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AESTRACT
Fh.D. Wilfredo L. BRarraguio Microbiol ogy

NITROGEN FIXATION, HYDROGEN OXIDATION, AND NICKEL
UTILIZATION BY PSEUDOMOMAS SACCHAROPHILA

Pseudomonas saccharophila could fix No under mcro-
aerobic conditions, heterotrophaically and chemolithotrophi-
cally. Uptake hydrogenase activity under heterotrophac
conditions had no effect on the 0Op sensitivity of
nitrogenase. Hp induced whereas sucrose and 0Op repressed
hydrogenase synthesis. Sucrose and 0O did not inhibat
hydrogenase activity. Hydrogenase and urease were located
in the membrane and soluble fractions, respectively. Nichkel
stimul ated growth, hydrogenase expression, and nitrogenase
activity under N-limited chemolithotropbac conditions.
Hydrogenase synthesis specifically required nickel and 1ts
repression by 0o was alleviated by increasing the nickel
concentration. Incorporated 63N12+ was about I times higher
in the soluble than in the membrane fraction. The short-
term uptake of nickel was energy-independent and had an

2+
apparent K, of 3JF1.7 uM and Vpay of 3.8 nmol Ni (mg

protein)_lmin—l.
A counting method for heterotrophic and chemolitho-
trophac No—f1xing Ho-oxidizing bacteria was developed.

The white bean rhizosphere soil showed relatively high

numbers of these bacteria.
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RESUME

FPh.D. Wilfredo L. BRarraquio Microbiologie

LA FIXATION DE L°'AZOTE, L'OXYDATION DE L 'HYDROGENE, ET

L'UTILISATION DU NICKEL PAR PSEUDOMOMNMAS SACCHAROPHILA

Pseudomonas saccharophila a pu fixer le No sous des
conditions microaérobiques, hetérotrophigquement et
chémolithotrophiquement. L'activateé d‘absorption de
1 'hydrogénase sous des conditions hétérotrophiques n'avait
aucun effet sur la sensibilité a 1'0- de la mitrogenase.
Ho a induwit, tandis gue le sucrose et 1'0p ont réprimeé, la
synthése de 1 'hydrogénase. Le sucrose et 1°'02 n'ont pas
inhibe 1'activaté de 1 hydrogénase. L 'hydrogénase et
1l 'uréase furent localisées dans la membrane et dans les
fractions solubles, respectivement. Le nickel a stirulé 1a
croissance, 1 ‘expression de 1l 'hydrogénase, et 1 'activité de
la mtrogénase sous des conditions chémolithotrophiques
limitdes en N. La synthése de 1 'hydrogénase a reguas
spécifiquement du nickel, e* sa répression par 10 fut
soul agée en augmentant la concentration de nickel.
L'inecgrporation du 63Ni2+ fut environ trois fois plus

@levée dans la fraction soluble que dans la fraction de 1la
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membrane. L' absorption du nickel & court-terme étart
indépendante de 1l'énerqgie et avait un k, apparent de 3I1.7
UM et un Vpgy de 3.8 nmol N12 (mg proteinm) lmin”l.

Une méthode de décompte des bactéries fixant le N et
oxydant le Ho de fagon hétérotrophique et chémolitho-
trophique fut développé. Le sol provenant de la rhizosphere
des haricots blancs demontrait une population relativement

élevée de ces bactédries.
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CLAIM OF CONTRIBUTION TO KNOWLEDGE™

The ability of Pseudomeonas saccharophila ATCC 15946

to fix Npo was demonstrated unequivocally by CoHo
reduction and 15N2 incorporation. The organism could
fin N2 under microaerobac conditions, hetero-
trophically and chemolithotrophically. This 1s the
tfirst report of an approved species 0f Pseudomonaz, a
genus otherwise known to contain no diazotrophs, that
has the ability to fix Np.

P. saccharophila showed an active uptake hydrogenase
under both No-fixing heterotrophic and N-—-li1m ted
chemolithotrophic conditions. The <former property
suggests that the organism 1s capable nf recycling
the Hp evolved during N fixation. The ability of the
organi sm to grow and fix No under N—-1li1mted
chemolithotrophic ccnditions suggests that the Hop-
uptake system provides reducing power and enerqgy for
fixation of N2 and CO»o.

