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INTRODUCTION

The role of leguminous plants in maintaining the ferti-
iity of agriculiural soils by enriching the soll with nitrogen was
first established by Boussingault in 1838 (Mishustin and Shil’'nikova).
The association of rhizobia with legumes was first noted by Lachmann
(1858) who observed that the root nodules of leguminous plants con-
tain vibrio-iike microorganisms. Beljerinck in 1888 isolated a pure
culture of nodule bacteria and demonstrated that rhizobia were res-
ponsible for the formation of nodules in which atmospheric nitrogen
was assinilated., The rhizobla-legume symbiosis is now being in-
vestigated with renewed interest as concern over the world protein
resources and the ever-increasing cost of the energy-based ferti-
lizer industry necessitate finding a less expensive method of pro-
viding nitrogen to increase crop yileld.

Until recently, it has been mandatory to use an in vivo
test system involving plant nedulation for the study of symblotic
nitrogen-fixation., However, in 1975 five papers were published
documenting rhizobial cultures which carried out the fixation of
nitrogen in the free-living state. It was this development that
introduced a valuable tool for investigating the genetic and blo-
chemical prereguisites of symbiotic nitrogen-fixation.

The nitrogen~-fixing enzyme complex, nitrogenase
(B01.7.99.2.) has been the focus of biochemical studies concerned

with the elucidation of factors invelved in the reduction of NZ
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¥ HISTCORICAL

The study of nitrogen fixation in rhigzobla had for many
vears been hampered by the complexity of symbicotic systems. How=
ever, through the development of an in vitro system, it is now
pessible to investigate and hopefully elucidate the many aspects of
nitrogen fixation in these species previocusly at an experimental

disadvantage.
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Biclogicel nitrogen fi: portant process which
contributes about two-thirds of all fixed nitrogen to the biosphere.

This process has been the focus of much research over the yvears due
g

o the ever-increasing cost of the energy-based fertiliszer industry,
increasing world population and over a ten-fold increase in the use

of chemical nitrogen fertilizer since 1950 (Yates, 1976). It is ob-
vious that new ways to supplement or improve the present methods of
nitrogen supply are needed and increased understanding of the nitro-
gen fixation mechanism will eventually help to increase the world
resources of proteln
In 1893, Winogradsky lsclated the first free-1iving micro~
organism, able to Tix atmospheric nitrogen. The anaerobic organism,

Clostridium pasteurianum grew luxuriantly at the expense of nitrogen
jon i

gas in a culture medium lacking any other nitrogen source. DBeljerinck,

, 1888, had succeeded in isclating root nodule bacteria from legum-
inous plants and demonstrated that the nodules were needed for healthy

plant development. These classic experiments focused attention on

R
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Organtsms known to fix nitrogen belong to the procaryotas
2 1,

and consist of certain bacteria and blue-green algas which harbor

the nitrogen fixation (nif) genes. The nitrogen-fixing bacteria

o

re divided intc two maln groups: those which are frese-living and

those which fix nitrogen in a symbiotic assceliation with plants,

The best known sxample of the latter assoclation is the genus

2

Bhizobium and the agriculturally important legumes.

plants via an infectlon thresd and Torm root nodules. Within the
root nodulss they change to a none-reproductive form called bao-
terolds and start fixing nitrogen. Both plants and bacteria show
a host-strain specificity in this respect. The ability to form
nodules is probably the most important characteristic distinguish-
ing rhizobla from other bacterlal genera. Until recently, this
also meant experimental disadvantages. Progress in the study of
the physiclogy and genetics of rhizobia has proceeded slowly since
the studies have necessarily invelved the incculation of legume
plants and extraction of the bactercids from the modules. Until a

Tew years ago it was thought that rhizobia could only fix nitrogen

<

symbiotically Le. only after transformation into the bacteroid form

ccourred. However, in 1975 thres papers appeared in Nature which

oo

documented fixation in free-living rhizobia {Pagan et als.y, 19753



Kurg and LaRue, 1975; McComb et al., 1975).

The dogma that rhizobia never fix nitrogen except within
the nodule of 2 plant crumbled in two stages. Initially, the nitro-
genase system in rhizobla was shown to cccur in assccistion with
tissue cultures of leguminous plants {Holsten et al., 1971}, It

was then demonstrated that non-leguminous plants could induce nitro-

genase activity in rhizobia as well (Jng Child, 1975; Scowcroft and

Gibson, 1975). Subsequent to this, conditions were discovered for
fixation cccurring in the absence of plant material (Pagan et ale,
1975). The ability to fix nitrogen ex planta, as 1t is termed, is
principally restricted to the slow=growing class of which the ‘cow-
pea’ group is typical. This properiy displayed by some rhizobia is
proof that the genes for nitrogen fixation (nif) are contained in
the genetlc materisl of the bacteria and are not derived from the
rlant cells, as was once thought. Immunoclogical evidence of the
capability of free-living Bh. Japonicum to synthesize a portion of
nitrogenase was provided by Bishop et al. (1975).

