65

10
90.64

8.0
8.1

90.84

19.48
19.18

17.88

18.40
-0.14
18.29
-0.29
18.14
-0.42
19.41
25
90.99
20
5.8
18.37
-0.17
50
90.55
19.77
All chemical shifts are reported relative to urea at 55.8 ppm. Urea was present as an aqueous solution in a capillary
5.8

25

5
15

90.89
90.91

90.48
90.48

19.97
19.86

19.75
19.64

19.01
18.95
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10.2 Optimisation of in viyo 15N signal-to-noise ratio by maximising the
I5
N incorporation
15

N NMR spectroscopy is not a very sensitive method due to the inherent magnetic properties of

the I5N nucleus, i.e. the low magnetogyric ratio (cf. chapter 3). In order to make the in vivo S/N
ratio of 15N labelJed metabolites exceed the I5N detection threshold, it has therefore been crucial to
optimise factors influencing the I5N incorporation.
The I5N enrichment of the root nodules depends initially on the level of nitrogenase activity, which
again depends on inherent properties of the biological material and can mainly be manipulated by
changing the oxygen supply (cf. chapters 1.4 and 2.2). I have tested a range of experimental
parameters in the search for the ultimate conditions that would result in highly informative

I5

N

NMR spectra. The first part of the optimisation process was performed by directly measuring
nitrogenase activity (cf. chapter 8). Additional experimental variables, which will be described in
the present chapter, were tested with metabolically active I5N2 fixing root nodules in the perfusion
system while recording I5N NMR spectra. An overview of tested experimental conditions is given
in Table 6. The obtained in vivo iSN NMR spectra are presented in Fig. 36 and the assignments of
resonances are summarised later in Table 8 (chapter 10.3).

Table 6: Experimental conditions for in vivo 1SN NMR spectroscopy of 1SN2 fixing root nodules
Experiment
no.

Plant age
(weeks, days)

Incubation time
with "Ni (h)

Ojconc. {%)
start •> end

1

6.3

19

50 -»9

2

5,4

7

60-»47

Young nodules

3

4,5

6

62-»54

Very young nodules

4

5,4

7

63-»60

Reduced buffer flow rate

5

5,5

6

68-»58

Gentle harvesting procedure
Higher oxygen concentration

6

6,2

4

49-»44

Different pea variety (Bodi?)

7

6,3

5

49-»41

8

6,2

10

48-»24

9

6,4

8

48-»39

Mainly large nodules

10

6,5

9

39-» 30

OBS: IMIUS nodules

11

6,6

7

23 -» 11

Mainly small nodules
Low oxygen concentration

12

6,6

9

45-»37

Reduced buffer flow rate

Special experimental features

Aeroponic growth system from
here onwards
More efficient pump from here
onwards
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The first varied parameter was
the age of the nodules, but no
major differences could be observed in the

1S

N NMR spectra

of nodules from plants aged
between four and seven weeks
(see Exp. 1-3 in Table 6 and
Fig. 36). I thus continued to use
nodules from six- to sevenweek-old plants.
The root system of a given pea
plant contains nodules of different size and developmental stage (cf. chapter 1.3). The NMR
tube puts a Jimit on the volume
of nodules that can be included

8

frtf#ju*w**i*ri^

in an experiment, and as smaller nodules may be packed more densely in the lube they
might give rise to a higher total
I5

N2 fixing rate per volume unit,

10

although more mature nodules
are known to contain a larger

11

zone of N 2 fixing tissue (cf.
chapter 1.3). I tested whether

12

small, young nodules from the
lower part of the root system or
large, older nodules from the

90

SO

70

6O

5O

4O

3O

2O

1O

O ppnr

top of the tap root gave better
!5

N NMR spectra and found

that large nodules were best
(see Exp. 9 and 11 in Table 6
and Fig. 36). In all previous
experiments I had been using a

Fig. 36: in vivo I5N NMR spectra of metabolically active, perfused, "N 2
fixing root nodules under the experimental conditions given in Table 6.
NMR acquisition paramefers were as described in the article manuscript
apart from the total acquisition periods. The presented spectra represent
total acquisition periods of six hours (Exp. 1-5 and 8-12) or four hours
(Exp. 6-7). Chemical shifts are referenced to urea at 55.8 ppm, which was
present as an aqueous solution in a capillary except in Exp. 12. Assignments are given in Table 8.

mixture of different nodule size.1;, but for subsequent experiments I mainly used large nodules.
The nitrogenase activity is known to vary among pea varieties. Nodules from the pea variety
"Solara" were used for the majority of experiments (cf. chapter 6) and the nitrogenase activity
measured as hydrogen evolution rate in air was higher for "Solara" nodules than for nodules from
the variety "Bodil" (cf. chapter 8.1). It was decided to test "Bodil" nodules also under 13N2 fixing
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conditions in the perfusion system, but these nodules did, however, not give rise to more
informative l5 N NMR spectra than "Solara" nodules (see Exp, 6 in Table 6 and Fig. 36).
Detachment of nodules from the plant root inhibits the nitrogenase activity (cf. chapter 1.4 and
8.1), but using nodules attached to a small root piece can diminish this inhibition. I tested nodules
that had been carefully harvested by cutting the root near the nodule, but this implied that much
less nodule material could be packed in the NMR tube. For each single NMR spectrum the S/N
ratio is proportional to the number of nuclei within the detection coil, but the S/N ratio increases
only with the square root of the number of transients (cf. chapter 3.3), and 3I P spectra showed that
the smaller amount of nodules caused an extremely deteriorated S/N ratio (data not shown). I
5

therefore decided not to continue with addition of

N2 because the presumably higher nitrogen

fixation rate was estimated to be more than outweighed by the greatly diminished S/N ratio.
Nodules from soybean and Lotus plants (cf. chapter 6) were tested, but soybean nodules were
considered less suitable for perfusion as no ATP signals were present in 3 I P spectra (cf. Fig. 23 C),
and I decided not to continue with addition of I5 N 2 to the perfusion system. Lotus nodules, on the
other hand, seemed well oxygenated as judged from the presence of (J-ATP signals in 3 t P spectra
(cf. Fig. 23 B) and I5N2 was introduced. The obtained in vivo 15N NMR spectra from Lotus nodules
displayed less intense signals than spectra from pea nodules (see Exp. 10 in Table 6 and Fig. 36),
and Lotus nodules were therefore rejected for further experiments. However, the Lotus I5N spectra
provided valuable information that aided the assignment of 13N resonances as described in chapter
10.3.

10.3 Assignment of 15N resonances in root nodules
Dead nodules
Root nodules were I5 N enriched by different i5Ni incubation procedures as described in legends of
Figs. 37 and 38 and subjected to

15

N NMR spectroscopy after harvesting and quenching of

metabolic activity by freezing in liquid nitrogen. Several

15

N signals from labelled amino acids

were observed in the NMR spectra (Figs. 37 and 38). These resonances were tentatively assigned
as being GABA, alanine and the amide and amino group of asparagine (Table 7) by comparison
with literature values (Table 4) and own measurements of authentic standards (Table 5).
Subsequent extraction of the nodules and recording of

15

N spectra from the extract (Fig. 38 and

Table 7) showed almost identical chemical shift values compared to dead nodules for metabolites
that were I5 N labelled by assimilation of fixed I5N2. The assignments were confirmed by spiking
the extract with authentic I5N amino acid standards followed by NMR analysis (Fig. 38 and Table
7). A small signal at -0.14 ppm, presumably from

15

N labelled ammonium, was observed in one of

the extracts, but in none of the spectra from dead nodules.
NMR analysis of an extract from nodules that were not investigated by NMR before extraction
(extract C in Fig. 39 and Table 7) showed an additional 15N resonance at 19.84 ppm, which was
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Fig. 37: I5N NMR spectrum from dead pea root nodules. Root nodules were harvested from six-week-old plants and
transferred to a 60 mL syringe. The syringe was flushed with Ar, and subsequently O2 and ISN2 was added to a final gas
composition of: 6% Ar, 44% Q? and 50% I5N2. After four hours incubation in the 15N enriched atmosphere root nodules
were frozen in liquid nitrogen and kept at -80°C until NMR analysis. The dead nodules were immersed in 10 mM MES
buffer, pH 6, during NMR analysis. The spectrum was recorded at the University of Oxford on a Broker CXP300
spectrometer equipped with a 20 mm broadband probe tuned at 30.42 MHz. Acquisition parameters were: 90° pulse
angle, 0.25 s acquisition time, recycle delay of 1.75 s, proton decoupling at high power during the acquisition and at low
power during the delay, 5.5 kHz sweep width and 28800 transients resulting in a total acquisition time of 16 hours. 8 Hz
line broadening was applied. See assignments in Table 7 and GC-MS analyses in Fig, 42 A.

^^St******^^

Fig. 38: I5N NMR spectrum from (A) dead pea rooi nodules, (B) extract and (C) spiked extract. Pea plants were grown
with the entire root system in a gas tight chamber (Rosendahl and Jakobsen 1988). The root chamber of six-week-old
plants was flushed with an Ar-Oa mixture (70%:30%), and lsNj was subsequently added to a final gas composition of:
59% Ar, 24% Oj, 10% "Nj and 1% 14N2. After four hours incubation in the I5N enriched atmosphere root nodules were
quickly harvested on ice, immediately frozen in liquid nitrogen and kept at -80°C until NMR analysis. The dead nodules
were immersed in perfusion buffer, pH 6, during NMR analysis. After recording of NMR spectra, nodules and the buffer
bathing the nodules during NMR analysis were extracted with MeOH/CHCI^Hy} (12:5:3, v/v/v). The extract was
subsequently purified as described in the article manuscript, redissolved in 0.1 M HCI and pH adjusted to 5.8 before
NMR analysis. The extract was spiked with authentic I5N labelled amino acids. NMR acquisition parameters were as
described in the article manuscript apart from the total acquisition periods, which were one hour (A), 16 hours (B) and 20
hours (C). See assignments in Table 7 and GC-MS analyses in Fig. 42 B,
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assigned as being the amino group of glutamine based on literature values (Table 4) and own
measurements of authentic standards (Table 5).
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.

[

Fig. 39: I5N NMR spectrum from a root nodule extract. Root nodules were harvested from six-weok-old plants and
transferred to a 60 mL syringe that contained 10 mL of the perfusion buffer described in the article manuscript. The
syringe was flushed with Ar, and O2 and I5N2 was subsequently added to a final gas composition of: 15% As. 45% Oz and
40% N2. Root nodules were immersed in the buffer and incubated for four hours under continuous gentle shaking of the
syringe to ensure equilibrium of the liquid with the I5N enriched atmosphere. By the end of the incubation, nodules were
immediately frozen in liquid nitrogen and extracted with MeOH/CHClj/HjO (12:5:3, v/v/v). The extract was dried,
redissolved in 0.1 M HCI and pH adjusted to 5.8 before NMR analysis. NMR acquisition parameters were as described in
the article manuscript but with a total acquisition period of 16 hours. See assignments in Table 7.

Table 7: Assignments of amino acid
thereof*
%D 2 O

Gin
amide

15

N chemical shifts' in mctabolically inactive nodules and extracts

Asn
amide

Ala

22.0

Dead nodules A

0

90.4

Dead nodules B

20

90.6

Extract B1

4

90.48

Extract B2

10

90.49

Spikes to B2

10

Extract C

14

90.92

Gin
amino

Glu

Asn
anitno

Asp

GABA

19.1

11.8

18.8

11.6

22.06

19.07

11.79

22.04

18.99

11.69

90.49

19.88

18.97

90.70

19.84

19.15

NH/

-0.14

18.35
11.91

ref:0

' Chemical shifts for nodules A and B and extracts B are reported relative to urea at 55.8 ppm. Urea was present as an
aqueous solution in a capillary in experiments with nodules, whereas urea was added directly to extract B. Ammonium
was added to extract C and used as a chemical shift reference at 0 ppm.
1
Treatments of nodules, NMR acquisition conditions and spectra are given in Fig. 37 (dead nodules A), Fig. 38 (dead
nodules B + extract B + spikes) and Fig, 39 (extract C).

Ammonium In metaboiically active nodules
Incubation of metabolically active root nodules with
15

15

N2 in the perfusion system while recording

I5

N NMR spectra resulted in the observation of N ammonium in several experiments (see Fig. 36,

Table 8 and Fig. 40) and the resonance frequency showed some variability in the range from -4.2 to
-3.9. This is an unusually low ammonium frequency compared to in vitro measurements (cf.
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chapter 10.1) and previous in vivo

I5

N NMR studies which all have demonstrated ammonium

resonances at around 0 ppm in procaryotic as well as in eucaryotic organisms (cf. Table 4).
The signal at around -4 ppm was assigned to ammonium based on several indications. First, no
other well known

!5

N metabolite resonates anywhere near -4 ppm. Second, the signal at -4 ppm

represents the first detectable

I5

N metabolite in

I5

N 2 fixing nodules (cf. Fig. 40), which is in

accordance with the well-established fact that the product of nitrogenase activity is ammonium (cf.
chapter 2.2). Third, the NOE factor is between -1 and 0, which is characteristic for ammonium in
vivo (Martin 1985; Robinson et al. 1991; Fox et al. 1992; Joy et al. 1997) and gives rise to spectra
with oppositely phased signals for amino acids and ammonium, respectively (cf. Figs. 36 and 40).
Finally, the signal at -4 ppm is intense in spite of being attenuated by NOE under the applied
acquisition parameters, and it must thus originate from a metabolite that is present in large amount,
which is what should be expected from ammonium in the bacteroid compartment (cf. chapter 2.2).
The signal from ammonium was not observed in the earliest I5N NMR spectra (cf. Fig. 36), but
only became detectable when perfusion was more efficient because of a new peristaltic pump (cf.
Table 6). A possible explanation for this observation could be that the nitrogenase generated
ammonium ions were assimilated immediately, when the nitrogen fixation rate was low, and the
free ammonium pool therefore remained small and below the detection limit.
The observed enhanced shielding of ammonium could be due to many different factors such as
hydrogen bonding to anions or pH effects, and may thus provide valuable information on the
intracellular environment of pea root nodules. Some of these possibilities were investigated in vitro
(cf. chapter 10.1), but I observed no significant effect of phosphate concentrations up to 1 M on the
ammonium chemical shift. Base dtration of ammonium in vitro demonstrated, as expected, large
pH effects on the chemical shifts, and an ammonium chemical shift of -4 ppm was observed at pH
8.9. From the present investigation it is not possible to localise the ammonium pool to the bacteroid
or plant cytoplasm, but in either case it seems most unlikely that the pH could be so alkaline in a
tissue that is still metabolically active.
The unusual ammonium chemical shift could also be a result of different forms of ammonium
being present. Fast exchange between free ammonium at one chemical shift and bound ammonium
at another, would lead to a weighted chemical shift for the observed signal, but further
investigations would be needed to examine this hypothesis.
It is evident that substantial, although not quantifiable under the acquisition mode of the present
study, 15N labelling of ammonium takes place in the metabolically active pea root nodules and that
ammonium is the first detectable I5N labelled compound in the intact symbiosis. This provides new
information, since previous estimates of the free ammonium concentration in symbiotic root
nodules have been based on extractions and several assumptions (Streeter 1989). The information
that is provided by the unusual in vivo I5N ammonium chemical shift remains to be interpreted.
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Amino acids in metabolically active nodules
In vivo I5 N NMR spectra from

15

N2 fixing root nodules showed two amino acid

15

N resonances at

90.7 and 19.6 ppm, which correspond to an amide and an a-amino group, respectively (see Fig. 36,
Table 8 and Fig. 40). This was observed in very many experiments. The amide resonance at 90.7
ppm could, by comparison with all previously mentioned analyses, unequivocally be assigned to
asparagine.
The assignment of the a-amino resonance at 19.6 ppm posed some problems. The chemical shift
value corresponded to all previously observed values for glutamine and glutamate (cf. Table 4 and
Table 5), but the analyses of dead nodules and extracts (cf. Table 7) demonstrated that the
dominating

I5

N labelled a-amino group was the one of asparagine and that it resonated at the

expected 18.8-19.1 ppm when inside dead nodules. Analyses of the I5N labelling by IP-RPLC MS
also showed that the asparagine amide and amino groups were the most abundant

15

N labelled

I5

species in nodules that were incubated with N2 in the perfusion system (see Table 10 and Fig. 52).
This apparent inconsistency was an intriguing enigma that needed an explanation!
In the search for factors that might cause unexpected changes of 15N chemical shifts, I came across
the pH dependence of NOE factors (cf. chapter 10.1). As described, the amino group of asparagine
was observed to have a r\ of -1 at around pH 7.1 in vitro, whereas NOE factors of the glutamine
and glutamate amino groups were between -1.5 and -3.5 in the physiologically relevant pH range of
7-7.5. If the NOE factors exhibit the same pH dependency in vivo as was demonstrated in vitro, it
would be expected that the signal from the a-amino group of asparagine would be lost, whereas the
signals from the amino group of glutamine and glutamate would be enhanced. The signal at 19.6
ppm that was observed in all in vivo l5N NMR spectra of pea root nodules was therefore assigned
to the amino groups of glutamine and glutamate.