Under heterotrophic conditions, uptake hydrogenase
activity and exogenous Hp had no effect on the Op
sensitivity of nitrogenase activity.

Synthesis of hydrogenase was 1nduced by Hp and
repressed by high concentrations of sucrose and 0Oa.

Other utilizable organic substrates repressed

synthesis and non-utilizable ones did not.
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Uptal @ hydrogenase activity was not affected by hiah
concentrations of sucrose and U,

Hydrogenase and urease activities were found mainly
1in the membrane and scluble fractions, respectively,
+trom cells 1i1ncubated under N-limited chemolitho-
trophic conditions. This is the first report of
urease activity in Pseudemonas saccharophila,

Growth, hydrogenase wpression, and nitrogenase
activaty was stimulated by nickel under N-limited
chemolithotrophic conditions.

Nickel was specific in stimulating expréssion of
hydrogenase activity because other divalent metals
such as C02+. Zn2+, Mn2+, and Mgz+ were not as
effective.

Nickel was required for the synthesis of hydrogenase.
Increasing the concentration of nickel under N-
limited chemolirthotrophic conditions alleviated the
repressing effect of 0o on the expression of
hydrogenase activity.

P. saccharnphila progressively incorporated 3N12+
under NM-limited chemolithotrophic conditions. The
soluble fraction had about = times higher

%“N1“* than the membrane preparation.

incorporated
The relatively high percentage of radiolabel i1n the
soluble fraction i1s very likely due to the presence

of uwrease, a known nickel enzyme.
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Ihe short-term nickel-uptake system o+ Pieudemoras

saccharophila was 1ndependent of the presence

of

preformed hydrogenase and hydrogenase—-derepression

conditions.

The mckel-uptake system followed Michael:is—-Menten

kinetics with an apparent Ky of J1.7 uM and a Vpay

3.8 nmol Ni (mg prot91n)—1min—1.

of

The nickel-uptake system of P. saccharophila was

energy—independent.

The nickel-uptake system was relatively specific

for

nickel and was not coupled to the energy-dependent

2+
Mg~ ~transnort system.

An enumeration method to accommodate both hetero-

trophic and chemolithotrophic free—~living aerobic

fixing, Ho—oxidizing bacteria was developed.

Nm-

It

employed CoHo reduction and tritium (H H)-uptake

techniques and a semisolid heterotrophic N-lamited

medium that allowed the expression of both nitro-

genase and hydrogenase activities. By this method,

stutzrer: JM 300, another approved species

Pseudomonas, was found positive for both activaita

Pl

of

es.

Among the natural samples tested, the rhizosphere

s0il from white bean showed a relatively high

population of No-fixing Hpo—oxidizing bacteria. These

results and those of other workers suggest that

rhizosphere is a good niche for Hp transformation.
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1. GENERAL INTRODUCTION

The wltimate &ai1m of many studies 18 to 1ncrease
agricultural productivity throuwgh biological ni1trogen
fixation. The dwindling fuel resources, the environmental
problems due to chemircal fertilizers, and the 1ncreasing
cost of producing ammonium fertilizer i1ndustrially are some
of the reasons why 1t 15 1mperative to turn to biologically
fined ni1trogen. PFiological nitrogen fivtation 18 the
nitrogenase—catalyzed conversion of atmospheric mitrogen to
ammonia. The process 1s restricted to prokaryotes and is
carried out under aerobic, microaerobic 4 and anaerobic
conditions (Fostgate 1982). No—fixaing heterotrophs and
autotrophs’ may occur 1n the free-living state, or 1n
associatave or symbiotic relaticnships with eubaryotes
{usually plants) {(Gallon and Chaplin 19875 . The
contribution of these groups to the nitrogen economy of
ecosystems varies with the symbiotic No-fixers being the
most agriculturally important. The other groups, however,
may be important especially i1n ecosystems that have a high
C:N ratio and that are undisturbed (knowles 1977:; Postgate
1982) and probably in habitats i1n whaich there are high
concentrations of Ho and CO» and relatively low Op tension
(Watanabe et al. 19823 Dugnani et al. 1986% FEarraguio et
al. 19883 Conrad 1988).