Nitrogenase is the name given to the complex that cata-

lyzes blclogical nitrogen fixation., Knowk of nitrogenase stenms

2

rom three advances made between 1960 and 1965. The first break-
through occurred in 1960 when a cell-free extract of nitrogenase

prepared from Clostridium pasteurianum (Carnahan et al., 1960) de-

trogenase complex

fbs

monsirated a number of requirements of the n
The enzyme was found to be oxygen sensitive and arasercbic conditions

were requirved for activity. A source of reducing power and ATP were

. 2y
%

essential as well as the presence of ¥g°~ ions and ferredoxin as an

-2



clectron carrier (Moustafa and Mortemson, 1967). In Clostridium the
source of energy and reducing power was the pyruvate phosphoroclastic
system which provided electrons to nitrogenase via ferredoxin {or
flavodoxin) and supplied energy by producing acetyl phosphate and
hence ATP, TLater Bulen st zl. (1965), working with Azotobacter and

Rhodospirillum Sph., substituted sodium dithionite for the reductant

and introduced creatine phosphate, creatine kinase, and ADP as an
ATP-generating system which provided as assay system for nitrogenase,
The third break through came in 1965 when Dilworth in Australia and

Schollhorn and Burris in Yisconsin sinultanecusly discovered that

nitrogenase reduced acetylene to ethylene in Clostridium pasteurianum

(Dilworth, 1966; Schellhorn and Burris, 1966). Because acetylene re-
duction takes place nobt only with enzyme preparations but also with

=,

living bacteria, plants or excised nodules, and soll or water samples,

it recelved widespread scceptance as the standard assay for nitrogen
fixation (Hardy et als, 1968)e Prior to the finding that nitrogenase
reduces acetylens to ethylene, the isctoplc tracer method was widely
accepted as the best criterion for No fixation. Briefly, the method

entalled exposing a culture of suspected nitrogen~fixing crganisns

1o 15N2 and after adequate incubation, sublecting the culture to

Kjeldahl digestion followed by distillation and conversion of the

1 ‘—é:" Fat 2
15 enriched ammonia to + Voo  Gas samples were then analyszed in a
mass spectrometer (Burris and Wilson, 1957). The isotope technigue

was introduced in the early 1940s by Burris et al. (1943) and has

&

been used since as a confin test for nitrogen fixatie

»

. . s e 15 - y
tedium of the analysis and expense of +Jlo has precluded its
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widespread use as 2z screening method. The acetylene reduction
method, on the other hand, is easy to perform, glves raplid resultis
and is relatively inexpensive, The use of gas chromatography to

thylens formed has provided an extremely sensitive

s
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method for monitoring nitrogenase activity (Bergersen, 1970),

The capscity of excised nodules from soybean plants to
fix atmospherie nitrogen had bsen demonstrated convinelngly im 1952
by use of the 19 N, technique (Aprison and Burris, 1952). With the
discovery of the acetylene reductiion assay, investigating the ni-
trogen=-Tixing abilities of bactersids in soybean root nodules becans
a less arduous task. About the same time, 1t was shown that host

34 Eal

vided the first opporitunity for the definition of blochemical events

2.8

o Tixation by legumes. Reguirements for Ny fixation appeared to

[
s
ifa

be similar te those in Azmotobacter vinelandii (Bulen eb al., 1965),

including the need for an ATP-generating system and sodium dithlonite.
Bergersen and Turner (1967) and Koch et al. (1967) determined some of
the properties of the nitrogenase system in soybean root nodules.
The nitrogenase complex appears to be similar in all organisms so

far investigated.

Nitrogenase catalyzes the biclogical reduciion of atmos-

pheric nitrogen, which iz very stable {valence state of zero) to
ammonia {valence state of minus three):
& -
’f\‘z»yé}i 4 6 & —— 2 NH,
-

(Xe!
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snzyme has been iselated from appreximately 20 prokarye

@

of the nitrogenase complex to be identified., The enzyme conslstis

of two non=haem, iron-sulphur proteins (Bulen and LeComte, 19663
Mortenson et al., 1967). Neither protein szlone has any demonstrable
activity. The larger protein has a molecular welght of around
220,000 and is composed of four subunits of two types. It contains
20 to 30 iron atoms and aclid-labile sulphur groups and twe molybdenum
atoms per molecule, This larger protein is referred to as the

nolybdoferredoxin protein (MoFe)., The smaller protein has a mcle=-

o P4 R PN Logs v PO BN R | e 5
cular welght of about 60,000 with two subunits of equal size and

see Zumft and Mortenson, 1975 Dalton, 19743 Dalton and Mortenson,
1972). Both proteins arve readily inactivated by oxygen but the
second smaller protein is more sensitive (Bady et al., 1972; St.
John et ale, 1974Y, Careful anaerobic techniques must be used
throughout the preparation, purification and assay of nitrogenase
components (Burris, 1969). The MoFe and Fe proteins form an equi-

molar complex during the reaction which 1s necessary for nitro-

enase activity. Hageman and Burris {1978) observed that the two

UQ
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presunably by acting a8 a CoOrepressoy Or DPrecurscsr 1o & COTEpressor.

and Mortenson, 1967: Kennedy 0 When the ATP:ADP ratio reaches

0.5, further ATP utll hence nitrogen fixa-

iy

tion is completely inhibited. resumably this type of control is

2 &

exerted so that when the ATP supply within the cell

[

s low, the re-

w

maining ATP can be directed into more important cell functions,

Regently, emphasis has Dbeen placed on the role of glutamine synthes

tase as & control of nitrogenase synthesis in a number of organisms
ineluding the enterics (Nagatani et al., 1971: Tubb, 1974: Shanmugan

de S < AP g P
gt al., LI75) and

extracts from all No-Tlxing organisms is an anaeroblc process. The

aerobic No=Tixers such as Azctobacter spp., some blue-green algae,

and the rhizobla-legume symbiosis can reconcile thelr ablility to
catalyze this Op=sensitive process only if it occurs in an internal
possibly localized anaerobic enviromment. In the Np-fixing tissues of
legume root nodules the presence of a myoglobin-like hasmoprotein

called leghsemogloblin is well known.