Table 8: Assignments of in vivo I5N chemical shifts in 1SN2 fixing root nodules (Fig. 36)
Experiment
no.

Gin
amide

Asn
amide

Ala

Glu

Gin
amino

Asn
amino

Asp

GABA

NH/

1-7

90.7

19.6

8

90.7

19.6

-3.9

9

90.7

19.6

-4.2

10

90,7

19,6

11

90.7

19.6

-4.0

12

90.7

19.6

-3.9

18.4

11.3

-4.1

• All chemical shifts are reported relative to urea at 55.8 ppm, which was present as an aqueous solution in a capillary.
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Observations from an experiment with Lotus nodules provided further support for the assignment
of the resonance at 19.6 ppm to glulamine/glutamate. Two a-amino resonances were observed at
19.6 and 18.4 ppm, respectively, in an in vivo 15N NMR spectrum from Lotus nodules (Exp. 10 in
Fig. 36 and Table 8). The chemical shift difference between asparagine and aspartate had been
demonstrated to be around 0.6 ppm (cf. Table 5), and it was therefore unlikely that the resonances
at 19.6 and 18.4 ppm originated from asparagine and aspartate. Whether the resonance at 18.4 ppm
should be assigned to asparagine or aspartate could not be decided purely based on the chemical
shift value, but it seemed likely that it was asparagine, because this amino acid is so abundant in
indeterminate nodules (Ta et al. 1986). Consequently, the signal at 19.6 ppm in Lotus nodules
seemed to be the a-amino group of either glutamine or glutamate. This suggests that the resonance
at 19.6 ppm in pea root nodules also originated from glutamine/glutamate, since all other observed
15

N resonances in Lotus nodules occurred at exactly the same frequencies as in pea nodules.

GAB A was observed at the expected 11.6, 11.8 and 11.3 ppm in 15N NMR spectra from dead pea
root nodules, an extract from nodules and metabolically active,
respectively (cf. Table 7 and Exp. 10 in Table 8). The GABA

l5

N2-fixing Lotus nodules,

15

N resonances in spectra from

nodules seemed to be broader than resonances from other amino acids. However, GABA was never
observed in in vivo 1SN NMR spectra from 15N2 fixing pea nodules (cf. Figs. 36 and 40), although
IP-RPLC MS analyses demonstrated very high I5N labelling of GABA in these nodules (see Table
10 and Fig. 52). Possible reasons for this apparent inconsistency will be discussed in chapter 12.
The chemical shift of '"N2 in aqueous solution has been reported to be 290 ppm (converted to a
scale that puts urea at 55.8 ppm) (Joy et al. 1997). 14N and 13N measurements are interchangeable
since primary isotope effects are negligible (Mason 1996), so ]iNi would be expected to resonate at
the same frequency in

I5

N spectra. However, I normally recorded in vivo NMR spectra with a

spectral window that excluded the observation of signals from
information would be provided by a possible signal from

i3

N2, because no relevant

15

N2. I tested an expanded spectral

window in a single experiment and observed no additional signals, so the amount of dissolved I5 N 2
within the volume of the NMR tube was probably too small to exceed the detection limit,

10.4 Time course of 15N assimilation in 15N^ fixing root nodules
Fig. 40 shows a representative series of consecutive in vivo i$N NMR spectra that were started
immediately after addition of

I5

N2 at time zero. An ammonium signal at -4.2 ppm was evident

during the first hour of incubation and increased in intensity throughout the first five hours, after
which steady state seemed to occur. Two more I5N signals emerged in the spectrum representing
the period from one to three hours and likewise increased in intensity in the next spectrum from
three to five hours. The intensities of these two signals were unchanged in the last spectrum from
five to seven hours indicating steady state. The signal at 90.7 ppm was assigned to the amide group
of asparagine (cf. chapter 10.3). The amino groups of glutamate and glutamine resonate in a 0.2
ppm interval around 19.7 ppm and are difficult to resolve in vivo, so the resonance at 19.6 ppm is

69

PART 2. EXPERIMENTS & RESULTS
likely to contain contributions from the amino group of glutamine as well as glutamate (cf. chapters
10.) and 10.3).

>w$^^^
#1*^?^

Fig. 40: In vivo ISN NMR spectra showing a time course of nitrogen assimilation in l5Nj
fixing pea root nodules. Treatment of nodules, perfusion conditions and NMR acquisition
parameters were as described in the article manuscript The numbered peaks may be
assigned to: 1, asparagine amide-N; 2, glutamine/glutamate amino-N; 3, ammonium. The
signal at 55.8 ppm is from the reference compound l5N-urea, which was present as an
aqueous solution in a capillary.

10.5 Acquisition of in vivo 15N NMR spectra
Optimisation of NMR acquisition conditions was crucial in order to obtain the maximal in vivo S/N
ratio in the shortest possible time in spectra of

15

N labelled metabolites. Signal intensities in 15N

NMR are affected by a multiplicity of factors, of which field homogeneity, T | relaxation times and
NOE factors are the most important ones under the experimental conditions of the present study.
Carefully shimming of the magnetic field homogeneity improved the S/N ratio of spectra from
perfused root nodules dramatically. The effect of time consuming shimming should of course be
weighed against the gradual degradation of the living biological material that occurs with time, but
I experienced that time spent on shimming was well invested. I used the line width at half height
(v1/2, cf. chapter 3.2) of the 'H signal from H2O routinely as a measure of the field homogeneity to
be able to assess whether additional shimming efforts should be invested, and I usually obtained
V|«(H2O) of 20-30 Hz for perfused pea root nodules.
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The optimal sensitivity per unit time depends on the combination of the recycle delay (Tr) between
transients and the pulse rotation angle (0). The rate at which equilibrium magnetisation of a given
nucleus recovers after a perturbation is characterised by the time constant Tj (cf. chapter 3.2), and
the maximum signal is obtained for a rotation angle 8e, known as the Ernst angle (Cavanagh et al.
1996), which is given by:

cose E = exp(-T r /T|)

(Eq.9j

The choice of the appropriate Ernst angle requires that T1 is known or can be determined, which is
not often the case for in vivo experiments. In vivo T]S for

13

N amino acids in different biological

systems have been reported (see Table 9), and most T]S are around 2-5 s albeit with a lot of
variation. Based on this information I have chosen to use a recycle delay of 2 s and a 60° rotation
angle, which according to Eq. 9 is the most efficient combination for nuclei with a Tj of 2 s. I
tested different combinations of 0 and T r for obtaining spectra of I5 N enriched dead nodules, and
confirmed that the chosen acquisition parameters were the most efficient. Different nuclei have
different T,s and especially ammonium has been shown to exhibit an extremely long Tj in vivo (cf.
Table 9). This implies that the choice of a particular set of time optimised acquisition parameters
will result in biased spectra, where for instance the intensity of the ammonium signal will be
suppressed relative to the other signals.
The proton decoupling efficiency is another important consideration in obtaining optimal
sensitivity in in vivo U N spectra, and I tested different decoupling regimes on liN enriched dead
nodules (data not shown). I observed that the most intense

15

N signals from amino acids in dead

nodules were obtained with full broadband decoupling under both the acquisition period and the
delay. When I5N NMR spectra are acquired with full proton decoupling the individual NOE factors
of

15

N containing molecules will strongly influence the size of the observed signals (cf. chapter

3.3). The use of full proton decoupling in my in vivo experiments was intended to produce maximal
signal enhancement by NOE, but I realised very late that NOE factors for some of the l5 N groups
was maybe of an unfavourable size under in vivo conditions causing signal intensities to diminish
dramatically (cf. chapter 10.1 and 10.3).
I5

N NOE factors are special because they may be negative and amount to a value as numerically

large as -4.9 resulting in a signal inversion and net enhancement factor of 3.9. However, the NOE
factor observed depends on the proportion of the relaxation that takes place by

15

N/'H dipolar

interaction. If this proportion is small the signal intensity is diminished and the signal may even
vanish entirely. Several mechanisms have been identified by which 15N signal can be lost on proton
decoupling (reviewed by Mason 1996). The dipolar process diminishes when more efficient modes
of relaxation are possible, as in the presence of paramagnetic compounds or averaging by fast
chemical exchange. Paramagnetic ions are known to bind much more easily to the a-arnino (and
the carboxylate) than to an amide group, and thus cause a reduction of the NOE factor for the
former in vivo (Tesch et al. 1999) (see Table 9). The peak area per IJ N concentration in bacterial
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cells was found to be equal for the a-amino nitrogens of glutamine and glutamate, but was 1.5
times larger for the amide nitrogen of glutamine due to different NOEs (Tesch et al. 1999).
Likewise, it was observed that NOEs were very different for the different N nuclei in arginine,
which is known to be sequestered in vacuoles in Neurospora crassa mycelium (see Table 9). Large
or highly associated molecules have increased correlation times and this also leads to a decrease in
dipole-dipole relaxation and a shrinking NOE factor. This effect is more pronounced at higher
fields.

Table 9: Literature values of in vivo T,s and NOE factors for amino acids
Biological system

Ginamide

White spruce buds

3.10
(OH)

White spruce
Ti(s) tissue culture

3.19
(0.08)

(S.D.) Neurospora

4.05

crassa mycelium
Corynebacterium
glutamicton

8-Arg

CO-Arg

5.95

2.74
(0.02)

(0.10)

1.2

1.1

a-Arg

Pro

Ala

a-amino GABA* NH 4 * Ref.
groups*

7.76

6.75

(0.87)

(0.26)

4.24
(0.02)

(0.10)

4.44
(0.12)

4.37
(0.12)

1.95
(0.18)

1.3

2.62

1
2

5.1

3
>50

White spruce buds -4.31

-4.00

0

-4.07

4

-3.85

-3.90

-5.13

1

-3.83

-3.99

-4,94

2

NOE

White spruce
tissue culture
factor
Neurospora
crassa mycelium

-4.37
-4.9

-2.5

-4.6

-2.7

-4.6

3

References: 1) Thorpe et al. 1989. 2) Joy et al. 1997. 3) Kanamori et al. 1982b. 4) Tesch et al. 1999
*Mainly a-amino groups of giuiamine and glutamate
'Possibly with contributions from other aliphatic amines: ornithine and lysine

I considered whether indirect detection of

I5

N labelled metabolites would be potentially

advantageous for increasing the sensitivity. The idea was, however, discarded because indirect
detection demands that the protons attached to the !5 N nucleus are in slow exchange, which would
mean that only amide groups and not amino groups and ammonium would be observed in in vivo
experiments (cf. chapter 10.1). I5N detection by the HMQC technique has previously been used
with tissue extracts, where indirect detection of amino-N groups is possible over a limited range of
acidic pll values (reviewed by Ratcliffe and Shachar-Hill 2001).
In principle, I5N metabolites may be quantified by integration of NMR spectra, but there are some
important considerations in obtaining reasonably reliable integrals (reviewed by Sanders and
Hunter i 993):
•

All the signals to be integrated must have the same intrinsic intensity. In 15N spectroscopy this
means controlling or suppressing all NOEs very carefully.

•

It is absolutely essential that the data be collected under conditions, which allow uniform
recovery of all signals that are to be integrated. This usually means, if n/2 pulses are being used
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to read the state of the system, a relaxation delay of at least five times the longest Ti must be
allowed between successive pulses.
•

It is particularly dangerous to integrate resolution-enhanced (for instance by exponential
multiplication) spectra because their resolution enhancement is derived from the fact that
broader lines are suppressed.

As described, I have put an effort into obtaining the maximal

15

N signal intensity in the shortest

possible time and this means that none of the above mentioned criteria for possible quantification
of I5N metabolites are met. Relative levels of 15N metabolites may be estimated tentatively based
on the obtained in vivo 13N NMR spectra but should be used with caution.

11 Nitrogen assimilation studied by mass spectrometry
Mass spectrometry is one of the principal methods for analysing stable isotope labelling, and has
the advantage of increased sensitivity compared to NMR. The original intention for using mass
spectrometric methods in the present project, was to provide complementary information on the 15N
labelling of amino acids in root nodules in order to be able to assign in vivo

15

N NMR resonances

unequivocally. However, it turned out to be complicated to obtain information on the positional
distribution of the 15N label in glutamine and asparagine, and new techniques had to be developed
(cf. chapter 11.2). Fortunately, advanced spectrometric equipment and expertise was present in our
laboratory, which made it possible to design and explore new approaches. The successful
application of these new techniques finally provided information that would have been overseen if
using 13N NMR on its own.

11.1 GC-MS analyses of labelling
The separation of amino acids by GC is a standard procedure, and analysis of stable isotopes can be
done by mass spectrometry in the form of GC-MS. In general, detection involves post-column
derivatisation. I started out by setting up a GC-MS procedure for analysis of

15

N in amino acids

(see protocol in appendix), which was a combination of procedures that had previously been
described in the literature (Johansen et al. 1996; Fortier et al. 1986). This procedure was used for
all results presented in this chapter, but had several disadvantages:
The derivatisation was based on silylation, which caused a pronounced increase in intensity of the
natural abundance [M+l] and [M+2] ions due to 13C and 29Si and made the determination of low
levels of

I5

N labelling troublesome. Furthermore, the silylation of glutamine was extremely

difficult, and the very low yield of glutamine derivates hindered the quantification of the

15

N

labelling in many cases. Finally, there is a need for two derivatisation steps to distinguish amide
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and amino labelling in glutamine and asparagine, and this was left undone because of the problems
with incomplete derivatisation of glutamine.
A chromatogram of a root nodule extract is shown in Fig. 41, and it is evident that the extract
contained a multitude of compounds,
identified

as well as unidentified

ones. An important result of the GCMS analyses was that significant

!J

N

labelling was only found in a few
amino acids: asparagine, aspartate,
glutamine, glutamate, alanine and
GABA (data not shown). This was
reproduced in very many analyses,
and made it reasonable and convenient to focus on these six amino
acids throughout the analytical work
with all other applied methods. From
the knowledge of nitrogen assimilation pathways in root nodules (cf.
chapter 2.4 and 2.5) it would likewise
be expected that these were the
relevant amino acids, but experimental evidence ensured that it was safe
to exclude Other amino acids from the
analyses presented in chapter 11.2.

F i g 4 1 : G C . M S chmmU0^Tlim

o f a r o o t n o d u l e ext r a ct.

Amino acids
*«re identified from retention times and mass spectra by comparison
with authentic standards. Extraction and derivatisation procedures as
we n a s GC-MS parameters are given in the protocol in appendix.

Nodules that had been incubated with I5N2, and studied by I5N NMR spectroscopy after harvesting
and quenching of metabolic activity by freezing in liquid nitrogen. (Figs. 37 and 38) were also
analysed by GC-MS (see Fig. 42). The amount of labelling varied a lot among amino acids and
between experiments. At the time when these experiments were performed, the analysis of total
amino acid pool sizes was not yet possible. A comparison between the NMR spectra and the 15N
atom% enrichments is thus difficult, because the pool sizes will determine the total amount of

15

N

label to be found in each amino acid. However, the results encouraged further work because they
demonstrated that a significant proportion of the amino acid pools were accessible for I3N labelling
and could be detected by NMR.
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Fig. 42: I5N enrichment (atora% excess) of amino acids in two different samples (A and B) of pea root
nodules. Amino acids were extracted and analysed by GC-MS as described in the appendix. Nodule
samples A and B had been incubated as described in legends of Figs. 37 and 38, respectively, where
"N NMR spectra recorded from subsamplcs of the nodules are shown.