Aside from the fact that the nitrogenase reaction 1is

an energy—demanding process, 1t 1s obligatorily linked to
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Ho evolution which consumes about 254 of the total electron
f1luu through nitrogenase (Adams et al. 1981), Most
diazotrophs possess Ho-uptake systems which are capable of
recycling the Hp evolved during Np faixation (Howien and
Schlegel 19813 Eisbrenner and Evans 1983), H, uptale s
linked to the electron transport chain which generates
ererqgy and/or reducing power and consumes On (Diston 19723
Adams et al. 1981: BHowien and Schlegel 1981). The presence
of the Ho-uptake system should therefore increase the
efficiency of No fixation. Enhancaing Hy uptake would
apparently have a favorable effect on the efficiency of Nj
fistation. Nichkel was shown to stimulate expression of
hydrogenase activity i1n some organisms (Friedrich et al.
19813 Takakuwa and Wall 1981; Colbeau and Vignaas 1983;
Nabamura et al. 1985: Stults et al. 19863 Doyle and Arp
1988).

The peeudomonads are amongst the most ubiquitous
organisins known (see Section 2.1). They are metabolically
versatile but no legitimate member was reported to fix Np
(Palleroni 1984). In 1983, in the course of testing several
Pseudomonas—like rice root 1solates and known species of
Pseuduomonas for nmitrogenase activaty, only P. saccharophila
ATCC 15946 among the known species was found positive
(Barraquio and Watanabe, unpublished). P. zaccharophila 1s
a well-characterized facultative chemolithotroph (FPallerom

19684) 1solated from the mud of a stagnant pond (boudoroff

194Q).
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The objiectives ot this thesis are as follows:

to confirm the No-fixing ability of P, saccharophila
anc to examine some factors that atfect its
nitrogenase activaty

to determine the presence and examine the regulation
of the Ho-uptake system of Pzeudomonas saccharophila
to examine the role of nickel in the Ho-uptake system
of P. saccharophila

to develop a counting methad that would accommodate
both heterotrophic and chemolithotrophic Ne-fixing

Ho-oxidizing bacteria
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2. LITERATURE REVIEW
2.1. The genus Pseudomonas
2.1.1. Tavonomic ztatus

The genus Pseudomornas 15 one of the most complew
aroups of Bram-negative bacteria (Fallerom L7gd
apparently due to i1ncomplete generic definition (De Vos et
al. 1°98%9). Extensive phenotypic characterization, polar
flagellation., and DNA base composition were aoriginal vy used
for classitication of strains (Falleroni et al. 1970). This
classification scheme led to accumulation o+ a large
collection of strains of 1ncomplete description but which
are aerabic, polarly flagellated, Gram—-rneqative, rod-shaped
bacteria. Fallerony et al, (1973 proposed S ribosomal
ribonucleic acid homology grouns based on competitive rRNA
hybridization studies. Within each rRNA cluster, there was
nearly 100% rRNA similarity (Fallerony et al., 1977 but the
levels af DNA similarity between species were low
(Falleroni et al. 1972). De Vos and De Ley (1987) using
DNA:rRNA hybridization method showed that the five rkNA
groups are remotely i1nterrelated and cannot be maintained
1in a single genus. They suggested that most Preuogomonas
species are located on three rRNA branches: (D F.
fluvrescens branch that 1ncludes P. aeruginosa and P,
stutrer: and other pigment-producing species, L H.
acrdovorans group which contains most hydrogen—-oitidizing
pseudomonads 1ncluding P, saccharovphsla, and <(11[) P,