4 < M 5 5
Kubo &1939} was the first 4o show that lagume root nodules
contained a scluble hasmoglobine-type plgment which posssssed the

property of reversible oxygenstion. This property was confirmed by

o

Keilin and Wang (1945) and later by Virtanen and coworkers (19&?)

]



who also established the relationship between leghaemoglobin and
nodule effectiveness., Nash and Schulman (1976) confirmed the find-
ing that leghaemoglobin is in a reduced state throughout the life
gycle of the nodule,

A number of physiclogical roles have been proposed to ex-
plain the observed correlations between leghaemoglobin concentra-
tion and nitrogen fixation (Appleby et al., 1975; Bergersen, 1971).
The role which seems most 1likely was proposed by Yocum in 1964 who
suggested that leghaemoglobin may act by faecilitating the diffusion
of 02 to the szf

dense tissue, The increased respiration leads 1o an incresse in

ixing bacteroids under the low poz existing in the

ATP available Tor nitrogenase funection. In this way leghaemoglobin
acts as s sophisticated oxygen transport protein and damage to ni-
trogenase is avolded.

The slime cheracteristic of many aercbic nitrogen-fixing
bacteria and blue-green algae may alsc have a protective funcition
in inhibiting the diffusion of oxygen. Pankhurst and Craig (1978)
found that cultures of Rhizobium sp. strain 32H1 developed two types
of cells in a layer of soft agar. The pleiomorphic type 2 cells of
strain 32Hi were present in the middle of the soft agar layer. The
type 1 cells were located near the soft agar surface and secreted
large znounts of extracellular slime which reduced the rate of 02
diffusion and may be important for the development of the type 2 cells
in the colony.

Nitrogenase, in the absence of reducible substrates, re-
duces H% to Hy (Hoch et al., 1960). Apparently, H, evolution during

N2 fixation is an inherent property of the nitrogenase reaction. It

oot
a2
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at & constant depth in the agar, were similar in morphology to the
nitrogen=7Tixing bacterocids formed by strain 32HI in cowpes root

Pagan et al. (1975) were unable to demonstrate nitrogen-

fixing activity in cultures of 32HL grown in liguid C37 mediz ,

vl . Eay p
uid eulturs., Later worker

Tre

centration < Ly} in elther an agltated 1iquid medium (Keister and

vans, 1976) or in a chenostat {(Bergersen et al., 1976). When strain

37H1 was grown in a stationary liguid medium {Bvans an

jn
=
4
§a§4
u
o
™
g
=%

19?‘6)6 the optimum oxygen concentration in the atmosphere was— 20%.
The nitrogenase activity in the statlonary cultures was probably
restricted to zones where the dissclved oxygen concentration was
svourable for the maintenance of continued activity. However, when
the stationary ouliures were shaken, niitrogen fixation was inhibliied
by 1% or more oxygen. It is evident that the dissolved 0, concen-

tration Tor No=-fixation of culiures in a liguld medis needs to be

carefully comtrolled. Keister and Evans {1976) determined that a

[

concentration of oxygen < 0.1% was best for the initistion o
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that if glutamine was replaced by ammonium sulphate (imM} in the
CS7 medium nitrogenase activity was still evident but the level of
activity was reduced. Higher concentrations of fixed nitrogen, such
as 10mM ammonium sulphate (Kurz and LaRue, 1975) and 10m¥ ammonium
chloride (Evans and Keister, 1976), did however inhibit N,-fixation.

The requirement for fixed nitrogen has not been estab-
lished yet although it is possible that small amounts of fixed ni-
trogen are needed for the induction of nitrogenase synthesis., Fixed
nitrogen,which inhibits nitrogenase in many organisms, indicates
that the controls on nitrogenase in rhizobla are not the same as
those in other nitrogen-fixing bacteria. Part of the symbiotic con-
dition may require the fixed nitrogen.

Diversity in colonial morphology of slime-producing
nitrogen-fixing microorganisms has been recognized for some time,

Jensen et al. (1960) first described the tendency of Derxia gummosa

to form either massive or small colonies on nitrogen-free agar. Hill
(1971) determined that only the massive colonies contained active
nitrogenase which appeared to be assoclated with the oxygen concen-
tration. On nitrogen=free media the small cclony types of D. gummosa
were observed when grown in air. However, only massive colony types
were present when grown in less than 0.20 atm 029 Variations in the

colony morphology of Bnizobium spp. have also been recognized for

some time and in an early review, Allen and Allen (1950) suggested
a correlation between the colony type and the ability te fix nitrogen.
Herridge and Roughley {1975) described isolates of a Rhizobium sp. which

formed large mucold colonies and were inefficient while others gave
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I Cellular Hegulation of Glutamine Synthetase Activity