11.2 Ion-pair reverse-phase liquid chromatography mass spectrometry
(IP-RPLC MS)
Only the more hydrophobic amino acids can be separated using classic reverse-phase
chromatography. However, ion-pair reverse-phase liquid chromatography (IP-RPLC) has been
reported to constitute a promising method for analysis of the most polar amino acids, like aspartate,
asparagine, glutamate and glutamine. Perfluorinated carboxylic acids have been reported to be
excellent ion-pairing reagents for this purpose (Petritis et ah 1999; Kwon and Moini 2001). In
addition, electro-spray ionisation mass spectrometry can be used for studying the individual amino
acids using those systems (Petritis et al. 2000).
We started up the IP-RPLC separation technique of amino acids in our laboratory and extended this
method to include an on-line determination of the amount of

15

N labelling based on the MS ion

pattern of the individual amino acid. Analysis of small amounts of labelling could be done with
enhanced sensitivity and accuracy compared to the analyses described in chapter 11.1, because the
natural abundance background constitutes a smaller proportion of mass intensities in spectra of
underivatised I5N enriched amino acids.
Furthermore, we have developed a new technique, whereby also the position of the 15N labelling of
glutamine (Gin) and asparagine (Asn) in either the amide or the amino group could be analysed in
the same experiment based on MS/MS and MS/MS/MS, respectively. The fragmentation paths
were elucidated by studies of standard samples of 15N mono labelled Gin and Asn with a specific
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position of the label in either the amide or the amino group (isotopomers). The theoretical
background and our experimental experiences with the positional labelling analysis will be
15

presented in the following. Extracts from

N enriched root nodules were analysed by this new

method and the obtained results will be presented. The details of the IP-RPLC MS materials and
methods are given in the article manuscript.

Position of 15N label in glutamine
The position of the

I5

N labelling

of Gin in either the amide or the

84%
amide loss

amino group was determined by
MS/MS experiments. The mass of
the parent molecular Gin ion

H^-NHj
CH,

m/z = 131 if " N amide

H»

(MH*) is 147, and with one 15N in

16%
am [no loss

the amino or amide group the
mass becomes 148. This mono

m / z . 130 If " N amide

m/z - 1 3 0 it "N amino
m/z m 131 If M N amino

«N monolabelled Oln
(MH*+1> m/j=148

labelled precursor ion is trapped
and subjected to collision activation whereby NH3 is lost (Fig. 43)

Fig. 43: Sketch of the fragmentation pattern of mono
giutamine when subjected to collision activation.

IS

N labelled

in agreement with previous studies
of the fragmentation of protonated Gin (Dookeran et al. 1996). The lost NH3 may or may not
contain the I5N label (i.e. mass 18 or 17 is lost), and the resulting MS/MS spectrum (Fig. 44) will
therefore contain the daughter ions 130 and 131 in a proportion that reflects the position of the I5N
label.

Fig. 44: Reference MS/MS spectra of 100% mono ISN labelled glutamine isotopomers.
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NH 3 is lost from the amide as well as from the amino group but in unequal amounts. Inherent
chemical properties of the molecule determine the tendency to loose either of the groups,
irrespectively of the position of the I5 N label, because isotope effects of heavy nuclei like 15N are
negligible (Levsen 1978). By inspection of the MS/MS spectra from samples of 100% I5 N enriched
Gin isotopomers (Fig. 44), it can be calculated that 84% of the NH 3 loss comes from the amide
group and the remaining 16% of course from the amino group. This is in excellent agreement with
recent theoretical calculations on the fragmentation mechanisms of protonated a-amino acids,
which predict the elimination of NH 3 to be an energetically strongly favoured reaction of
protonated Gin (Rogalewics et al. 2000). The estimated activation energies for NH 3 loss from the
amino and amide groups were 164 and 144 kJ/mol, respectively.
The ratio of the intensities of the ions m/z 130 and 131 in MS/MS spectra for samples containing
different amounts of I5 N label in the amino or amide group, respectively, is given by the following
equation:
130^1
__

(148) ni ,-F(130) ni ,+(148), 5N (x-F(130) atninQ -Kl-j C )-F(130) amide )
=

j

_

{

m

(Eq, 10)

+ (l-Jr)-F(13i)amjdJ

where experimentally determined constants are:
C148)n.a. = intensity of m/z 148 natural abundance (normalised against m/z 147) = 7.44
F(130)na / F(131),.,. = fractions of intensities of m/z 130 and 131, respectively, in unlabellcd sample = 0.06 /
0.94
FClSOWno/FUSl^inosfractionsof intensities of m/z 130 and 131, respectively, in 100% I5N amino labelled
sample = 0.16/0.84
F(130)alrt(fc/F(l 3 lJamide = fractions of intensities of m/z 130 and 131, respectively, in 100% ISN amide labelled
sample = 0.84/0.16

and variables are:
(130/13lJmcas. = measured ratio of intensities of m/z 130 and 131
(148)i5N = measured intensity of m/z 148 (normalised against m/z 147) minus (i48) na
x = molar ratio of 15N amino labelled Gin molecules
1 - x = molar ratio of 15N amide labelled Gin molecules
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Simulated

standard

curves

based on Eq. 10 are shown in
Fig. 45. Dilution series of isotopomeric

IS

N Gin standards

were subjected to the analysis
in order to test the procedure,
and the experimental data are
plotted in Fig. 45. It is obvious that the ratio of intensities 130/131 is not very
sensitive to changes in the
amount of amino

IS

N label,

because only a minor part of
the NH3 lost from the 148 ion
comes from the amino group.
The

l4

NH 3 loss from

the

amide group, in molecules
with

15

N-amino labelling, can

be considered as a sort of a
large background value for
the 131 ion, upon which the
I4

NH 3 from the amino group

is superimposed. On the other

Fig. 45: The ratio of the ions m/z 130 and 131 in MS/MS spefctra at a given
1S
N enrichment of the mono I5N labelled glutamine molecule (atom% excess)
depends on the position of the 1SN label in either the amino or the amide
group. Simulated standard curves based on Eq. 10 are shown as well as experimental data from analysis of dilution series of isotopomeric ISN glutamine
standards. IP-RPLC MS procedures and parameters are given in the article
manuscript.

hand, changes in the amount
of ! i N labelling in the amide group will result in large changes in the 130/131 ratio.

Position of 15N label in asparagine
The position of the I5N labelling of Asn in either the amide or the amino group could be determined
by MS/MS/MS experiments. The mass of the parent molecular Asn ion (MH+) is 133 and with one
IS

N in the amino or amide group the mass becomes 134. When this mono labelled precursor ion is

trapped and subjected to collision activation it does not loose NH3 like Gin, but instead the
carboxylic acid group (CO + H2O, M=46) is eliminated (Fig. 46). Thus, the fragmentation of
protonated Asn resembles that of simple aliphatic amino acids, whereas the fragmentation of

Fig. 46: Sketch of the fragmentation pattern of mono I5 N labelled asparagine when subjected
to two rounds of collision activation.
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protonated Gin seems to be driven by the formation of protonated pyroglutamic acid by loss of
NH3. In addition, the shorter carbon backbone of Asn opens up for stabilisation of the amide group
by hydrogen bonding between the amide oxygen and the protonated amino group. This difference
between the two amino acids Gin and Asn, which seem very alike when judged from the chemical
structure, was very surprising!
The daughter ion resulting from the carboxylic acid loss has a mass of 88 and when trapped and
subjected to another round of collision activation, HNCO is lost from the amide group. If the amide
group contains I5N, the loss will be 44, and the remaining "grand-daughter" ion will weigh 44. If
the l5 N label is in the amino group, only mass 43 is lost with the amide group, and a "granddaughter" ion of mass 45 is created. Thus, the ratio between the ions 44 and 45 in the MS/MS/MS
spectrum (Fig. 47) contains information on the position of the I5N label.

Fig. 47: Reference MS/MS/MS spectra of 100% mono lsN labelled asparagine isotopomers.
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F(44) lm)no / F(45)omim> = fractions of intensities of m/z 44 and 45, respectively, in 100% ISN amino labelled
sample = 0.20 / 0.80
F(44)3n,jde / F(45) ra , idc = fractions of intensities of m/z 44 and 45, respectively, in 100%
sample = 0.84/0.16

I5

N amide labelled

and variables are:
(45/45)«»s. = measured ratio of intensities of m/z 44 and 45
{134)|5N = measured intensity of m/z 134 (normalised against m/z 133) minus (134) M
x « molar ratio of 1SN amino labelled Asn molecules
1 - x = molar ratio of I5N amide labelled Asn molecules

Simulated

standard

curves

based on Eq. 11 are shown in

o

100% 15N amide

A

100% 15N amino

Fig. 48. Mono labelled isotopomeric

I5

N

Asn

100% amide

standard

samples were analysed and the
obtained data are shown in
Fig. 48. The measured 44/45ratios for

I5

90% amide +
10% amino

N amino labelled

Asn standards agreed well
with

the

simulated

curve,
75% amide +
25% amino

whereas the experimental data
for

15

N amide labelled stan-

dards displayed more varia-

50% amide +
50% amino

tion.

25% amide +
75% amino
100% amino
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Fig. 48: The ratio of the ions m/z 44 and 45 in MS/MS/MS spectra at a given
"N enrichment of the mono I5N labelled asparagine molecule (atom% excess)
depends on the position of the 15N label in either the amino or the amide
group. Simulated standard curves based on Eq. 11 are shown as well as experimental data from analysis of dilution series of isotopomeric I5N asparagine
standards. IP-RPLC MS procedures and parameters are given in the article
manuscript.

Analysis of root nodule extracts
The developed IP-RPLC MS technique was used successfully for determining the amount and
position of

I5

N labelling of root nodule amino acids. The technique has been used for several

analyses, but all the results presented in the following chapter are obtained from a single
representative sample of root nodules. These nodules were incubated for eight hours with

15

N2 in
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the perfusion system while the in vivo l5N NMR spectra shown in Fig. 40 were recorded. Nodules
were subsequently extracted and !he extract could be analysed directly after a minor purification
process (see article manuscript). The 15N enrichment (= atom% excess) was calculated by Eq. 12
from the intensities of the molecular ions MH+ and MH++1 in MS spectra for each of the relevant
amino acids (see Table 10). Parallel analyses of the I5N enrichment by GC-MS and IP-RPLC MS
showed good agreement as seen from Fig. 49.

1S

Atom%excess

N,APE=

R

* R<U1" -100%
1+R.-RM.

(Eq. 12)

where Rs and Rn.a. are ratios of intensities of the ions [MH++1]/[MH+J in the sample under study
and an unlabelled sample, respectively.

D GC-MS

D IP-RPLC MS

30 •

20

1
z

Fig. 49: I3N enrichment (atom% excess) of amino acids in pea root
nodules determined by GC-MS and IP-RPLC MS. Nodules were
extracted (see article manuscript) after eight hours incubation with "N2
in the perfusion system and acquisition of the in vivo I5N NMR spectra
shown in Fig. 40. Subsamples of extract were analysed by GC-MS (see
protocol in appendix) and IP-RPLC MS (see article manuscript). GCMS results are given as the mean of two replicates, whereas the
number of replicates varied a lot for IP-RPLC MS results. From left to
right n = 11, 12,2,5,4, 7, 10, 5. Error bars denote standard errors.

The intensities of the Gin ions m/z 130 and 131 and the Asn ions m/z 44 and 45 in MS/MS and
MS/MS/MS spectra, respectively, were measured in single ion scan mode in order to obtain the
highest possible sensitivity (see Fig. 50). The measured ion ratios are plotted as a function of the
amount of mono 15N labelling in Fig. 51. By comparison with the simulated standard curves it is
seen that the mono

!5

N labelling in Gin seems to be located almost exclusively in the amino

I5

position, whereas the N in mono labelled Asn is found in both positions, although mainly in the
amino position. The exact values of the distribution between amino and amide mono

15

N labelled

molecules were calculated by Eq. 10 (Gin) and 11 (Asn) and are presented in Table 10.
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Pig. 50: Chromatograms showing single ion mass scans of (A) m/z 131 and 130 after collision activation of mono I3N
labelled glutamine (m/z 148) and (B) m/z 45 and 44 after two rounds of collision activation of mono I5N labelled
asparagine (m/z. 134) and the daughter ion (m/z 88), respectively. The analyses were perfonned on a sample of pea root
nodule extract as described in the article manuscript.

10

20

30

" N atom% excess (APE)
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20

30
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Fig. 51: Determination of the position of "N labelling in (A) glutamine and (B) asparagine in pea root nodule extracts
from ratios of ions m/z 130 and 131 in MS/MS spectra and ions m/z 44 and 45 in MS/MS/MS spectra, respectively. The
I5
N enrichment of the mono I5N labelled amino acids (atom% excess) was calculated by Eq. 12. IP-RPLC MS
procedures and parameters are given in the article manuscript. Error bars denote standard error (numbers of replicates
are given in

When the position of the 15N mono label had been determined, all the data were available for
calculating the much-coveted total amount of 15N in each of the amino acid groups (see Table 10
and Fig. 52).
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GABA, glutamate and alanine were the most highly

15

N enriched compounds after the eight-hour

15

incubation period with

N excess of

33.4, 27.9 and 25.0 atom%, respec-

•

tively, but all examined amino acids
I5

• 15N amide

N

015N amho

en

were found to be significantly

labelled. When the pool sizes were

OUnlabelled

taken into account, asparagine and

the nodule tissue, namely 2.03 and
1.91 nmol

15

N g'1 FW, respectively.

Alanine and glutamate contained a
minor part of the total
and 0.10 (imol

I5

15

N label (0.31

N g"1 FW, respec-

oi

the I5N label of soluble amino acids in

O

Concentration (umol/g FW)

GABA were found to contain most of

tively) despite the high atom% excess,
because of their smaller pool sizes.
Asparagine was 15N labelled in both
I3

N g1

3

the amino group (1.33 |imol

FW) and the amide group (0.70 |imol
I5

Asn

Gaba

H Hn

r—i

Gin

Glu

Ala

Asp

N g"1 FW). Glutamine was also more

labelled in the amino group (0.34
fxmol

13

N g"1 FW) than in the amide

group (0.11 \imol

IS

Fig. 52: Concentrations of unlabelled, 13N-amino-labelled and I$Namidc-labelled soluble amino acids in pea root nodules after an
eight-hour incubation period with "N2 in the perfusion system and
acquisition of the in vivo I3N NMR spectra shown in Fig. 40.

1

N g" FW).

Table 10: N labelling of soluble amino acids in pea root nodules
Total amino
acid cone.