Fotanacearum qgroup which includes some plant pathogenic




pseudomonads., Ornly P. Tluorescens rRNA branch WaS
considered the true pssudomonads and all otbther species were
generically misnamed (De VYVos and De Ley 19BT) . Recently, a
new genus Comamornas (De Vos et al. 19857 Tamaoka et al.
1987) was proposed to accommodate certain species of the
rRNA  homology group {I1 o+ Falleromi’'s classification.
According to the Woese classification (Woese et al. 1984;
Woese 1987) which 1s hased on phylogenetic relationships,
the species of Preudomonas are spread over the alpha to
gamma subdivision of purple bacteria, now named
Protevbacteria (Stackebrandt et alf. 1988). De Vos et ai.
(1989) continued their phylogenetic studies on unclassified
specles of saprophytic Pzeudomonas and found that two-
thirds of the named Pseudomonas species have been
misclassified and are distributed over at least seven
genera all throuah the Protecvbacteria. Willems et al.
(1989) proposed a new generic name, Hydroagenophaga, +or
hydrogen-oxidizing species of Pseudomonas (P, acidovoerans
rRNA  complex) which includes P. ¥lava, P. palleroni, P,
pseudotlava, P. carboxyaorlava, and P. taenionzpiral:is. In
the following discussiaon, I will follow the classification
proposed by Falleroni (1984) until the phylogenetic studies
on Pzeudomonas are ccompleted and all the proposed names of
spec1es and dJgenera are approved and published by the
International Journal of Systematic Bacteriology.

2.1.2. Nutritioral verzatility

The members of the genus Pseudomunas are aerobic,
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having a strictly respiratory type of metabolism with
xyaen as the terminal electron acceptors: in  some cases
mtrate can be uweed as alternate electron ar.ceptor
(Falleroni 1784). Most species can grow tn mineral media
with ammonium ions or nitrate and & sinagle oraganic compound
as the sole carbon and energy source (Gtanier et al., 1966).
they are chemoorganotrophs but some species can also  arow
under autotrophic condltions usina (O and/or H)y as
energy sowces. Carbon and eneray sources range from simple
to comples or unusual orgamic  substrates. For tample,
psewdomonads are capable of degrading yenobiotics (Busse et
al. 19493 I-chloroben-coate, a ey antermediate 1n the
degradative pathway of many chlorinated aromatics, toluene,
o=, m—, and p-toluate, m— and p—-iylene., and other aromatic
compounds can be uwtilized (Worsey and Williams 1970
Falleroni 1984: Engelberts et al. 1989: Incue and Horit oshs
19@%:  SHylvestre et al. 1989). fFeeudomonads can carry  out
assimilatory and dissimilatory nmibrate reduction (Falleronm
i284). lThey are considered the most commonly 1solated
demitritying bacteria +rom both so1ls and aquatic sediments
and may represent the most actaive denitritarers an natural
environments  (bnowles 19282b). lLespite their nutritional
vereatility, the ability of pseudomonads to 413 mitrogen
had lonag been doubted (Hill and Fostaate 176%: Mostoote
19803 pMeganathan 1979 thus Falleront (1984) assumed that
none of the Asrudomonasz species was & leaytimate nitrogen

fiver. Amora  the putative Ne—t1:ina  Preudeomonaz strains



shown in Table 1y Fseudomonas raccharaphi/a can be
considered the +irst approved species; some species  fauled
to  fix No upon reexaminatinn: some were not classitied as
Pseudomonas; and some may need reclassification or
renaming. Undoubtedly, pseudomonads have ni¥ genes and can
accommodate and express ni1tT genes from other sources.
2.1.5. Ecologrcal diztribution

Ferhaps the catabolic versatility of Preudomonas
contributes to their ubigquity in nature. They can be found
1N various habaitats — 1n terrestrial and aguatac {(marine
and freshwater) niches, i1n humans, animals, plants, foads,
etc. (Stolp and Gadkari 19813 Falleron: 1984), Pseudomonas
15 considered as one ot the predominant organisms 1n  soil
and in marine habitats (Guigley and Colwell 1968: Faul and
Clark 1989 and in the rhizosphere 1in which they are
capable of fixing No. preoducing growth-promoting substances
and siderophores, and being antagonistic to soil-borne
pathogens (Prabha et al. 1978:; Rarraquio et al., 1983;
Kleeberger et al. 19837 Haahtela et al. 198%b; Thomas-
Bavzon et al. 1983; Burr and Ceaser 1984; Rahman et al.
198&6: Laifshitz et al. 1986: De Weger et al. 1986y kraotzby
and Werner 1987: Schippers et al., 1987y Lalande et al.
1989). Geaographically, pseudomorads can be found in the
tropical, temperate, arctic, and antarctac regions
(Haahtela et al. 1983b; Palleroni 19843 Lifshitz et al,