The role of glutamine is of central importance in the
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nitrogen metabolism of microorganisms beg

in the synthesis of compounds vital to the ¢ell. The amide grow

h

of glutamine is the preferrsd source of nitrogen for the blosyn-
2

thesis of at least six different compoundsg tryptophan, adenylie

acid, eyiidylic acid, glucosamine-6-P, carbamyl phosphate and

pai]

m«

istidine (Woolfolk et al, 19665 Stadtman et zl, 1967). In add~
ition, the g-amino group of glutamine can serve as a source of

nitrogen for the synthesis of various amino acids vie specific

Q

ol

ransaminases some mleroorganisms produce. The transaminase cat~
alyzes transfer of the g-amino group of glutamine to varlous
o=ketoacids. Thusg, the synthesis of glutamine may be regarded as
the first step in z highly branched pathway leading ultimately to
the blosynthesis of a large number of various compounds,

Glutamine is syntheslized in a reaction catalyzed by the
enzyme glutamine synthetase (G3) {Speck, 1949: Ellio 19483

Elliott, 1951).

s 2 2
Mg Mn
e
L=Glutamste + ATP + NHp p L=Glutamine + AP 4 P1i

Glutamine(anmide)s oketoglutarate amine transferase oxido-reductase

(nADP) (GOGAT) (glutamate synthase) completes the pathway by

22



converting g-ketoglutarate to glutamate (Wulff et 21, 1967).

H'—p L-Glutamate + NADPY

i
&
e
5
S
s

L=Clutanine + OC-Xetoglutsrat

&

:stion becomes assinliiated in-

1z the combined action of glutamine synthetase

a poor affinity for ammonia
1.6. a high Km, and is of no use at low ammonia concentrations

(Brenchley and Magasanik, 1974). At high ammonia concentrations,

GIH catalyzes the formation of glutamate (Meers gt al, 1970):

Below imM EHQ% , GS plays an essentlal role in ammonia assimila-
tion. Due to the unfavorable equilibrium for glutamate formatlon,
it seems evident that GS should cccupy a strateglc role in nitrogen
metabolism and, from the standpoint of cellular regulation, be an

affective target for metabolite control.
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trel by at least four mechanismsg (1) vepression and derepression
of engzyme synthesis (2} cumulative feedback inhibition by multlple
end=products of glutamine metabolism (1) engyme catalyzed attach=-
nent of 5'-ANMP groups to specific tyrosins residues, effecting

modulation of GS activity and alierations in divalent cation speci-

ficity and in feedback inhibitor responses, and {4) modulation of

23



24

GS activity by variations in the ratios of ATP, Mn and other

micleotide di-and tri-phosphates (Stadtman et al, 1967; Shapiro

and Stadtman, 1970).

Figure 1.
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Biosynthesis and metabolic fates of glutamine. M** is a divalent cation, especially
Mg or Mn*'; CP, curbamy} phosphate: G A-6-P, glucosamine-6-phosphate.

(from Stadtman et al.,1967)

It appears that the adenylylating-deadenylylating system as well

as

2k
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the transcriptional regulating mechanism ave the malin mechanisms

controlling the function of glutanmine synithetase.

>

L%
g

It has been established that the synthesls of G8 is de-

ot

pendent upon the nitrogen concentration of the culture medium.
Nitrogen-rich media, especlialliy with high concentrations of ammonium
salts, decrease the level of GS activity in enteric bacteriz (Woolfolk
et al., 1966: Mecke and Holzer, 1966). This is not surprising in
view of the fact that, at high concentrations, ammonium lon will re-
place glutamine as the nitrogen donor in a great many blosynthetlc

reactions E ister, 1965) The composition of the medium determines

not only the activity but also the intracellular level of glutamine

@

synihetase, Cells groving in & medium contalining & carbon soure
and a growth=rats 1initing concentration of ammonla produce the

highest levels of the enzyme. Cells growing in & medivm with an

e

excess of ammonia show a 6=10-fold reduction in amount of enszyme
synthesized (Prival st al, 1973). This fluctuation in the levels
of GS activity is the resuli of regulation at the point of ftranse
eription of GS synthesis which reflects the intracellular concen-
tration of messenger RNA (m=RNA) complementary to DNA for the struc-
tursl gene (gln-A) of GS (Streicher et al., 1975: Magasanik et al.,
197k Tyler et alo., 1974). In organisms devoid of GS, the gln A
m=-RHA is undetectable suggesting that transcripition of gln 4 is not
regulated simply by repression via the G3 protein. Rather, G5 it-
se¥ may regulate the transcription of its structural gene (Weglenski
and Tyler, 1977). There is strong evidence indicating that GS also

)

regulates transeripiion of & number of other genes, z2ll involved in
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nitrogen assinmilation (Strelcher b al., 1974 Magssanik et al.,
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Avtoregulation by GS was first proposed by Magasanil and

investigations of glutamine-requiring

O3
.l
H
<
;)
s
0
o
ped
0
3
=
St
jas
el
o
o
B
n
o
ot
ok
o
-y

mutants of Klebsiella sercgenes. Suech mutants contaln no or very

1ittle GS and have mutations at three unlinked sites on the chromo-

ey

futs

some gin A, gin B, and gln D. Mutatlons in gln A and in gln &, a

site linked to gln B restore the ability to produce G5 to a2 mutant

the structural

zymatic activity. rmal GS which can be replaced by the eplisomal

&

It is also possible that the synthesis of G5 is activated
by unadenylylated GS and repressed by adenviylated GS. Lesions in
enes for proteins involved in the GS sdenviviation

2

s1ter the rate of production of G5 in an inverse manner

on the state of adenylylation of the enzyme {Foor

of selected tyrosine residues on the engyme exists., This leads to
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the adenylylated inactive form or the deadenylylated active form
of GS. Intermediary forms of partially adenylylated GS also exist
(Shapiro and Sté.dtman, 1970) .
R Shapiro investigated the requirements of the deadenylyl-
ating reaction (Shapiro, 1969). Glutamine had previously been

shown to stimulate the adenylylatinz process (Kingdon et al., 1967).