Atom% excess

(urnol/g FW)
Mean"
Asn

16.91

I5

mono N
15

double N

Gaba
Gin

5.72
1.55

Mean

S.E.

n

8.17

0.27

11

1.91

0.12

33.39

0.67
0.20

Total 1SN
concentration*

(%)

(umol/g FW)

(APE)

S.E.
1.65

Position of mono
IS
N label

15

mono N
15

double N

15.74

Mean

S.E.

n

amino

73

6

6

amide

27

6

6

12

Mean
amino

1.33

amide

0.70
1.91

2
2.08

5

6.59

1.10

4

amino

98

2

3

amide

2

2

3

amino

0.34

amide

0.11

Ala

1.24

012

25.02

0.80

7

0.31

Asp

0.76

0.05

14.22

1.27

10

O.tl

Glu

0.35

0.04

27.86

0.98

5

0.10

* The values given for amino and amide group total I5N concentration include both mono and double labelled molecules
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12 Discussions and conclusions
Development of new methodologies
A considerable part of my project time has been devoted to developing and optimising new
methodologies. It turned out to be more challenging and complicated to investigate" nitrogen
fixation and assimilation in

15

N2 fixing root nodules by in vivo

l5

N NMR spectroscopy, than

anticipated from the beginning. However, at the end of the project period a whole range of costummade equipment and analytical techniques, which supplemented each other well, were available.
The developed perfusion system (cf. chapter 7) fulfilled its purpose well of maintaining root
nodules in a physiologically functional and nitrogen fixing state for long incubation periods of up
to 10 hours. In vivo

3I

P NMR spectroscopy provided a convenient and excellent means for

monitoring the physiological state. Furthermore, the perfusion system made it possible to supply
nodules with highly l5N enriched N2 gas dissolved in the circulating buffer during the incubation
period.
The experimental set-up was optimised to ensure that the oxygen supply experienced by the root
nodules was not inhibiting the oxygen labile nitrogenase enzyme complex but still adequate for
maintaining the high oxidadve phosphorylation level needed to support nitrogen fixation (cf.
chapters 8 and 10.2). 50% oxygen was found to be optimal. The maximal nitrogen fixation rate of
nodules in the perfusion system was substantially reduced as compared to nodules on the intact
plant root system, but still adequate for sufficient incorporation of 15N2 to allow detection of

I5

N

15

labelling by N NMR.
A time course of in vivo 15N NMR spectra of 15N2 fixing pea root nodules has been recorded for the
first time. The interpretation of information provided by the 15N spectra proved difficult, and will
be discussed further below, and revealed some of the limitations in the use of in vivo

1S

N NMR

spectroscopy. Nevertheless, it was demonstrated that it was indeed possible to apply in vivo I5N
NMR spectroscopy to the study of nitrogen fixation and assimilation in root nodules, which has
never been reported before.
We developed new mass spectrometric techniques (cf. chapter 11) involving separation of amino
acids by IP-RPLC, whereby it was possible to analyse the position of

I5

N in mono labelled

glutamine and asparagine by using MS/MS and MS/MS/MS, respectively. The analysis could be
done in a single experiment without any previous derivatisation procedures, which is a major
simplification and improvement compared to GC-MS procedures, which are usually used for
analysis of positional labelling.
In vivo

ts

N - a m m o n i u m N M R signal in root nodules

The 15N NMR ammonium signal in living pea and Lotus root nodules was in several experiments
observed at around -4 ppm, which is an unusually low ammonium frequency. Previous in vivo I5N
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NMR studies have all demonstrated ammonium resonances at around 0 ppm in biological systems
as diverse as maize root tips (Amancio and Santos 1992), carrot cells (Fox et al. 1992),
Corynebacterium glutamicum (Tesch et al. 1999) and ectomycorrhizal mycelium (Martin et al.
1994). The observed enhanced shielding of ammonium can be due to many different factors such as
hydrogen bonding to anions or pH effects, and may thus provide valuable information on the
intracellular environment of root nodules.
I investigated some of these possibilities in vitro, but observed no significant effect of phosphate
concentrations up to 1 M on the ammonium chemical shift. Base titration of ammonium in vitro
demonstrated, as expected, large pH effects on the chemical shifts, and an ammonium chemical
shift of -4 ppm was observed at pH 8.9. From the present investigation it was not possible to
localise the ammonium pool to the bacteroid or plant cytoplasm, but in either case it seems most
unlikely that the pH could be that alkaline in a tissue that is metabolically active. Streeter (1989)
estimated that free ammonium in soybean nodules was primarily confined to bacteroids, and it has
been anticipated that the bacteroid cytoplasm is slightly alkaline (Day et al. 2001), because of the
proton pumping activity of the electron transport chain in the bacteroid inner membrane as well as
the proton consuming nitrogenase activity. It is thus possible that a minor contribution to the
shielding of the observed

15

N NMR ammonium signal was due to a higher pH in the bacteroids.

However, the major cause for the shielding remains unidentified.
The free ammonium concentration in symbiotic root nodules has never been solidly quantified.
Based on extractions and several assumptions Streeter (1989) estimated that soybean bacteroids
contained 1.6 \x.mo\ ammonium g'1 FW nodule, whereas the concentration of ammonium in the
plant cytosol was essentially nil. The 15N NMR acquisition mode of the present study only allowed
for a rough estimate of the minimum nodule ammonium concentration. The intensity of the

I5

N

ammonium NMR signal was of a comparable size to the signal from the asparagine amide group
after an 8-hour incubation with l3N2 (Fig. 40). NMR signal intensities are influenced by both Ti and
NOE, which have not been quantified under in vivo conditions in the present study, but from other
studies it can be ascertained that both processes would cause the ammonium signal to diminish
relative to the asparagine amide signal, In vivo NOE factors for amino acid amide groups have
previously been shown to be of the order of-4.5 (cf. Table 9), whereas the ammonium NOE factor
is between 0 and -1 in the present study. Amino acid amide groups T ^ of 3-4 s in plant tissue have
been reported (cf. Table 9), whereas very long ammonium T|S of up to 50 s are commonly
observed in vivo (Tesch et al. 1999). Thus, the concentration of 15N ammonium must be at least as
large as that of I5N labelled asparagine amide, which was estimated to constitute 0.7 pjnol g"1 FW
nodule based on IP-RPLC MS measurements.
In summary, it is evident that substantial, although not quantifiable,

15

N labelling of ammonium

took place in the metabolically active pea root nodules in the present study and that ammonium was
the first detectable

I5

N labelled compound in the intact symbiosis. This is in contrast to recent

results by Waters et al. (1998), where no I5N labelling of ammonium could be detected in

13

N2-

I5

fixing soybean bacteroids, whereas alanine was demonstrated to contain 98 atom% excess N, and
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to be the primary product excreted by isolated bacteroids, when these were incubated at high
bacteroid densities under mtcroaerobic conditions.

Nitrogen assimilation in pea nodules studied by in vivo 1SN NMR and IP-RPLC MS
The IP-RPLC MS analyses were originally intended to provide additional information for the
assignment of in vivo I5N NMR resonances, but the obtained results by the two analytical methods
turned out to be apparently contradictory regarding some of the I5N labelled metabolites. It is not
easy to ascertain, which of the methods is providing the most complete and correct picture of the
15

N labelling pattern, because both methods have inherent shortcomings and disadvantages. In vivo

iS

N NMR spectra have the advantage of representing non-invasive measurements, but the levels of

I5

N metabolites relate to the signal intensities in an unpredictable way under the acquisition mode

that has been applied in the present study. IP-RPLC MS analyses give accurate and quantitative
results on the level of I5N labelling, but the analyses are performed on extracts and thus comprise
all the possibilities of artefacts and errors mentioned in chapter 4.
The most conspicuous discrepancy between results from the two methods was that the most
abundant amino acid, asparagine, was found to contain about twice as much

13

N labelling in the

amino group than in the amide group when analysed by IP-RPLC MS (cf. Table 10). A large
asparagine amide resonance was observed in in vivo i5N NMR spectra from pea root nodules in
many experiments, but an 15N amino group NMR signal was never observed in vivo (cf. Fig. 36 and
40). However, the asparagine

>5

N amino as well as the amide resonance was seen in NMR spectra

of nodule extracts.
These apparent inconsistencies were indeed disturbing, until I came across the pH dependence of
NOE factors (cf. chapter 10.1). If the NOE factors exhibit the same pH dependency in vivo as was
demonstrated in vitro, it would be expected that the signal from the amino group of asparagine
would be lost in in vivo

I5

N NMR spectra, whereas the signal from the asparagine amide group

would be enhanced. This mechanism may thus provide the explanation to make ends meet, and
conclude that asparagine is

15

N labelled in both the amino and the amide groups, although the

amino resonance is invisible in I5N NMR spectra with full decoupling.
If it is correct that the in vivo NOE factor of the asparagine amino group is of an unfavourable size,
which actually causes elimination of the signal in spectra recorded with full decoupling, it is
surprising that this has not been reported previously, since the majority of in vivo 15N NMR studies
applies full decoupling. On the other hand, very few in vivo

15

N NMR studies have actually

observed a signal from the asparagine amino group (cf. Table 4). To my knowledge, only a single
I5

N NMR study, namely the investigation of

I5

N ammonium metabolism in duckweeds by

Monselise and Kost (1993), demonstrated the presence of

l5

N labelling in the amino group of

I5

asparagine. Amancio and Santos (1992) assigned an N signal at 18.6 ppm to the amino groups of
both asparagine and aspartate, but in my opinion only aspartate would resonate at this low
frequency. The absence of reported asparagine 13N amino signals in the in vivo NMR literature may
of course reflect that no labelling occurs or that the asparagine pool of the studied organisms was
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below the detection limit, but it may also be caused by NOE signal elimination. Very few
investigations have included parallel analyses by in vivo 15N NMR and other analytical methods
that would reveal a possibJe NMR invisible asparagine amino signal.
In root nodules the amide group for the biosynthesis of asparagine from aspartate may either come
from direct incorporation of ammonium or from the glutamine amide group, and previous results
have indicated that both pathways occur in alfalfa nodules (Snapp and Vance 1986; Ta et al. 1986).
My data indicate that some asparagine synthesis from highly

15

N enriched ammonium is taking

I5

place in pea root nodules, since the low level of N amide labelling of glutamine was not sufficient
to account for the observed asparagine amide enrichment. The high total I5 N labelling of asparagine
is consistent with its generally accepted role as the end product of the primary nitrogen assimilation
processes taking place in indeterminate root nodules.
Another obvious difference between results obtained by the different analytical methods was that
GABA contained a very large amount of the total I5N labelling, when analysed by IP-RPLC MS
(cf. Table 10), but did not appear in pea noduie in vivo 15N NMR spectra at all (ef. Fig. 36 and 40).
I investigated the in vitro pH dependence of the GABA NOE factor, and found no indications that
NOE could cause elimination of the 15N NMR signal from GABA. 15N GABA has previously been
observed by in vivo 15N NMR spectroscopy (cf. Table 4), although some investigators have noted
that the signal possibly also contained contributions from

15

N labelled ornithine and lysine. In vivo

T|S of GABA have been reported shorter than of other amino acids, and in vivo NOE factors for
GABA were found to be numerically larger than for other amino acids (cf. Table 9). These two
variables affect signal intensities, but under the experimental conditions of the present study, both
of the reported values would imply an enhancement and not an attenuation of the

15

N GABA

signals relative to signals of other amino acids.
GABA is synthesised from glutamate in a reaction catalysed by the enzyme glutamate adecarboxylase, which is well known in plant tissue (reviewed by Bown and Shelp 1997) and has
also been reported to be present in symbiotic rhizobia bacteroids (Miller et al. 1991; Fitzmaurice
and O'Gara 1991). The

15

N-!abelling of GABA found by IP-RPLC MS could reflect a

decarboxylation of glutamate occurring after termination of the in vivo

15

N NMR acquisition.

l5

However this seems unlikely when considering the high N-enrichment of GABA together with
the short time period between acquisition of the last NMR spectrum and the quenching of
metabolic activity by transfer of root nodules to liquid nitrogen.
A substantial amount of GABA (labelled as well as unlabelled) was shown to accumulate in root
nodules during incubation in the NMR tube (cf. Fig. 28). This may reflect an increase in synthesis
and/or a decrease in catabolism. The results concerning the size of the GABA pool in the nodule
tissue do not allow for a discrimination of GABA localised in the bacteroid or in the plant
cytoplasm. It is, however, evident from the high GABA

15

N labelling that the GABA is formed

from a newly synthesised pool of glutamate. The GABA shunt pathway (cf. Fig. 13) has previously
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been suggested to play a prominent role in R. meliloti bacteroids (Fitzmaurice and O'Gara 1988;
Miller et al. 1991), although the function of GABA remains unclear.
Some experimental evidence indicates that the locations of GABA production and accumulation
are not identical, and that accumulated GABA is sequestered within organelles, possibly in the
vacuoles (reviewed by Shelp et al. 1999). It has also been demonstrated that nodules of many
legume species accumulate bound forms of GABA amounting to as much as 20% of the total N
content of the nodule (Larher et al, 1983).). The apparent NMR invisibility of 15N-labelled GABA
in pea root nodules in in vivo experiments may result from GABA being immobilised in some way
in vivo. Immobilised GABA may be released from the tissue by the applied extraction procedures
and/or enzymatic reactions and therefore detected by IP-RPLC MS. A support for such a
suggestion is the observation of broad resonances of GABA in dead nodules indicating that GABA
is less tightly bound under such conditions but still not free in e.g. the cytoplasm.
Results from both NMR and IP-RPLC MS analyses agreed that glutamine was predominantly I5N
labelled in the amino group and not in the amide group. I never observed any resonances from
glutamine

13

N amide in

15

N NMR spectra despite the fact that amide groups seem to possess

favourable NOE factors for the detection in vivo. Glutamine 13N amide groups did not give rise to
any signals in NMR spectra of extracts, not even when signals from glutamine I5N amino groups
were present. IP-RPLC MS results demonstrated

15

N in mono labelled glutamine was almost

exclusively positioned in the amino group, and when the amount of double labelled glutamine
molecules was taken into account, the distribution between amino and amide t5N labelling was 3:1.
The concurrent findings of glutamine being predominantly

l5

N labelled in the amino position are

very controversial as the prevailing scheme for the assimilation of fixed nitrogen states that
ammonium is first incorporated into the amide group of glutamine, catalysed by glutamine
synthetase.
Glutamatc and alanine were shown by IP-RPLC MS to be among the most highly

I5

N enriched

metabolites, but the total pool sizes of glutamate and alanine were rather small compared to the
other studied amino acids, which justifies that they were not observed by in vivo

I5

N NMR. The

15

high N enrichment of these two amino acids and of GABA might indicate that these metabolites
were synthesised directly from highly

15

N enriched ammonium via glutamate dehydrogenase

(GDH) and the GABA shunt pathway: N H / -> glutamate -> GABA -> alanine.
The direct incorporation of ammonium into glutamate catalysed by GDH is normally not
considered an important reaction in the plant cytoplasm of root nodules (cf. chapter 2.5).
Substantial bacteroid GDH activity has been reported in many different host plants (cf. chapter 2.4;
Brown and Dilworth, 1975; Miller et al., 1991), but the in planta significance of GDH activity
remains uncertain. My results indicate that substantial GDH catalysed glutamate synthesis may
occur under the given experimental conditions, although it is not possible to localise the reaction to
a specific compartment.
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If synthesis of glutamate and alanine via the GDH and GABA shunt pathway was taking place in
the bacteroid compartment, the excretion product from bacteroid to plant cytoplasm could be a
highly

15

N-labeiled amino acid. All of the necessary enzymes have been reported to be present in

bacteroids (cf. chapter 2.4; Brown and Dilworth, 1975; Miller et al., 1991; Fitzmaurice and O'Gara,
1991). If amino acids rather than ammonium were the excretion products under certain conditions,
as has been suggested previously (Waters et al., 1998; Allaway et al., 2000), the ammonium pool of
the plant cytoplasm is expected to contain very little l5N-label. In that way glutamine would be
synthesised in the plant cytoplasm from highly labelled glutamate and poorly labelled ammonium
resulting in glutamine molecules being higher labelled in the amino group (originating from
glutamate) that in the amide group (originating from ammonium). It has previously been estimated
that the plant cytoplasm contains only a minor free ammonium pool (Streeter,, 1989), so the
suggested way of synthesis of glutamine would depend on ammonium being provided from other
sources. This speculative hypothesis would of course need further investigation, but at present it
could serve as a possible explanation of my controversial observation of glutamine being
predominantly l5N-labelled in the amino position.