Figure 2.
Activated by glutamine
Inhibited by e-ketoglutarate and glutamate
Unadenyhilated glutamine synthetase ATP-glutamine synthetase adenylyliransierass Adenylated glutamine synthetase

deadenylylating cozyme system

Activated by e-ketoglutarate
Inhibited by glutamine and glutamate ]
Less active form

> active form A e
More active More sensitive to fecdback inhibition

Resistant 1o feedback inhibition

(Shapiro, 1969)

The adenylylated form predominates when the bacteria are grown under
conditions of ammonia excess and conversely the deadenylylated form
predominates when the supply of nitrogen is limited.

GS catalyzes the biosynthetic (forward) reaction involving
L-glutamate and ammonia to form L-glutamline (eguation 1) but it can
also catalyze a transferase reaction involving L-glutamine and hy-
droxylamine to form Y-glutamylhydroxamate (equation 2)(Shapiro and
Stadtman, 1970b).

24
M
(1) L-glutamate + ATP + NHj' —————) L-glutamine + ADP + P1
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The adenylylated form of GS can only catalyze the Torwar

in the presence of Mn“" . The deadenylylated form requires either

activities of both forms of GS are activated by anég whereas Mg<t

4

is able to support the transferase activity of only the deadenylyla-

4

ted enzyne. This provides a tool for assaving the two forms of

glutamine synthetase in that &

can be used to assay total G5 sctivity, whereas the forward

e

doolfolk and coweorkers purified glutamine synthetase from

- N

Escherichia coll in 1966. It was in the deadenylylated form and at

3‘

that time it was not known that two forms exlisted (Woolfolk et al.,

1966). The structure of GS from B.col

Py

was unanblguously disclosed

Hhto

in electronmicrographs (Val@mﬁin gt al., 1968} which showed that

z«
e
b

the enzyme consisted of 12 discrete subunits arranged in two hex-
agonal rings superimposed on one another., The subunit molecular
welght was calculated to be 46,000 while the enzyme had a total mol
letermined by sedimentation equilibrium (Shapiro

% ¥ & 3 3 ¥ -
jeo Hhen purified the enzyme had variable amounts
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of ¥n®" associated with 1t which stabilil

structure, protecting it from reacting with sulfhydrzyl reagents and

other mild denaturants Sbapzr@ and Stadtman, l?é?)@ As well,
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preparations of purified GS differed from dne another in the amount
of covalently bound AMP residues they contained. The content of AMP
varied from 0 to 12 equivalents per mole i.e. a maximum of 1 ATP to
a tyrosine résidue on each of the subunits (Shapiro and Stadtman,
1970) .

The inactivation of GS by adenylylation requires ATP and
two proteins called adenylyltransferase (ATase) and P11 These pro-
teins are also required for the removal of the adenylyl groups which
then restores biosynthetic function to the glutamine synthetase, The
decision to adenylylate or deadenylylate depends on the form of Prr,
Uridylylated Pyt (PIID) activates deadenylylation while removal of
uridylyl groups from Pi1p (PIIA) activates adenylylation. Uridylyl-
transfercse (UTase) catalyzes the uridylylation of Pr1 vhile a dif-
ferent enzyme is responsible for removal of the uridylyl groups

(Kingdon et al., 1967; Shapiro, 1969).

Figure 3. ADENYLYLATION
Alh PP,
{aln ) v
\\\ ATase e g
GS  — T GS - AMP
Active PiA Inactive
/
UMp \ ' UTP
UTase
UR {gin D}
H,0 7 \ {gin B) PP
PHD - UiMP
GS GS - AMP
{gln A) - ATase
4
ADP P,
DEADENYLYLATION
Adenviviation and deadenyiviaiion of ghaamine
syathetase, adapied trom Ginsburg and Stadinan,
GS. vhaamine svntherase (EC 6.3.1.2 . ATuse. ade-

unvlvlanionenzvme . UTase. uridvivl-removing enzvme
el wene controlling production of glaamine svn-

1hetae (Ma'gasanikﬁ 1977)
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Shapire et al. (1967) determined that the growth condi-

b & 3 s 3 2 Y [ N S oo &
tions cevermining the catalytic properiies
 WEY 32 % % S Sy BB i & Ty ofa & iy % . .
of GS. The adenylyltransferase was found to be activated by gluta-

tide derivatives, whereas these compounds had opposite effects on
the deadenylylating enzyme, Consequently, the state of adenylyla-
tion in vive is determined by the intracellular levels of these
effectors. High concentrations of ammonium salts in the growbn

madium will favor the conversion of -ketogiutarate to glutamate

stimulation of adenylyltransferase Py, occurs and resul he
conversion of unadenylviated GS 4o the adenylylated form, Howaver,

The activity of glutamine synthetase in gram=-negative
bacteria is inversely proportional to the state of adenylylation

wnich can be estimated by & number of methods,

e

(Kingdon et al., 1967

As previously mentioned, it is possible to messure the total cate~

f;“:‘u
[}

sm,o

adenylylated and unadenylylated CS using the
Cd =3

transferase assay. The unadenylylated enzyme 1tself ls measured

using the forward sssay. This permits the number of adenvivlatsd
sutunits per mole, n, to be caleulated from the vatio of actividy in
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This method of determining the By value {(state of adenylylation)

o - 58 2 Y % -
ferent average states of adenylylation are designated E {enzyme) and
followed by & subscript Fo To 3 seessec THo to denote the average

number of adenviyl groups per 60

not imply thalt all molecules of G5 present have the same pumber of

o PN

AME zroups attached do them bubt rather, it pertains to the average
b+

s

niunber of adenylyl groups per mole. The ternm, E@@ Bisocosollys {with~

r«e

cut bar over subscript) is reserved for

3

the designa

tion of appary

homogeneous preparations in which each enzyme molecule has the sub-

seript number of adenylyl zgroups attached 1o it.

w

The state of adenylylation of G35 can also be estimated

o

uzing a spectrophotometric assay as well, but this is only vpossible
° ¢ 2

for a purified preparation. For the unadenylylated enzyne ) the

ratio of sbsorbancy at 260 nm to that at 290 nm is 0.89. The bind-

ing of AMP to ths enzyme subunits increases the absorbancy at 260

o o, “%*
A b

5

@
gy

@

but has no significant vt 290 nm. Since the molar absorbanecy
indices of bound and free AMP are the same, the increase in absorbe

ancy of the enzyme at 260 nm is directly proporiionsl to the number of
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enzymes of ammonia assimilation, glutamate synthase (Nagatani et al.,
1971; Robertson et al., 1975), glutamate dehydrogenase (Grimes and
Fottrell, 1966) and glutamine synthetase (Kennedy, 19733 Dunn and
Klucus, 1973) were found in both plant and bacteroid fractions.
Extensive studies have been made on the levels of glutamine synthe-
tase, glutamate synthase and glutamate dehydrogenase in nitrogen-
fixing bacteroids. The enzyme levels varied with the strains

tested and the cultural conditions.

The finding that the major part of glutanine synthetase
activity was present in the plant fraction of the ncdule {(Dunn and
Klucus, 1973) whereas the GS activities were low in bacteroids
examined by Brown and Dilworth (1975) indicates that bacteroids
are not nitrogen limited. The high level of nitrozen fixation by
the acetylene reductlion rates of the intact nodule was insufficlient
to account for the GS present im the bacteroid. Brown and Dilworth
(1975) suggested that ammonia produced in the nodule was more likely
to be assimilated by plant enzymes since no evidence existed for
the GS-GOGAT system in root nodules. Simllariy according to
MeParliand et al. (1976) the major portion of GS activity was asso-
ciated with the cytosol rather than with the bactercids which would
support the idea that assimilation occurs outside the bacteroid.
Purified glutamine synthetase from the cytoscl of soya-bean root
nodules confirmed that the enzyme was of plant origin (McParland
et al., 1976). The function of the ammonia-assimilatory enzymes

of the bacteroids may be to maintain an adequate supply of amino
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glutamine synthetase. O0%Cara and Shanmugam (1976) hypothesized

that the export of excess nitrogen fixed by free-living rhizobia
was accomplished by simultaneously derepressing thelr Nif genes

while repressing genes for NHQ% assimilation.

In free-living nitrogen-fixing R. meliloti Kondorosi et
al. (1977) showed that ammonia was assimilated via the GS-GOGAT
pathway and no GDH could be detected. The level of GOGAT activity
was approximately the same on various nitrogen sources tested.
However the level of glutamine synthetase in the cells varled with
the type of nitrogen supplied and even at high ammonia concentra-
tions GS was still able to provide the bacteris with assimilated
ammoniaz. These results contrasted those of Magasanik et al. (1974)
who found that under similar conditions with Klebsiella, the GS-
GOGAT pathway was repressed and ammoniz assimilation proceeded via
GDH. Kondorosi et al. (1977) suggested GS to be a controlling
element in the nitrogen metabolism of R. melilotl even though they
daid not find evidence for an adenylylation-desdenylylation system
of GS in these bacteria. Ammonium assimilation in Rhizobium sp.
32H1 was investigated and the GDH pathway was found to be inopera-
tive (Ludwig, 1978) but the GS-GOGAT pathway operated at a slow
rate under strict negative control by ammonium itself. The gluta-
mine synthetase activity was modulated by both repression-derepres-
sion and reversible adenylylation indicating that strain 32HL is an
efficient nitrogen-fixing strain which restricts its own ammonium
assinilation in order to maximize the output of fixed nitrogen to
the host plant during symbiosis.