Discovery of a novel phosphorus compound in pea nodule 31 P NMR spectra
I observed a new very narrow and well resolved

31

P signal at -1.91 ppm from an unknown

compound in pea root nodules, which was absent in root nodules from both Lotus and soybean. It
has not been reported in previous 3! P NMR studies of soybean nodules (Rolin et al. 1989a and b) or
alfalfa nodules (Nikolaev et al. 1994). 1 have only performed preliminary analyses to elucidate the
structure and origin of this compound. However, it seemed that the phosphate group neighboured a
methylene group and that it was a symbiosis specific compound since it was neither found in
uninfccted plant root tissue nor in free-living Rhizobium bacteria.
The chemical shift of the unknown compound was identical when observed in living root nodules
and in a perchloric acid extract at pH 7.5, which makes it unlikely that the compound is localised in
the vacuole since the acidic conditions in this compartment would be expected to change the
chemical shift. The signal was less line broadened than other 3I P metabolites in in vivo spectra, and
this may be because the compound was confined to a specific compartment in the nodule tissue,
possibly the bacteroid, and thus experienced less field inhomogeneity because of the limited
3|

volume. The fact that the unidentified

P signal persisted during prolonged perfusion of root

31

nodules, when other P signals became weaker, suggested that the compound was not metabolised
and not washed out, which may indicate that it is bound in some way, though still highly mobile.
Concluding r e m a r k s
The present work presents the first report of in vivo

l5

N NMR spectra of

nodules. The results demonstrate that it is indeed possible to apply in vivo

15

I5

N2 fixing pea root

N NMR spectroscopy

to the study of nitrogen fixation and assimilation in root nodules. By using NMR it was possible to
observe directly the incorporation of

15

N into living nodules, but the detection was limited to

ammonium and some of the more abundant amino acids.
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The fully decoupled in vivo 15N NMR spectra did not include a signal from the amino group of
asparagine, which may reflect that the in vivo NOE factor of the asparagine amino group is of an
unfavourable size, since LC-MS results revealed that asparagine was indeed

15

N-labeJled at the

amide as well as the amino nitrogen. LC-MS analyses showed that GABA was l5N-labelled in
considerable amounts, but 15N GABA was NMR invisible in living pea root nodules. This may be
due to immobilisation of GABA in root nodules.
A substantial pool of free ammonium was observed in the melabolically active, intact symbiosis by
in vivo I5N NMR. The in vivo ISN NMR spectra further envisaged that gJutamine was more highly
15

N-labelled at the amino nitrogen than at the amide nitrogen. Both of these findings represent

information that has not been made available by other techniques used to study nitrogen
assimilation in legume nodules. The intracellular environment led to very unusual in vivo

15

N

ammonium chemical shifts, whereas no changes in the expected in vivo chemical shifts of amino
acids were observed. This may suggest that ammonium and amino acids reside in different
compartments: ammonium residing in the bacteroids, and l5N-labelled glutamine/glutamate and
asparagine located in the plant cytoplasm.
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Abstract
Nitrogen fixation and assimilation in pea (Pisum sativum L.) root nodules was studied by exposing
detached nodules to

l5

NMR spectra. In vivo

Ni via a perfusion medium, while recording a time course of in vivo
51

13

N

P NMR spectroscopy was used to monitor the physiological state of the

metabolically active nodules. Root nodules were extracted after NMR studies and analysed for total
soluble amino acid pools and l5N-labelling of individual amino acids by LC-MS.
Asparagine was observed to be l5N-labelled at the amide as well as the amino nitrogen by LC-MS.
The in vivo

15

N NMR signal from the asparagine amino group was lacking in fully decoupled

spectra, which is probably caused by an unfavourable size of the NOE factor. Likewise, yaminobutyric acid (GABA) was observed by LC-MS to be highly

13

N-labelIed, but I3N-GABA was

NMR invisible in living pea nodules. This may be due to immobilisation of GABA in nodules.
Glutamine was more 15N-labelled in the amino than the amide nitrogen as evident from LC-MS as
well as in vivo NMR.
A substantial pool of free ammonium was recorded in the metabolically active, intact symbiosis by
in vivo

15

N NMR, The intracellular environment resulted in unusual in vivo

15

N ammonium

chemical shifts, whereas no changes in in vivo chemical shifts of amino acids were observed. This
may suggest that ammonium and amino acids reside in different compartments.

Introduction
Symbiotic nitrogen fixation, the process whereby nitrogen fixing bacteria enter into associations
with plants, provides the major source of nitrogen for the biosphere. Nitrogenase, a bacterial
enzyme, catalyses the reduction of atmospheric dinitrogen to ammonium. In rhizobia-leguminous
plant symbioses, a widely accepted and simple model of nitrogen transfer from the symbiotic form
of the bacterium, called a bacteroid, to the plant implies that nitrogenase-generated ammonia
diffuses across the bacteroid membrane and is assimilated into amino acids in the plant
compartment of the nodule tissue. However, the transport of symbiotically fixed nitrogen across the
membranes surrounding the bacteroid and the form in which this occurs has been a matter of
controversy.
The size of the free ammonium pool in the bacteroid and plant cytoplasm during symbiosis is an
open question. It has been suggested that ammonium synthesis and subsequent assimilation by
alanine dehydrogenase are so tightly coupled in the bacteroid cytoplasm that very little free
ammonium is released (Waters et al, 1998). On the other hand, AUaway et al. (2000), observed a
plastic partitioning of ammonium and alanine excretion from isolated bacteroids and suggested that
the ammonium concentration inside the bacteroids was one of the key variables governing the rate
of alanine synthesis. The free ammonium concentration in bacteroids was estimated by Streeter
(1989). This estimate was based on an extrapolation of time dependent experimental data to time
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zero and many other assumptions, and consequently there is a need for a more direct determination
of the concentration of free ammonium inside the bacteroid.
Until recently it has been generally accepted that Rhizobium bacteroids do not assimilate
ammonium to a great extent during symbiosis. However, more recent results challenge this view
and suggest a possible involvement of amino acids as the form of fixed nitrogen delivered from the
bacteroid to the plant (reviewed by Poole and Allaway, 2000; Day et al., 2001). At present,
consensus has not been reached as to whether substantial nitrogen assimilation takes place in the
nodule bacteroid compartment, and new investigations of nodule nitrogen metabolism are required.
An overall problem in the study of nodule metabolism is the extrapolation from in vitro to in vivo.
Information on the microenvironment of the different compartments in the nodule is lacking, and
the in vivo significance of in vitro findings is therefore difficult to predict. Biochemical reactions in
intact living cells can be studied by NMR spectroscopy ideally without interfering with metabolic
processes or destroying enzyme complexes. While determinations of enzyme activities in crude
extracts may give a first clue as to which ammonium assimilation pathways are active, they cannot
be used to predict the in vivo flux distribution over competing enzyme systems such as GDH and
GS/GOG AT. In vivo NMR spectroscopy, especially when used in combination with stable isotope
labelling such as I5N, does allow the characterisation of metabolic activities in the living cell. Other
methods for studying metabolic pathways rely on extractions of the tissue and subsequent
purification and analysis. These procedures are time consuming and this is a significant
disadvantage in time course experiments, where the aim is to follow the label through a pathway.
In vivo 15N NMR spectroscopy has previously been used successfully in the study of plant, fungal
and bacterial nitrogen metabolism. Much of the work has contributed to the understanding of the
roles of GDH and the GS/GOGAT cycle in ammonium assimilation in different systems including
cell suspensions (Robinson et a]., 1991; Fox et al., 1995; Amancio et al., 1997), embryogenic
cultures (Joy et al., 1996 and 1997), root tissues (Amancio and Santos, 1992), Sphagnum fallax
(Kahl et al., 1997), ectornycorrhizal mycelium (Martin, 1985) and Corynebacterium

glutamicum

(Tesch et al., 1999). The elucidation of the nitrogen assimilating pathways has generally been
achieved by supplying
subsequently

I5

i5

N-ammonium or

l5

N-nitrate to the living biological system and

N NMR analysing the incorporation of the

15

N-label into amino acids in the

presence and absence of enzyme inhibitors.
Metabolic studies by in vivo NMR spectroscopy has the advantage of avoiding artefacts caused by
the breakdown of labile compounds during extraction and it also eliminates errors due to
incomplete recovery of solutes from the tissue. A crucial factor in studies of bacteroid metabolism
and functioning in vitro is the degree to which bacteroid preparations are free from contaminating
plant organdies, enzymes and metabolites. Waters et al. (1998) suggested that the presence of plant
enzymes in earlier in vitro studies of bacteroids had caused significant artefacts in the results
concerning metabolic products released from bacteroids, but this was subsequently contradicted by
Li et al. (2000). Likewise, major errors might occur in the determination of metabolite levels
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because of reallocation or degradation of metabolites during extraction, processing of extracts or
separation of compartments (Streeter, 1987,1989; Miller et al., 1991).
An unfavourable feature of U N NMR spectroscopy is that it is a relatively insensitive spectroscopic
method. This might have discouraged previous attempts to study nitrogen fixation by this method,
because to our knowledge, no reports on I5N NMR spectroscopy used for studying living, nitrogen
fixing organisms are available. The only reported

I5

N NMR investigation of

Belay et al. (1988), who incubated methanogenic bacteria with
harvested, dead cells by

15

15

N2 fixation is by

N2 and subsequently analysed

15

N NMR. However, the literature contains a few in vivo

J1

P NMR

spectroscopic studies of symbiotic soybean (Mitsumuri et al., 1985; Rolin et al., 1989a & b) and
alfalfa root nodules (Nikolaev et al., 1994). Results from these investigations demonstrate that it is
possible to maintain nodules in a metabolically active state, while recording NMR spectra.
In conclusion, accurate estimation of the assimilation and translocation of fixed nitrogen in nodules
would benefit from non-invasive and non-destructive measurements of the fate of the fixed
nitrogen. The objective of the present study was thus to investigate nitrogen fixation and
assimilation in

I5

N 2 fixing root nodules root by in vivo

optimisation of experimental conditions for maximal
in vivo I5N NMR spectra of

I5

N NMR spectroscopy. This included

15

N incorporation. The investigation presents

15

N2 fixing root nodules, which in combination with LC-MS results

demonstrate the intracellular build-up of I5N-ammonium and 13N-amino acids.

Materials and methods
Plant material
Surface sterilised seeds of pea (Pisum sativum L. cv. Solara) were germinated in humid vermiculite
inoculated with a three-day-old yeast broth suspension culture of Rhizobium leguminosarum bv.
viceae strain Ris0 18a. After six days the seedlings were transferred to an aeroponic system
consisting of a large plastic caisson tank equipped with a mist generator circulating 12 L of nutrient
solution from the bottom of the tank. The nutrient solution was prepared as described previously
(Rosendahl and Jakobsen, 1987) with the addition of 8 mM MES to provide some pH buffering. pH
was kept at 6-6.5 by adjusting with 5 M KOH when necessary. The nutrient solution was
inoculated once a week with 50 mL of the Rhizobium suspension culture. The roots of seedlings
were pushed through holes in the lid of the tank and thus exposed to the mist. The lid was carefully
tightened around the stems of the plants in order to avoid salt deposition on the stems, which may
result in plant death. Pea nodules were harvested from this system with minimal physical
disturbance and were observed to retain a higher nitrogenase activity than pea nodules harvested
from the below mentioned vermicuiite growth system (data not shown). Nodules grown in the
aeroponic system maintained a higher nitrogenase activity when immersed in water than
vermiculite grown nodules (data not shown). This may be attributed to the fact that nodules are
covered with a water film in the aeroponic system and thus adapted to taking up oxygen and
nitrogen under these circumstances.
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Nodules from Lotus japonicum inoculated with Mesorhizobium loti strain R7A (Sullivan et al.,
1995) were used for a few experiments. Plants were grown in vermiculite-filled pots in an
experimental set-up described by Rosendahl and Jakobsen (1987).
All plants were cultured in a growth chamber under a 16/8 h light/dark cycle at 20/16°C and a
photosyntheiically active photon flux density of 600 umol m"1 s 1 . Nodules were excised from the
roots immediately before NMR experiments when plants were six to seven weeks old (early podfilling stage) and nitrogenase activity is maximal.

Experimental design of in vivo studies
In vivo NMR spectra were recorded from detached root nodules that were incubated with

1S

N2 in a

perfusion system (Fig. 1). After perfusion the nodules were quickly removed from the NMR tube,
gently rinsed with water, and immediately frozen in liquid nitrogen. The nodules were kept at 80°C until further analysis. Subsamples were later taken for determination of FW/DW ratios, total
l5

N incorporation, soluble amino acid pools, and

15

N-labelling of individual amino acids. Spectra

and matching analyses from a single experiment are presented in this paper, but similar results were
obtained in several experiments.

Perfusion and 15N2 incubation of nodules for in vivo NMR
Approximately 1.5 g FW root nodules were placed in a 10 mm NMR tube, which was connected to
a perfusion system (Fig. 1). Nodules were maintained in a physiologically viable and controllable
state by perfusion with an oxygenated nutrient buffer consisting of 25 mM glucose, 25 mM maJate,
0.1 mM CaSO4, 10 mM MES (pH 6.0), 10% D2O at a temperature of 21-22°C. A teflon inlet tube
delivered the buffer to the bottom of the NMR tube below the nodules and the buffer left through
two output tubes above the nodules. The tubes and nodules were kept in place by a plastic rod
insert fixed to the screw cap top of the threaded NMR tube. All tubing outside the NMR tube was
made of Tygon (R-3603,1.6 mm wall. Cole-Parmer, USA), which is only slightly permeable to N2
and O2. A peristaltic pump attached to the two output tubes circulated the 700 mL nutrient buffer at
45 mL min*1 through the nodule-filled volume, and recycled it via a closed gas-tight reservoir. The
reservoir consisted of a 500 mL rubber stopped serum bottle that contained a liquid phase and an
80 mL gas phase. Equilibrium between the phases was ensured by continuous stirring of the liquid
phase and by spraying the perfusate returning from the NMR tube through the gas phase. To
achieve a high enrichment of

15

N2 in the perfusion system, the reservoir was first flushed for 30

min with an O/Ar mixture (1:1) while circulating the nutrient buffer in order to drive off all
Then the reservoir was filled with O2, and

15

N2 (99.95 atom%

I5

14

N2.

N. Isotec Inc., Ohio, USA) was

introduced in the system by injecting it into the reservoir. The composition and
the final gas mixture in the perfusion system was 49% N2 (92 atom%

I5

13

N-enrichment of

N), 48% O2 and 3 % Ar as

determined by mass spectromelry of a subsample. The gas mixture in the perfusion system was
compressed to a total pressure of 1.6 atm during the entire experiment in order to dissolve more gas
in the circulating liquid phase and to reduce intrusion of atmospheric air. At the end of the
experiment after eight hours of perfusion of the nodules the composition of the gas phase was 56%
N2 (73 atom% I5 N), 39% O2, 4% Ar and 0.4% CO2. The pH value of the perfusate was measured
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after the experiment to ensure that pH was unchanged. The perfusate was also examined by
NMR spectroscopy to ensure that all observed

I5

N resonances originated from intracellular

I5
IJ

N

N

metabolites.

Total 1SN incorporation
Nodules were dried and homogenised, and the

15

N-enrichment was determined on an isotope ratio

mass spectrometer (Finnigan MAT Delta E) coupled in continuous flow mode to an EA 1110
elemental analyser as described previously (Egsgaard et a!., 1989).

Preparation of lsN-enriched biological material and solutions
In order to aid the initial assignments of

I5

N metabolites, highly

prepared in a separate experiment and studied by

I5

l5

N-enriched pea nodules were

N NMR spectroscopy after quenching of all

metabolic activity. These pea plants were grown with the entire root system in a gas tight chamber
(Rosendahl and Jakobsen, 1988). The root chamber of six-week-old plants was flushed with an ArO 2 mixture (70%:30%), and 15N2 was subsequently added to a final gas composition of: 59% Ar,
24% O2, 10% 13N2 and 7% 14N2- After four hours incubation in the l5N-enriched atmosphere root
nodules were quickly harvested on ice, immediately frozen in liquid nitrogen and kept at -80°C
until NMR analysis. After recording of NMR spectra, nodules and the medium bathing the nodules
during NMR analysis were extracted with MeOH/CHCl3/H2O (12:5:3, v/v/v). The extract was
subsequently purified as described below, redissolved in 0.1 M HC1 and pH adjusted to 5.8 before
NMR analysis. Identification of

15

N-labeJled metabolites was obtained by spiking the extract with

15

authentic N-labelled amino acids.
Standard solutions of

!5

N-enriched ammonium and amino acids were prepared by dissolving

l5

authentic 99% N-enriched compounds, purchased from Icon Services Inc., Summit, USA, in 0.1
M HCI to a concentration of about 30 mM. The solutions were titrated to different pH values with
KOH and HCI for the study of pH dependence of NOE factors.