Ammonium assimilation in rhizobla appears to differ

38
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A number of reports began to appear which supported the
involvenent of GS in the regulation of nitrogenase activity in
cultured rhizobia and opened up a controversy in this area. Streicher
and coworkers (1974) first speculated that the regulatory system for
nitrogen=fixation by the Bhigzoblum-legume symbiosis may be similar
06 that in Xlebsiella. Tubb {1974) reported an "ammonium effect”
on nitrogenase activity in Rhizobium sp. 32H1 due to growth on NHQ%
as sole nitrogen source but not complete repression of the enzynme.
Glutamate-initiated growth was observed to result in an excretion
of M, and it was suggested that the GS-GOGAT pathway may be
responsible for establishing a symbiotic infection., However, not
until 1977 was more convincing evidence offered in support of
glutamine synthetase as a controlling element in the nitrogen meta-

bolism of Rhizobium spp. Ludwig and Signer (1977) isolated GS

auxotrophs of strain 32H1 and showed that mutants deficient in GS

activity were deficient in nitrogenase activity as well. A gluta-
mine-requiring derivative of the °fast-growing® species R. meliloti
was isolated by other workers which yielded ineffective nodules on

Medicago sativa (Kondorosi et al., 1977). Their results indicate

that GS plays a role in the regulation of nitrogenase activity in
both free-living Rhizobium and bactercids, although the mechanism
is still unclear.

Two forms of GS, differing in their isocelectric points,
were isolated from cell-free extracts of R. japonicum (Darrow and
Knotts, 1977). It was suggested that the possession of two forms

of GS may confer a physiclogical advantage to rhizobla when entering
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Fig.

Growth curve of Rhizobiu@_§g, R309 in liquiad

CS7 medium,

Cell density was measured as described in

Materials and Methods.

Inoculum #1 (0.30 at A ) OO0

680
Inoculum #2 (0.12 at A680) - -
Inoculum #3 (0.065 at A680) - —

Change in pH B
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Fig. 5. Effect of glutamine concentration on the

growth rate of Rhizobium sp. R309.

Cell density was measured as described in

Materials and Methods.

2 mM glutamine [ 73

1 mM ¥ Qe O
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Fig. 6. Effect of MNa-succinate concentration on the

growth rate of Rhizobium sp. R309.

Cell density was measured as described in

Materials and Methods.

12.5 mM Na-succinate O e ®

6.0 mM v 8——--a

3.0 mM " H—nuid
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atmosphere with acetylene (1.5ml) and oxygen {0.5mi) (Fig. 7).
Nitrogenase activity reached a maximum on day 7 and then began to
decline. The assays were done on triplicate samples and the date
reported are the average minus the endogenous ethylene in the
system determined by an unincculated control. Increasing the cell
density of the inocula resulted in an excess of slime production
which was accompanied by an absence of acetylens reduction. Con-
sistent acetylene reduction occurred in an atmosphere of 16.0ml
containing 1i.5ml acetylene, O.5ml oxygen {3.1%) and 14.0ml argon.
The gas chromatograph was initially serviced and appeared to be in
good working condition. A column was prepared with new packing and
gave peaks similar to those obtained with the old eclumn. The gas
£low rates of HZaNZaAir were periodically checked and maintained

at the following ratio (mil/min) of L40:40:400.

Nitrogenase Activity in Strains RP9 and 32H1

Cultures of R309 were grown on LNBS medium for 4d and
then flushed and gased and nitrogenase activity tested from 4-7
days. Strain R309 exhibited low levels of acetylene reduction
(0,014 to 0,030 nmol Gzﬁa produced per culture per hour) over the
3 day periocd. Acetylene-reducing ability was not consistent amongst
all samples tested. The amount of ethylene in the standard was
0.4735 nmol/ml or 9.25 ppm. No activity with strain R309 was ob=-

served on CS7 medium.
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Fig.

7.

Time course of acetylene reduction by

strain 122 DES cultured on LNB5 medium.

Activity was assayved as described in

Materials and Methods.

The inoculum for each serum bottle was
1 drop of the same cell suspension.

Cultures were flushed and gased at 4 d.
Each point is the mean of 3 replicates
and values were corrected for endogen-

ous ethylene formation.
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Fig. 8.

Photomicrograph of Rhizobium sp. R309 cultured

on CS7 medium and harvested at 2 d.

The bacteria were grown up as described for the

nitrogenase assay in Materials and Methods, but

were not flushed or gased. Instead they were har-
vested by washing and fixed at 2 d as described

in Materials and Methods.

Membrane tubule, MT; Subwall space, SWS.

Magnification 66,700 x
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Fig. 9.

Photomicrograph of Rhizobium sp. R309 cultured

on CS7 and harvested at 2 d.

The bacteria were grown up as described for the

nitrogenase assay in Materials and Methods, but

were not flushed or gased. Instead they were
harvested by washing and fixed at 2 d as described

in Materials and Methods.

Membrane tubule, MT; Subwall space, SWS.

Magnification 99,600 x
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Fig. 10. Photomicrograph of Rhizobium sp. R309 cultured
on CS7 medium without molybdenum and harvested

at o d.

The bacteria were grown up as described for the

nitrogenase assay in Materials and Methods, but

were not flushed or gased. Instead they were
harvested by washing and fixed at 6 d as describ-

ed. in Materials and Methods.

Cell wall, CW. Magnification 54,000 x
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Fig. 11.

on CS7 medium without molybdenum and harvested

at 6 d.

The bacteria were grown up as described for the

nitrogenase assay in Materials and Methods, but

were not flushed or gased. Instead they were
harvested by washing and fixed at 6 d as describ-

ed in Materials and Methods.

Cell wall, CW. Magnification 99,600 x

SI
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Fig. 12.

Effect of protein concentration on the
glutamine synthetase transferase activ-

ity of whole cells.

Activity was assayed as described in

Materials and Methods.

One unit of enzyme catalyzes the form-
ation of 1 umole of y-glutamyl hydrox-

amate per min at 540 nm.
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Fig. 13.

Effect of temperature on the glutamine synthe~

tase transferase activity of Rhizobium sp. R309.

Activity was assayed as described in Materials
and Methods. Between 0.05 and 0.10 mg of pro-
tein were used per assay. Cells were harvested

at 4, 5, and 6 d.

One unit of enzyme catalyzes the formation of
1.0 micromole of y-glutamyl hydroxamate per min

at 540 nm.
R309 harvested at 4 & [F—H
17 11 ) 5 d :é g:

141 1 i1 6 d ( ; ‘ )
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Fig. 14.

Pattern of total glutamine synthetase activity

in strain 122 DES grown on LNB5 media at 28%¢.

Activity was assayed as described for the trans-

ferase assay in Materials and Methods. About

0.12 mg of protein were used per assay.

One unit of enzyme catalyzes the formation of
1.0 micromole of y~glutamyl hydroxamate pexr

min at 540 nm.
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TABLE 1

Total Glutamine Synthetase Activity in Rhizobium spp., 122DES,

R309, 32H1 and B30.

Glutamine Synthetase Activity *
Rhizobium sp. 4 d cells 7 d cells
20° ¢ 28° ¢ 20° ¢ 28° ¢
122 DES - F% 0.27 - W% 0.73
R309 1.00 2.19 1.99 2.88
32H1 1.33 0.00 1.15 0.48
B30 1.01 0.35 1.19 0.43

% gpecific activity is defined as umoles of y ~glutamyl hydroxamate
formed / mg of protein / min.

*% not assayed for.
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Fig. 15.

Pattern of total glutamine synthetase activity
in strain R309 grown on CS7 media at ZOOC and

28°¢.

Activity was assayed as described for the trans-—

ferase assay in Materials and Methods. About

0.09 mg of protein were used per assay.

One unit of enzyme catalyzes the formation of
1.0 micromole of y~glutamyl hydroxamate per

min at 540 nm.

R309 grown at 280C D—A

@ 50% C—
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FPig. 16.

Pattern of total glutamine synthetase activity
. . . o
in strain 32H1 grown on CS7 media at 20 C and

28°¢.

Activity was assayed as described for the trans-

ferase assay in Materials and Methods. Between

0.05-0.10 mg of protein were used per assay.

One unit of enzyme catalyvzes the formation of
1.0 micromole of y-glutamyl hydroxamate per min

at 540 nm.

32H1 grown at 28°C  A—=A

4 1 i ZOOC ( ) ( )
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Fig.

17.

Total glutamine synthetase activity in strain

B30 grown on

CS7 media.

About 0.08 and 0.20 mg of protein were used per

assay of the
tively. One
of 1.0 umole

540 nm.

28

28

20

0 o
200 C and 28 C grown cells respec-
unit of enzyme catalyzes the formation

of y-glutamyl hydroxamate per min at

c o0—-0
C (glutamine deleted) e—@

c DA
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TABLE 2

Relative States of Adenylylation of Glutamine Synthetase of

Rhizobium sp, R309 grown at 28° c.

Time of Glutamine Synthetase Activity *
Incubation 2+** 2+*** o
~Mg +Maq Mg/Mn
(days)
4 0.72 0.075 10.4
5 1.53 0.199 13.0
6 0.453 0.028 6.18
7 1.22 0.159 13.0
8 0.88 0.213 24.2
10 0.729 0.121 l6.6

* specific activity is defined as jqmoles of Y-glutamyl
hydroxamate formed / mg of protein / min.
*% transferase assay

*dw forward assay
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The acetylene reduction assay system was used for the
detection of nitrogenase activiiy in strains 122 DES and 32HLI, Max-
imum nitrogenase activity in strain 122 DES occurred at seven days
(Fig. 7) which agrees with the resulis of Gibson and coworkers
(1976) who also found optimum nitrogenase activity at seven days.

In the Lupin plant host, nitrogenase activity is not measurable until
the twelvth day during nodule development (Robertson et al., 1975).

The test assay system, which was modified by the addition
of the chelating agent Fe-citrate-EDTA and by the lowering of the
agar conecn to 1.0%, failed to increase the vield of ethylene, Acet-
ylene reduction was attained with 122 DES at an oxygen atmosphere
of 3.1% and with 32HL at 27.0%. The assay system failed <o detect
nitrogenase activity in R309 and varying the oxygen atmosphere from
1.6% = 30.0% did not resolve the problem. This study indicates that
nutritional and other reguirements need to be determined for the
expression of nitrogenase activity of each strain.

Another factor involved in the deteciion of acetylene
reduction was the observation that the surface growth was composed
of two colonial variants as has been reported by others (Kuykendall
and Hlkan, 19763 Upchurch and Elkan, 1977). Cultures showing a
preponderance of small, translucent clones frequently showed nitro-
genase activity while cultures with a preponderance of large, slimy
clones were consistently negative. Such variants were first con-
sidered contaminants and were checked for purity by phass-contrast
microscopy. Subculturing the single clemes resulted in revertanis.

However Kuykendall and Elkan (1976) found that the addition of Tween
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