Extraction of amino acids from nodules
Frozen nodules (approx. 0.4 g FW) were homogenised in a mortar on liquid nitrogen, and ocaminobutyric acid was added as an internal standard. The homogenate was transferred to a tube and
kept on ice, and amino acids were extracted as described by Johansen et al. (1996) by three
subsequent additions of 4 mL MeOH/CHCyHjO (12:5:3, v/v/v), vortex mixing for 1 min and
centrifugation (2000 g, 5 min, 5°C). All subsequent purification of extracts was performed on ice.
The supernatants were pooled and CHC13 (14 mL) and water (3 mL) was added. The tube was
vortexed and centrifuged (2000 g, 2 min, 5°C) to facilitate phase separation. The methanoi-water
phase containing the amino acids was evaporated in a Speed-Vac concentrator, and the amino acids
were finally taken up in 1 mL of 0.1 M HCI. An amino acid standard solution was subjected to the
extraction procedure and analysed in parallel with nodule extracts to ensure that in particular
glutamine and asparagine were not degraded during the applied procedures.
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Determination of soluble ammo acid pools
Nodule extracts were deproteinised by addition of sulphosalicylic acid to a final concentration of
0.1 M, and norleucine was added as an internal standard. The samples were left for 15 min at room
temperature before they were centrifuged (4000 rpm, 30 min, 5°C), and the supernatant was
applied to a Waters HPLC system modified as an amino acid analyser with cooled autosampler
and fluorometer. The instrument used cation exchange chromatography for separation of the amino
acids and post column reaction with ortho-phthaldialdehyde for quantification. Millenium software
from Waters was used for control of the instrument and for integration of the amino acid peaks.

Analysis of 15N-labelling of amino adds by LC-MS
Underivatised amino acids were analysed using the ion-pair reverse-phase chromatographic
strategy as pioneered by Petritis et al. (2000). Asp, Asn, Gin, Glu and Ala were baseline separated
using a Purospher RP-18e (125 x 4 mm, 5jum) column with 0.5 raM pentadecafluoroctanoic acid as
mobile phase (0.5 mL/min). The rather difficult separation of GABA and a-aminobutyric acid was
achieved using 10 mM nonafluorpentanoic acid as mobile phase. In all cases a sample size of 50 uL
was used. The isotope analyses were carried out on-line using a LCQ (Classic) MS" system
bundled with an ESI (electrospray ionisation) source and a complete TSP HPLC system. Specific
scan events were designed to meet the analysis of the individual amino acids. The 15N content was
determined using the single ion traces of the MH+ and [M+1]H+ ions. The

l5

N content was

calculated directly from the measured ratios and corrected for natural abundances.
The positional labelling of Gin was quantified by monitoring the daughter ions formed by the loss
NH 3 from the [M+1]H+ ions using MS/MS experiments. Thus, the daughter ions ([[M+l] - NH 3 ]H +
and [[M+l] -

1S

NH3]H*) were monitored using two different MS/MS experiments. The positional

labelling of Asn was quantified using the granddaughter ions arising from the consecutive loss of
[CO + H2O] and HNCO from the [M+1]H+ ions by MS/MS/MS experiments. Thus, the
granddaughter ions ([[M+l] - [CO + H2O] - HNCO]H+ and [[M+l] - [CO + H2O] -

I5

HNCO]H+)

were quantified using two different MS experiments. The isolation widths in the MS" experiments
were carefully optimised with respect to sensitivity and accuracy. The positional labelling was
calculated on the principles of isotope dilution.
NMR spectroscopy
3l

P and I5N spectra were recorded at 242.8 and 60.79 MHz, respectively, on a Varian Unity Inova

600 spectrometer using a broadband 10-mm-diameter probehead.
In vivo

31

P spectra were acquired with a 30° pulse angle (12 us), 0.125 s acquisition time, proton

decoupling by WALTZ-16 composite pulse sequence, 11.2 kHz sweep width, 13824 transients and
20 Hz line broadening. 3 | P chemical shifts were measured relative to the signal from methylene
diphosphonic acid (pH 8.9 in TRIS buffer) contained in a capillary included in the NMR tube and
are quoted relative to the resonance of 85% phosphoric acid at 0 ppm. Assignments of 31P signals
were based on literature reports (Saint-Ges et al., 1991) and own

3I

P NMR analyses (data not

shown) of neutralised perchloric acid extracts performed as described by Roby et al. (1987).
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Estimates of intracellular pH were based on cytoplasmic and vacuolar calibration curves,
respectively, that were made as suggested by Spickett et al. (1993).
I5

N spectra of metabolically active, l5 N z fixing nodules as well as of dead

15

N-enriched nodules

were acquired with a 60° pulse angle, 0.25 s acquisition time, recycle delay of 1.75 s, proton
decoupling at high power during the acquisition and at low power during the delay by WALTZ-16
composite pulse sequence, 9.3 kHz sweep width, 1792 or 3584 transients leading to total
acquisition times of one or two hours, respectively. 8 Hz line broadening was applied.
15

N spectra of nodule extracts were acquired with a 90° pulse angle, 2 s acquisition time, 3 s delay

1,5 s delay 2, proton decoupling at high power during the acquisition and at low, power during
delay 2 by WALTZ-16 composite pulse sequence, 18 kHz sweep width and 5800 transients leading
to a total acquisition time of 16 hours. 5 Hz line broadening was applied.
15

N NMR spectra of standard solutions of I5N-enriched ammonium and amino acids were acquired

with a 90° pulse angle, 2 s acquisition time, 10 s delay 1,10 s delay 2 and 9.3 kHz sweep width. No
line broadening was applied. NOE factors were determined as the ratio between signal intensities in
1) spectra where NOE was applied by WALTZ-16 modulated proton decoupling during delay 2 as
well as during the acquisition and 2) spectra with inverse gated decoupling. Line .widths were
similar in the two types of spectra.
15

N chemical shifts were measured relative to the signal at 55.8 ppm from 0.25 M aqueous

I3

N-

l5

urea. For N NMR analyses of nodules, urea was contained in a capillary included in the NMR
tube, whereas urea was added directly to extracts and I5N standard solutions.

Results
Optimisation of experimental conditions for maxima] 15N incorporation
15

N NMR spectroscopy is not a very sensitive method due to the inherent magnetic properties of

the

15

N nucleus, i.e. the low magnetogyric ratio. In order to make the in vivo S/N ratio of

!3

N-

15

Iabelled metabolites exceed the N detection threshold, it was therefore crucial to optimise factors
influencing the I3N incorporation.
The l5N-enrichment of the root nodules depends initially on the level of nitrogenase activity, which
again depends on inherent properties of the biological material. The proportion of nitrogen fixing
nodule tissue varies with age, and nodules from plants of different ages were tested. However, no
major differences could be observed in in vivo

I3

N NMR spectra of nodules from plants aged

between four and seven weeks, and six- to seven-week-old plants were used throughout the study.
The root system of a given plant contains nodules of different sizes and developmental stages. The
size of the NMR tube limits the amount of nodules that can be included in an experiment, and as
smaller nodules may be packed more densely in the tube they might give rise to a higher total ISN2
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fixing rate per volume unit, although more mature nodules are known to contain a larger zone of N2
fixing tissue. We tested whether small, young nodules from the lower part of the root system or
large, older nodules from the top of the tap root gave better I3 N NMR spectra and it was found that
large nodules were best. Different pea varieties in combination with different bacterial strains were
likewise tested and the most efficient combination (cf. materials and methods) was used for all
described experiments.
It was tested whether nodules from Lotus plants would give rise to more informative in vivo 15N
NMR spectra, but the obtained spectra (Fig. 3 C) displayed less intense signals than spectra from
pea nodules, and Lotus nodules were therefore rejected for further experiments. However, the Lotus
I5

N spectra provided valuable information that aided the assignment of' N resonances as described

later.
Root nodules in the perfusion system were immersed in liquid, and this is well known to cause a
decrease in nitrogenase activity, which, however, may be partially recovered by increasing the
oxygen supply to the nodules (Spirent, 1969). The O2 level experienced by the nodules in the NMR
tube depends on a number of factors such as the composition and pressure of the gas phase, the
equilibrium between the perfusion buffer and the gas phase, the perfusion buffer flow rate and the
packing of nodules in the NMR tube. An adequate flow rate must be maintained to prevent
significant gradients of oxygen tension across the sample, due to both depletion of oxygen by cells
nearest the medium inlet, and non-uniform flow over individual pieces of tissue. The most intense
in vivo I5N signals occurred when nodules were perfused at a flow rate of 40-50 mL min'1 with a
buffer in equilibrium with a gas phase containing about 50% O2 and a total gas pressure of 1.6 atm.
When the O2 concentration was raised to about 70%, less intense l5 N NMR signals were observed,
which indicated an inhibition of nitrogenase activity.
The total amount of I5N incorporated by pea nodules during an eight-hour incubation period in the
perfusion system was determined by mass spectrometry to be 1.97 umol
nitrogenase activity could thus be estimated to be 0.12 umol

I5

IS

N g' ! FW. The mean

N 2 g"' FW h ' . The nitrogenase

activity was presumably higher in the beginning of the incubation and decreased throughout the
incubation period.

Monitoring of physiological state of root nodules
During NMR experiments the energy status of root nodules and possible changes in intracellular
pH, which might have indicated hypoxic conditions, were monitored by acquiring

31

P NMR

3l

spectra. Fig. 2 shows representative in vivo P spectra obtained at the beginning (0 h) and at the
end (8 h) of the 1JN experiment shown in Fig. 5. ATP concentrations did not change significantly
throughout the experiment as seen from the unchanged intensity of the well resolved signals from
the P- and y-phosphate groups of ATP at -19.0 and -5.5 ppm, respectively. The intracellular pH can
be estimated from the chemical shift of the P ; signal based on calibration curves (see materials and
methods), and we observed that pH in the cytoplasm as well as in the vacuole remained stable
during the course of the experiment. The pH values in the cytoplasm and vacuole were estimated to
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be 7.2 and 5.2, respectively, from the Pj chemical shifts at 2.1 ppm and 0.3 ppm, respectively. The
cytoplasmic compartment at pH 7.2 might include both the plant and the bacteroid cytoplasm. The
resonance at 1.6 ppm could represent P; in a different subcellular compartment with a pH of
approximately 6.8 or it could be a signal from one of the phosphate groups of phytate. Another
possible signal from phytate was observed at 1.0 ppm, but the exact position of the phytate
multiplet is highly sensitive to pH and to the chemical environment, making its correct
identification difficult (Saint-Ges et al., 1991). However, it seems likely that the two small peaks
represent phytate as 3IP spectra of perchloric acid extracts from root nodules also contained phytate
resonances of approximately the same intensity (data not shown).
The 31P spectra from pea root nodules showed a large, unexpected signal (X) at -1.9 ppm (Fig. 2),
which was observed in several experiments to be more narrow and persistent during prolonged
perfusion than all other 3IP signals. The same chemical shift was observed in 31P NMR spectra of
root nodule perchloric acid extracts at pH 7.5 and showed no coupling to other 31P nuclei (data not
shown). The signal appeared as a 1:2:1 triplet with J = 8.9 Hz in proton coupled 31P NMR spectra
of perchloric acid extracts (data not shown), which indicated that it was a phosphate group located
next to a methylene group. The concentration in the root nodule tissue was estimated to be 0.1
(jmol g'1 FW from a 31P NMR spectrum of an extract. The yet unidentified peak X was not
observed in 31P NMR spectra of either pea root tips, a dense suspension of free-living Rhizobium
leguminosantm bv. vicea, or intact root nodules from Lotus or soybean (data not shown). On the
other hand, in vivo 31P NMR spectra of Lotus nodules showed a very distinct, intense and unusual
resonance at 16.3 ppm (data not shown), which was not observed in pea or soybean nodules.
Assignment of l s N resonances
Rather different 15N NMR chemical shifts of amino acids have previously been published (see
Table 1) and make it problematic to base assignments purely on literature values. The variability
could mean that chemical shifts are strongly influenced by the matrix, and amino acids may be
erroneously assigned, as the chemical shifts of the amino resonances of glutamate and glutamine on
one side and asparagine and aspartate on the other side are very close. One reason for the variation
in the reported chemical shifts could be pH differences between the biological systems. However,
we performed pH titration studies of the relevant amino acids and observed rather modest changes
in the chemical shifts at pH values below 8. Another cause of uncertainty in the literature reports is
the use of different reference compounds. 15N urea was used in the present study either as an
internal standard or in a capillary and resonated at the same frequency under both circumstances.
Some studies use intracellular ammonium as a reference compound, but as the ammonium
chemical shift may be strongly influenced by the nature of the intracellular environment it seems a
rather unsuitable reference. We studied whether temperature effects on chemical shifts could
explain some of the differences in the literature reports. This seems not to be the case as an increase
of 10°C shifted the glutamine amide resonance only approximately 0.2 ppm downfield, whereas the
ammonium and the amino resonances of glutamine and aspartate were shifted approximately 0.1
ppm upfield.
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Assignment of 1SN resonances in dead nodules
Several 15N signals from ammo acids that were labelled by assimilation of fixed 15N2 were observed
in an NMR spectrum from dead root nodules (Fig. 3 A). These resonances were tentatively
assigned as being GABA, alanine and the amide and amino group of asparagine (Table 2) by
comparison with literature values and own measurements of authentic standards. Subsequent
extraction of the nodules and recording of an

I5

N spectrum from the extract (Fig, 3 B) showed

almost identical chemical shift values compared to dead nodules. The assignments were confirmed
by spiking extracts with authentic

15

N amino acid standards followed by NMR analysis. The

observed resonance at 20.2 ppm could not be assigned as spiking with l5N-labelled glutamate and
glutamine demonstrated that both amino resonances were downfield of 20.2 ppm. A small signal at
-0.14 ppm, presumably from

15

N-labelled ammonium, was observed in the extract, but not in the

spectrum from dead nodules.

Assignment of ammonium in metabolically active nodules
Incubation of metabolically active root nodules with I5N2 in the perfusion system while recording
I5

N NMR spectra resulted in the observation of intracellular 13N ammonium in experiments with

both pea and Lotus (see Fig. 3 C and Fig. 5). The resonance frequency showed some variability in
the range from -4.2 to -3.9 ppm. This is an unusually low ammonium frequency compared to own
in vitro measurements and previous in vivo

I5

N NMR studies, which all have demonstrated

ammonium resonances at around 0 ppm in procaryotic as well as in eucaryotic organisms (cf. Table
I).
The signal at around -4 ppm was assigned to ammonium based on several indications. First, no
other well known

15

N metabolite resonates anywhere near -4 ppm. Second, the signal at -4 ppm

represents the first detectable

t5

N metabolite in

13

N2 fixing nodules (cf. Fig. 5), which is in

accordance with the well-established fact that the product of nitrogenase activity is ammonium.
Third, the NOE factor is between -1 and 0, which is characteristic for ammonium in vivo (Martin,
1985; Robinson et al., 1991; Fox et al., 1992; Joy et al., 1997) and gives rise to spectra with
oppositely phased signals for amino acids and ammonium, respectively. Finally, the signal at -4
pprn is intense in spile of being attenuated by NOE under the applied acquisition parameters, and it
must thus originate from a metabolite that is present in large amount, which is what should be
expected from ammonium in the bacteroid compartment.
Acquisition of

I5

N NMR spectra from the perfusion buffer after the incubation was ended

demonstrated that no extracellular l5N-labelled ammonium was present (data not shown).

Assignment of amino acids in metabolically active nodules
Considering the very unusual chemical shift of the ammonium ions in root nodules, the
assignments of the resonances of amino acid I5N amino groups required some attention. The amino
acid amide resonances are much less likely to be severely perturbed. In vivo
15

15

N NMR spectra from

15

N2 fixing pea root nodules showed two amino acid N resonances at 90.7 and 19.6 ppm (Fig. 5),

which correspond to an amide and an a-amino group, respectively. This was observed in several
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experiments. The amide resonance at 90.7 ppm could, by comparison with own in vitro
measurements and previously observed values (Table 1), unequivocally be assigned to the amide
resonance of asparagine.
The assignment of the a-amino resonance at 19.6 ppm posed some problems. The chemical shift
value corresponded to glutamine and glutamate according to own in vitro measurements as well as
previously observed values (Table I), but the analyses of dead nodules and extracts (cf. Fig. 3 A
and B) demonstrated that the dominating

15

N-labelled a-amino group was the one of asparagine

and that it resonated at the expected 18.8-19.1 ppm when inside dead nodules. Analyses of the 15Nlabelling by LC-MS also showed that the asparagine amide and amino groups were the most
abundant

15

N-labelled species in nodules that were incubated with I5N2 in the perfusion system

(Table 3 and Fig. 7). This apparent inconsistency needed an explanation, and further investigations
indicated that the explanation seemed to relate to NOE factors (see later).
Observations from an experiment with Lotus nodules indicated that the resonance at 19.6 ppm
could be assigned to glutamine/glutamate. Two a-amino resonances were observed at 19.6 and
18.4 ppm, respectively, in an in vivo

15

N NMR spectrum from Lotus nodules (Fig. 3 C). The

chemical shift difference between asparagine and aspartate was demonstrated in vitro to be around
0.6 ppm (cf. Table 2), and it was therefore unlikely that the resonances at 19.6 and 18.4 ppm
originated from asparagine and aspartate. Whether the resonance at 18.4 ppm should be assigned to
asparagine or aspartate could not be decided purely based on the chemical shift value, but it seemed
likely that it was asparagine, because this amino acid is so abundant in indeterminate nodules (Ta et
al., 1986). Consequently, the signal at 19.6 ppm in Lotus nodules seemed to be the a-amino group
of either glutamine or glutamate. This suggests that the resonance at 19.6 ppm in pea root nodules
also originated from glutamine/glutamate, since all other observed

15

N resonances in Lotus nodules

occurred at exactly the same frequencies as in pea nodules.
GAB A was observed at the expected 11.6,11.8 and 11.3 ppm in 15N NMR spectra from dead pea
root nodules, an extract from nodules and metabolically active,

li

Nj fixing Lotus nodules,

respectively (cf. Fig. 3). However, GABA was never observed in in vivo
I5

I5

N NMR spectra from

N2 fixing pea nodules (Fig. 5), although LC-MS analyses demonstrated very high l5N-labelling of

GABA in these nodules (see Table 3 and Fig. 7). Possible reasons for this apparent inconsistency
will be discussed later. The GABA

I5

N resonances in spectra from nodules were in several

experiments observed to be broader than resonances from other amino acids.

NOE effects
In order to observe quantitative results, in vivo 15N spectra should ideally be recorded without NOE
effects. This turned out not to be feasible in the present study. However, the NOE effects lead to
variation in intensities for the various amino acids resonances. This was investigated as a function
of pH in standard solutions as shown in Fig. 4. The effects are clearly related to the pK» values of
the compounds, except for GABA and ammonium where NOE factors smaller than the theoretical
minimum of -4.9 were observed. The amino group of asparagine was observed to have a NOE
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factor of -1 at around pH 7.1 in vitro, whereas NOE factors of the glutamine and glutamate amino
groups were between -1.5 and -3.5 in the physiologically relevant pH range of 7-7.5. If the NOE
factors exhibit the same pH dependency in vivo as was demonstrated in vitro, it would be expected
that the signal from the a-amino group of asparagine would be lost, whereas the signals from the
amino groups of glutamine and glutamate would be enhanced.
In vivo

1S

N N M R time course of 1SN fixation a n d assimilation

Fig. 5 shows a representative series of consecutive in vivo

!i

N NMR spectra that were started

I5

immediately after addition of N2 at time zero. An ammonium signal at -4.2 ppm was evident
during the first hour of incubation and increased in intensity throughout the first five hours, after
which steady state seemed to occur. Two more 15N signals emerged in the spectrum representing
the period from one to three hours and likewise increased in intensity in the next spectrum from
three to five hours. The intensities of these two signals were unchanged in the last spectrum from
five to seven hours indicating steady state. The signal at 90.7 ppm was assigned to the amide group
of asparagine. The amino groups of glutamate and glutamine resonate in a 0.2 ppm interval around
19.7 ppm and are difficult to resolve in vivo, so the resonance at 19.6 ppm is likely to contain
contributions from the amino group of glutamine as well as glutamate.
ls

Total a m i n o acid pools a n d

N-labeHing

Pea root nodules contained asparagine as the dominating free amino acid, and its concentration
amounted to as much as 19.9 ixmoi gl FWin freshly harvested nodules and 16.9 nmol g"1 FW in
nodules that had been perfused for eight hours during the NMR experiment (Fig. 6). This was more
than an order of magnitude more than each of the other major amino acids glutamine, alanine,
aspartate and glutamate. In general, the concentrations of free a-amino acids were slightly lower in
perfused nodules than in freshly harvested nodules. Y-aminobutyric acid (GABA) is not an a-amino
acid and is not used for protein synthesis, but it constituted a substantial part of the soluble pool of
nitrogen-containing metabolites in freshly harvested nodules (1.4 jxmol g'1 FW) and the pool size
apparently increased substantially during perfusion (5.7 nmol g"1 FW),
A new mass spectrometric technique involving separation of amino acids by IP-RPLC, made it
possible to analyse the position of 15N in mono labelled glutamine and asparagine by using MS/MS
and MS/MS/MS, respectively. The analysis could be done in a single experiment without any
previous derivatisation procedures, which is a major simplification and improvement compared to
GC-MS procedures, which are usually used for analysis of positional labelling. GABA, glutamate
and alanine were the most highly l5N-enriched compounds after the eight-hour incubation period
with I5N excess of 33.4, 27.9 and 25.0 atom%, respectively, but all examined compounds were
found to be significantly

15

N-labelled (Table 3). When the pool sizes were taken into account,

asparagine and GABA were found to contain most of the
15

15

N-label in soluble amino acids in the

1

nodule tissue, namely 2.03 and 1.91 |imol N g" FW, respectively (Table 3 and Fig. 7). Alanine
and glutamate contained a minor part of the total ]iN-label (0.31 and 0.10 nmol
respectively), because of their smaller pool sizes. Asparagine contained more
l3

1

amino group (1.33 ^mol N g' FW) than in the amide group (0.70 nmol

15

I5

N g"1 FW,

N-label in the

15

N g° FW). Glutamine
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was also more labelled in the amino group (0.34 ^mol I5N g"1 FW) than in the amide group (0.11
15

N g"1 FW).

Discussion
In vivo l5N-animonium NMR signal in root nodules
The

13

N NMR ammonium signal in living pea and Lotus root nodules was in several experiments

observed at around -4 ppm, which is an unusually low ammonium frequency. Previous in vivo

15

N

NMR studies have all demonstrated ammonium resonances at around 0 ppm in biological systems
as diverse as maize root tips (Amancio and Santos, 1992), carrot cells (Fox et al., 1992),
Corynebacterium glutamicum (Tesch et al., 1999) and ectomycorrhizal mycelium (Martin et al.,
1994). The observed enhanced shielding of ammonium can be due to many different factors such as
pH effects, bonding to anions, rnacromolecules or paramagnetic ions and may thus provide
valuable information on the intracellular environment.
Counter ions in large excess are known to perturb the I5N ammonium chemical shift (Stefaniak et
al. 1986). We investigated, whether the observed unusual chemical shift could be explained by the
presence of one of the more common anions, phosphate, and found no significant effects of
physiologically relevant phosphate concentrations on the ammonium chemical shift (data not
shown). Base titration of ammonium in vitro demonstrated, as expected, large pH effects on the
chemical shifts, and an ammonium chemical shift of -4 ppm was observed at pH 8.9. From the
present investigation it was not possible to localise the ammonium pool to the bacteroid or plant
cytoplasm, but in either case it seems most unlikely that the pH could be that alkaline in a tissue
that is metabolically active. Streeter (1989) estimated that free ammonium in soybean nodules was
primarily confined to bacteroids, and it has been anticipated that the bacteroid cytoplasm is slightly
alkaline (Day et al., 2001), because of the proton pumping activity of the electron transport chain in
the bacteroid inner membrane as well as the proton consuming nitrogenase activity. It is thus
possible that a minor contribution to the shielding of the observed ISN NMR ammonium signal was
due to a higher pH in the bacteroids. However, it should be noted that as pH is raised, more and
more of the ammonium will be converted to ammonia. This would cause a change in the

l5

N

chemical shift but would also imply that the ammonium-ammonia couple, due to the latter, would
complex metal ions much better. This in turn may lead to a shift in the chemical shift. If the large
chemical shift is caused by pH and binding to paramagnetic sites, this would be likely to have an
impact on both ammonium ions and the amino acids. However, no changes in the expected in vivo
chemical shifts of amino acids were observed, and it may therefore be suggested that the
ammonium ions and the amino acids are in different compartments. This could point to the
ammonium ions being in the bacteroid, whereas the labelled glutamine/glutamate and asparagine
were located in the plant cytoplasm.
The free ammonium concentration in symbiotic root nodules has never been solidly quantified.
Based on extractions and several assumptions Streeter (1989) estimated that soybean bacteroids
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contained 1.6 \imo\ ammonium g"1 FW nodule, whereas the concentration of ammonium in the
plant cytoplasm was essentially nil. The

15

N NMR acquisition mode of the present study only

allowed for a rough estimate of the minimum nodule ammonium concentration. The intensity of the
l5

N ammonium NMR signal was of a comparable size to the signal from the asparagine amide

group after an eight-hour incubation with 1SN2 (cf. Pig. 5). NMR signal intensities are influenced by
both T| and NOE, which were not quantified under in vivo conditions in the present study, but from
other studies it can be ascertained that both processes would cause the ammonium signal to
diminish relative to the asparagine amide signal. In vivo NOE factors for amino acid amide groups
have previously been shown to be of the order of-4.5 (Kanamori et al., 1982b; Thorpe et al., 1989;
Joy et al., 1997), whereas the ammonium NOE factor is between 0 and -1 in the present study.
Amino acid amide groups Tis of 3-4 s in plant tissue have been reported (Kanamori et'al., 1982b;
Thorpe et al., 1989; Joy et al., 1997), whereas very long ammonium T]S of up to 50 s are
commonly observed in vivo (Tesch et al., 1999). Thus, the concentration of 15N ammonium must be
at least as large as that of

1J

N-labelled asparagine amide, which was estimated to constitute 0.7

1

g" FW nodule based on LC-MS measurements

In summary, it is evident that substantial, although not quantifiable,

l5

N-labelling of ammonium

took place in the metabolically active pea root nodules in the present study and that ammonium was
the first detectable 15N-labelled compound in the intact symbiosis. This is in accordance with many
previous reports (reviewed by Day et al. 2001) but in contrast to recent results by Waters et al.
(1998), where no

1J

N-labelling of ammonium could be detected in isolated

13

N2 fixing soybean

bacteroids, when these were incubated at high densities under microaerobic conditions. In the
experimental set-up used by Waters et al. (1998) alanine was demonstrated to contain 98 atom%
excess 15N, and to be the primary product excreted by the bacteroids.
An inversion of the ammonium resonance during decoupling (the NOE factor being between -1 and
0) has previously been observed for ammonium ions in solutions with added cell debris, whereas
no effect was seen for glutamate (Fox et al., 1992). A similar finding concerning ammonium ions
was made by Altenburger et al. (1991), who explained the effect as being due to the ammonium
ions being bound to ion-exchange sites in the cell wall. It is interesting to notice that neither a
change in the chemical shifts nor any apparent line broadening occurred.

Nitrogen assimilation in pea nodules studied by in vivo 1SN NMR and LC-MS
Some of the results from in vivo

15

N NMR and LC-MS seemed at first to be contradictory. The

most abundant amino acid, asparagine, was found to contain about twice as much

15

N-labelling in

the amino group than in the amide group when analysed by LC-MS (cf. Table 3). A large
asparagine amide resonance was observed in in vivo I5N NMR spectra from pea root nodules in
many experiments, but an I5N amino group NMR signal was never observed in vivo (cf. Fig. 5).
However, the asparagine 15N amino as well as the amide resonance was seen in NMR spectra of
nodule extracts. These apparent inconsistencies could, however, be explained if the NOE factors
exhibit the same pH dependency in vivo as was demonstrated in vitro. It would then be expected
that the signal from the amino group of asparagine would be lost in in vivo

15

N NMR spectra,
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whereas the signal from the asparagine amide group would be enhanced. This mechanism may thus
provide the explanation to make ends meet, and conclude that asparagine is I5N-labelled in both the
amino and the amide groups, although the amino resonance is invisible in I5N NMR spectra with
full decoupling.
The variation in the NOE effect with pH has been debated intensely over the years (Cooper et al.,
1973; Leipert and Noggle, 1975; Irving and Lapidot, 1975). Exchange modulated scalar relaxation,
although suggested by Cooper et al. (1973), has been ruled out (Leipert and Noggle, 1975; Irving
and Lapidot, 1975). The latter advocated relaxation due to paramagnetic impurities, but this was
contradicted by Leipert and Noggle (1975), as they claimed to prevent this by addition of EDTA.
No agreement has so far been reached. From our in vitro experiments (cf. Fig. 4) it seems obvious
that the NOE effect is related to the pKa values. Our results were to a large extent similar to those
published by Leipert and Noggle (1975).
If it is correct that the in vivo NOE factor of the asparagine amino group is of an unfavourable size,
which causes elimination of the signal in spectra recorded with full decoupling, it is surprising that
this has not been reported previously, since the majority of in vivo I5N NMR studies applies full
decoupling. On the other hand, very few in vivo I5N NMR studies have observed a signal from the
asparagine amino group (cf. Table 1). To our knowledge, only a single 13N NMR study, namely the
investigation of

IS

N ammonium metabolism in duckweeds by Monselise and Kost (1993),

demonstrated the presence of l5N-labelling in the amino group of asparagine. Amancio and Santos
(1992) assigned an ISN signal at 18.6 ppm to the amino groups of both asparagine and aspartate, but
in our opinion only aspartate would resonate at this low frequency. The absence of reported
asparagine 15N amino signals in the HI vivo NMR literature may reflect that no labelling occurs or
that the asparagine pool of the studied organisms was below the detection limit, but it may also be
caused by NOE signal elimination. Very few investigations have included parallel analyses by in
vivo I3N NMR and other analytical methods that would reveal a possible NMR invisible asparagine
amino signal.
In root nodules the amide group for the biosynthesis of asparagine from aspartate may either come
from direct incorporation of ammonium or from the glutamine amide group, and previous results
have indicated that both pathways occur in alfalfa nodules (Snapp and Vance, 1986; Ta et al.,
1986). Our data indicate that some asparagine synthesis from highly

l5

N-enriched ammonium is

15

taking place in pea root nodules, since the low level of N amide-labelling of glutamine makes it
unlikely to account for all of the observed asparagine amide enrichment. The high total

15

N-

labelling of asparagine is consistent with its generally accepted role as the end product of the
primary nitrogen assimilation processes taking place in indeterminate root nodules.
Another obvious difference between results obtained by the different analytical methods was that
GABA contained a large amount of the total l5N-labeHing, when analysed by LC-MS (cf. Table 3),
but did not appear in pea nodule in vivo 1SN NMR spectra at all (cf. Fig. 5). The in vitro pH
dependence of the GABA NOE factor gave no indications that NOE could cause elimination of the
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15

I5

N NMR signal from GABA.

N GABA has previously been observed by in vivo

15

N NMR

spectroscopy (cf. Table 1), although some investigators have noted that the signal possibly also
contained contributions from

15

N-labelled ornithine and lysine. In vivo l\s of GABA have been

reported shorter than of other amino acids, and in vivo NOE factors for GABA were found to be
numerically larger than for other amino acids (Thorpe et al., 1989; Joy et a l , 1997). These two
variables affect signal intensities, but under the experimental conditions of the present study, both
of the reported values would imply an enhancement and not an attenuation of the

1S

N GABA

signals relative to signals of other amino acids.
GABA is synthesised from glutamate in a reaction catalysed by the enzyme glutamate ocdecarboxylase, which is well known in plant tissue (reviewed by Bown and Shelp, .1997) and has
also been reported to be present in symbiotic rhizobia bacteroids (Miller et al., 1991; Fitzmaurice
and O'Gara, 1991). The 15N-labelling of GABA found by LC-MS could reflect a decarboxylation
of glutamate occurring after termination of the in vivo !i N NMR acquisition. However this seems
unlikely when considering the high lsN-enrichment of GABA together with the short time period
between acquisition of the last NMR spectrum and the quenching of metabolic activity by transfer
of rool nodules to liquid nitrogen.
A substantial amount of GABA (labelled as well as unlabelled) was shown to accumulate in root
nodules during incubation in the NMR tube (cf. Fig. 6). This may reflect an increase in synthesis
and/or a decrease in catabolism. The results concerning the size of the GABA pool in the nodule
tissue do not allow for a discrimination of GABA localised in the bacteroid or in the plant
cytoplasm. It is, however, evident from the high GABA

15

N-labelling that the GABA is formed

from a newly synthesised pool of glutamate. The GABA shunt pathway has previously been
suggested to play a prominent role in R. meliloti bacteroids (Fitzmaurice and O'Gara, 1988; Miller
et al., 1991), although the function of GABA remains unclear.
Some experimental evidence indicates that the locations of GABA production and accumulation
are not identical, and that accumulaled GABA is sequestered within organelles, possibly in the
vacuoles (reviewed by Shelp et al., 1999). It has also been demonstrated that nodules from many
legume species accumulate bound forms of GABA amounting to as much as 20% of the total N
content of the nodule (Larher et al., 1983). The apparent NMR invisibility of 15N-labelled GABA in
pea root nodules in in vivo experiments may result from GABA being immobilised in some way in
vivo. Immobilised GABA may be released from the tissue by the applied extraction procedures
and/or enzymatic reactions and therefore detected by LC-MS. A support for such a suggestion is
the observation of broad resonances of GABA in dead nodules indicating that GABA is less tightly
bound under such conditions but still not free in e.g. the cytoplasm.
Results from both NMR and LC-MS analyses agreed that glutamine was predominantly 15Nlabelled in the amino group and not in the amide group. No resonances from glutamine I5N amide
were observed in I5N NMR spectra despite the fact that amide groups seemed to possess favourable
NOE factors for the detection in vivo. Glutamine !J N amide groups did not give rise to any signals
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in NMR spectra of extracts, not even when signals from glutamine 15N amino groups were present.
LC-MS results demonstrated that

l5

N in mono labelled glutamine was almost exclusively

positioned in the amino group, and when the amount of double labelled glutamine molecules was
taken into account, the distribution between amino and amide
concurrent findings of glutamine being predominantly

13

N-labelling was 3:1. The

15

N-labelled in the amino position are very

controversial as the prevailing scheme for the assimilation of fixed nitrogen states that ammonium
is first incorporated into the amide group of glutamine, catalysed by glutamine synthetase.
Glutamate and alanine were shown by LC-MS to be among the most highly

15

N-enriched

metabolites, but the total pool sizes of glutamate and alanine were rather small compared to the
other studied amino acids, which justifies that they were not observed by in vivo ISN NMR. The
high 13N-enrichment of these two amino acids and of GABA might indicate that these metabolites
were synthesised directly from highly

15

N-enriched ammonium via glutamate dehydrogenase

(GDH) and the GABA shunt pathway; N H / -* glutamate •* GABA -> alanine.
The direct incorporation of ammonium into glutamate catalysed by GDH is normally not
considered an important reaction in the plant cytoplasm of root nodules. Substantial bacteroid GDH
activity has been reported in many different host plants (Brown and Dilworth, 1975; Miller et al.,
1991), but the in planta significance of GDH activity remains uncertain. Our results indicate that
substantial GDH catalysed glutamate synthesis may occur under the given experimental conditions,
although it is not possible to localise the reaction to a specific compartment.
If synthesis of giutamate and alanine via the GDH and GABA shunt pathway was taking place in
the bacteroid compartment, the excretion product from bacteroid to plant cytoplasm could be a
highly )5N-Iabelled amino acid. All of the necessary enzymes have been reported to be present in
bacteroids (Brown and Dilworth, 1975; Miller et al., 199J; Fitzmaurice and O'Gara, 1991). If
amino acids rather than ammonium were the excretion products under certain conditions, as has
been suggested previously (Waters et al., 1998; Allaway et al., 2000), the ammonium pool of the
plant cytoplasm is expected to contain very little

15

N-label. In that way glutamine would be

synthesised in the plant cytoplasm from highly labelled glutamate and poorly labelled ammonium
resulting in glutamine molecules being higher labelled in the amino group (originating from
glutamate) that in the amide group (originating from ammonium). It has previously been estimated
that the plant cytoplasm contains only a minor free ammonium pool (Streeter, 1989), so the
suggested way of synthesis of glutamine would depend on ammonium being provided from other
sources. This speculative hypothesis would of course need further investigation, but at present it
could serve as a possible explanation of the controversial observation of glutamine being
predominantly l3N-labelled in the amino position.

Discovery of a novel phosphorus compound in pea nodule 3JP NMR spectra
A new, very narrow and well resolved 31P signal at -1.9 ppm from an unknown compound in pea
root nodules was observed. This resonance was absent in spectra from both Ijytus and soybean root
nodules. It has not been reported in previous 3I P NMR studies of soybean nodules (Rolin et al.,
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1989a) or alfalfa nodules (Nikolaev et al., 1994). Based on the observed coupling constants and the
chemical shifts the phosphate group must be neighbouring a CH2 group. It seemed to be a
symbiosis specific compound since it was neither found in uninfected plant root tissue nor in freeliving Rhizohium bacteria.
The chemical shift of the unknown compound was identical when observed in living root nodules
and in a perchloric acid extract at pH 7.5, which makes it unlikely that the compound is localised in
the vacuole since the acidic conditions in this compartment would be expected to change the
chemical shift. The signal was less line broadened than other 31P metabolites in in vivo spectra, and
this may be because the compound was confined to a specific compartment in the nodule tissue,
which might be the bacteroid, and thus experienced less field inhomogeneity because of the limited
3I

volume, The fact that the unidentified

P signal persisted during prolonged perfusion of root

nodules, when other 3I P signals became weaker, suggested that the compound was not metabolised
and not washed out, which may indicate that it is bound in some way, though still highly mobile.
Concluding r e m a r k s
The present work presents the first report of in vivo

l5

N NMR spectra of

15

N2 fixing pea root

nodules. The results demonstrate that it is indeed possible to apply in vivo ISN NMR spectroscopy
to the study of nitrogen fixation and assimilation in root nodules. By using NMR it was possible to
observe directly the incorporation of

15

N into living nodules, but the detection was limited to

ammonium and some of the more abundant amino acids.
The fully decoupled in vivo

13

N NMR spectra did not include a signal from the amino group of

asparagine, which may reflect that the in vivo NOE factor of the asparagine amino group is of an
unfavourable size, since LC-MS results revealed that asparagine was indeed

l5

N-labelled at the

amide as well as the amino nitrogen. LC-MS analyses showed that GABA was

15

N-labelled in

I5

considerable amounts, but N GABA was NMR invisible in living pea root nodules. This may be
due to immobilisation of GABA in root nodules.
A substantial pool of free ammonium was observed in the metabolically active, intact symbiosis by
in vivo 15N NMR. The in vivo 13N NMR spectra further envisaged that glutamine was more highly
l5

N-labelled at the amino nitrogen than at the amide nitrogen. Both of these findings represent

information that has not been made available by other techniques used to study nitrogen
assimilation in legume nodules. The intracellular environment led to very unusual in vivo

15

N

ammonium chemical shifts, whereas no changes in the expected in vivo chemical shifts of amino
acids were observed. This may suggest that ammonium and amino acids reside in different
compartments: ammonium residing in the bacteroids, and

I5

N-labelled glutamine/glutamate and

asparagine located in the plant cytoplasm.
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Legends

Fig. 1, Schematic drawing of the perfusion system used for studying nitrogen fixation and
assimilation in living pea root nodules by I5N NMR spectroscopy. Approximately 1.5 g FW root
nodules could be contained within the NMR tube, and about 1 g FW was within the volume of the
NMR detection coil. The symbol ® indicates a three-way stop-cock.
Fig. 2. In vivo 3I P NMR spectra of pea root nodules showing the unchanged metabolic status during
an eight-hour incubation period. The 30 min spectra were recorded (A) before the addition of 15N2
and (B) at the end of the treatment period after acquisition of the in vivo 15N spectra shown in Fig.
5. The numbered peaks may be assigned to: 1, several phosphomonoesters including glucose 6phosphate (la) and phosphocboline (lc); 2, cytoplasmic P,; 3, vacuolar Pj; 4, unidentified
compound; 5,6 and 9, the y-, (X- and |3- phosphates of nucleoside triphosphate; 7, UDP-glucose and
NAD(P)(H); and 8) UDP-glucose. Chemical shifts are quoted relative to 85% H 3 PO 4 at 0 ppm
Fig. 3. 15N NMR spectra from (A) dead 15N-enriched pea root nodules immersed in buffer (pH 6),
(B) extract thereof (pH 5.8) and (C) metabolically active, l5N2 fixing Lotus nodules. The numbered
peaks may be assigned to: 1, asparagine amide-N; 2, alanine; 3, glutamine/glutamate amino-N; 4,
asparagine amino-N; 5, aspartate; 6, GABA; 7, ammonium. The signal at 55.8 ppm is from the
reference compound

15

N-urea

Fig. 4. Amino acid and ammonium NOE factors at different pH values, (A) a-Amino groups and
(B) amide groups, ammonium and GABA. NOE factors were determined as the ratio between
signal intensities in spectra with full decoupling and spectra with inverse gated decoupling
Fig. 5. In vivo 13N NMR spectra showing a time course of nitrogen assimilation in
root nodules. The numbered

peaks may be assigned to:

1S

N2 fixing pea

1, asparagine amide-N; 3,

glutamine/glutamate amino-N; 7, ammonium. The signal at 55.8 ppm is from the reference
compound l5N-urea
Fig. 6. Concentrations of soluble amino acids in freshly harvested pea root nodules and nodules
that have been subjected to perfusion for eight hours. Error bars denote standard errors (n=3)
Fig. 7. Concentrations of unlabelled,

15

N-amino-labelled and

15

N-amide-labelled soluble amino

acids in pea root nodules after an eight-hour incubation period with I5N2 in the perfusion system
and acquisition of the in vivo |5 N NMR spectra shown in Fig. 5.
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Fig. 3
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Fig. 4
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Fig. 5

0-1 h

1-3 h

3
7
3-5 h

5-7 h

~rT'

100

|~r~r-r~r; i i I - I - J

90

80

i-,

70

,

f |

I i -i i , r ' r n

60

50

p'

40

I

•n-p

30

20

10

0 ppm

132

PART 4. ARTICLE MANUSCRIPT

Fig. 6
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Fig. 7
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Table 1: Literature values of in vivo 15N chemical shifts of amino acids
and ammonium in plants, fungi and bacteria
Biological system
(Reference)

Gin
amide

Asn
amide

Ala

Brevibacterium
iacwfermemum
(Haran et al, 1983)

90.8

88.1

21.6

Carrot celis*
(Fox et al., 1992)

91.2

19.8

0

91

20

0

Corynebacterium
glutamicum
(Tesch et al, 1999)
Duckweed {Lemnaceae)*
(Monselise & Kosi, 1993)
Ectomycorrhizal
mycelium5
(Martin et al., 1994)
Green algae (Chlorella
fuscdf
(Kuesel et al., 1989)
Maize roots8
(Amancto & Santos, 1992)
Neurospora crassa
mycelium
(Kanamori et al., 1982a)
Neurospora crassa
mycelium*
(Legerton et al., 1981)
Norway spruce seedlings
roots and stems*
(Aarnes et al., 1995)

90.8

90.5

Gin
amino

Glu

19.5

19.9

22.0

21.9

19.7

19.6

92.5

23.3

21.2

20.9

22.3

20.0

19.8

90.6

22.6

20.35

20.16

92.2

22.3

91.1

22.0

89.0*

Asp

GABA

NH/

16.8

19.3

90.4

91.7

Asn
amino

0

18.6

11.6

0

12.0

0

20.3

0.1

19.8

10.6

-0.1

All spectra were collected either without D2O or with D3O contained in a capillary
' Chemical shifts were originally reported relative to NO3' at 0 pmm, but have been converted to a scale that puts urea at
55.8 ppm (and NO/ at 354.6 pmm)
4

Chemical shifts were reported relative to intracellular ammonium at 0 ppm

* This value was reported by the authors, but the published in vivo I5N NMR spectra showed a signal from the asparagine
amide group at approximately 91.4 ppm
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Table 2. Assignments of amino acid and ammonium 15N chemical shifts
%D2O

Gin
Asn
amide amide

Authentic I3N standaixis (pH 7)

10

90.86 90.51

Dead 13N-enriched pea nodules
immersed in buffer (pH 6)

20

90.6

18.8

11.6

Extract from dead nodules
(pH5.8)

4

90.48 22.06

19.07

11.79

Metabolically active, 15Nj fixing
pea nodules

10

90.7

19.6

Melabolically active, ISN2 fixing
Lotus nodules

10

90.7

19.6

Ala

Gin
amino

GIu

Asn
amino

Asp

GABA

19.85

19.65

18.90

18.34

11.75

18.4

-0.26

-0.14

•

-4.2

11.3

-4.1
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Table 3.15N-labelling of soluble amino acids in pea root nodules after
eight hours incubation with 15N2 in the perfusion system
Total amino

Atom%> excess

15

acid cone.
(jjmol/g FW)

Asn

16.91

1.65

mono 15N
l5

double N
Gaba
Gin

5.72
1.55

0.67
o.2o

Mean

S.E.

n

8.17

0.27

11

1.91

0.12

33.39
I5

mono N
15

double N

15.74

N-label

concentration*

(%)

(APE)

Mean* s.&

Total l5N

Position of mono

(nmol/g FW)

Mean s.R n
amino

73

6

s

amide

27

6 6

12

Mean
amino

1.33

amide

0.70
1.91

2

2.08

5

6.59

1.10

4

amino

98

2

3

amide

2

2

3

amino

0.34

amide

0.11

Ala

1.24

o.i2

25.02

0.80

7

0.31

Asp

0.76

o.o5

14.22

1.27

10

0.11

Glu

0.35

0.04

27.86

0.98

5

0.10

* The values given for amino and amide group total I5N concentration include both mono and double labelled molecules
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APPENDIX

Extraction and GC-MS analysis of amino acids from root nodules
All procedures were performed as cold as possible - i.e. on liquid nitrogen or ice
Extraction (modified after Johansen et al. 1996)
•

Frozen nodules (approx. 0.4 g FW) were homogenised in a mortar on liquid nitrogen, and 40 jiL 10 mM
sarcosin were added as an internal standard

•

The homogenate was transferred to a tube and kept on ice, and amino acids were extracted by three
subsequent additions of 4 mL MeOH/CHC[j/H2O (12:5:3, v/v/v), vortex mixing for 1 min and
centrifugation (2000 g, 5 min, 5 °C)

Purification (modified after Johansen et al. 1996)
•

The supernatants from the three extractions were pooled and CHCb (14 mL) and watet (3 mL) was
added. The tube was vortexed and centrifuged (2000 g, 2 min, 5 °C) to facilitate phase separation

•

The chloroform phase was discarded

•

The methanol-water phase containing the amino acids was evaporated in a Speed-Vac concentrator, and
the amino acids were finally taken up in 1 mL of 0.1 M HC'l and kept at -80 °C until further analysis

D e r i v a t i s a t i o n for G C - M S (modified after Fortier et al. 1986)
•

100 jil of the purified extract was transferred to a microvial with conical shaped bottom and evaporated
again in a SpeedVac

•

Immediately afterwards derivatisation was performed by addition of 15 ul MTBSTFA (N-methyl-N-(/ert.butyldimethylsUyl)trifluoroacetamid), 15 fil pyridin and 1 gl triethylamin, and incubating the vials for 30
min at 75 °C

GC-MS analysis
•

The GC-MS analysis were performed on a Varian Satum2 gas chromatograph ion trap mass spectrometer
equipped with a capillary column (DB-5, length 25 m, inner diameter 0.32 mm, 0.25 \aa film). Helium was
used as the carrier gas (50 mL min'1)

•

1 |il of sample was injected and split in a ratio of 1:50. The injector, transfer line and manifold
temperatures were 250,280 and 200 °C, respectively. The oven temperature was initially held at 60 °C for
5 min and then linearly increased at 10 °C min"' to 290 °C, where it remained for 5 min

•

Separated amino acid derivatives were ionised by electron impact. Mass spectra were recorded in the
interval 50-550 m/z. Amino acids were identified from retention times and mass spectra by comparison
with authentic standards

•

ls

N-enrichrnent was calculated from the distribution of the M-57 and M-57+1 ion with a correction for the
natural abundance of these ions:
I5

N atom% excess = 100% • (Obs M47+ , - NAM.57+i) /(NA M .s? + ObsM-57+! - NA M . J7+1 ),
where Obs denotes the observed intensity of the given ion in the mass spectrum and
NA denotes the natural abundance

• In the beginning of the project I included a purification of the extracts on a cation exchange column
according to Bengtson and Odham (1979), but this was later left out, because I experienced that too much
material was lost during this step.
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