1986 Shaivajla et al. 1989).
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TAEBLE 1§. Ligst of putative and non-putative No—fixing
Pseudomonas

Species Species Remarks Referenceb
in Emse®
P. methanica - not confirmed 1
P. azotocolligans - did not reduce CoHo, 2
9391 mixed culture
P, azotogensis - not Pseudomonas 3
V & NCIB 9277
Pseudomonas sp. - not confirmed 4
P. methanitrairicans - contaminated by S
Methylosainus
P. ambigua - FTN® b
P. glathe: + did not reduce CyHp 7
P. Tfluorescens + genetically constructed e
P, diazotrophicus - FTN 9
Pseudomonas sp. DC - FTN 10
P. paucimobilis SAJ + FTN 11
Pseudomonas sp. 4B ° - FTN 12
P. saccharophila + approved strain 13
ATCC 15946
P, daminuta > FTN 14
P, vesicularys + FTN 14
Psaudomonas sp. - FTN 15
P. stutzer:1 CMT.9.A + FTN 16
P, putida MT 20-3 * genetically constructed 17
P, stutzer: IJM 300 + approved strain 168
P. pseudorlava + FTN 19

aBgergey’'s Manual of Systematic Bacteriology (1984) (see
genus Pseudomonas by Palleroniy (1984)).

®1, Sohngen 1906 (Dalton, 1980a): 2, Anderson (1955), Hill
& Postgate (1969); 3, Voets & Debacher (1936}, Paul %
Newton (1961), De Ley & Park (1966), Hi1ll & Postgate
(1969), Prabha et al. (1978)3 4, Proctor & Wilson (1958):
%, Davis et al. (1964); 6, Golovacheva & Kalininskaya

(1968)3 7, Zolg & Ottow (1975); B8, Mergeay % Garaits
(1978)3 9, PBarraquio et al. (1983), Watanabe et al.
(1987)3 10, Haahtela et al. (1983a & b)g 11, Thomas-
Bauzon et al, (1982), Bally et al (198%)y 12, Chan et al.
(1986)3 13, Barraquio et al. (1986)3 14, Rahman et al.
(1986)3 15, Lifshatz et al. (1986);3 16, Krotzky & Warner

(1987)s 17, Postgats & Kent (1987); 18, Barraquio et al.
(1988) ;3 19, Jenna et al. (1989).

=Further tesats needed are rRNA homology and other genetic
and biochemical tests.




AP Y seudomonas saccharophala

. racecharophila is a GBram-negative ., polarly
flagel lated non—-pigmented rod which grows very well on
sucrose and other sugars and organic acids, 1s capable of
avtotrophic growth with H- as energy source, does not
denitrity but reduces nitrate to nitraite, hydrolyoes
starch, accumulates poly B-hydroiybutyrate, and has a % mol
5+ L of 68.9 (Palleroni 1984). GBlucose, fructose, mannose,
and D-arabinose are utilized only after mutation. Its
ability to fix nitrogen was demonstrated only recently
(Barraguio et al. 1986). It was i1solated by autotrophic
enrichment 1n 1940 from the mud taken from a stagnant pool
(Doudoroft+ 1940). So Far only one strain (strain ATCC
15946) 15 known; a similar strain was isolated by Falleron
(1980) but differed 1n some phenotypic properties and DNA
sequence; same 1salates from surface sediment of freshwater
lakes assigned to P. saccharophila (Schink and Zeihus 1984)
need further characterization. Taronomically, 1t belongs to
the rRNA homology group III 1n which other H-o—oxidizing
pseudomonads (P. Yaci1lis, P, Ylava. P. preudorlava, and P,
palleron:) and non—-oxidizing ones (P, acidovoerans., P
testosteront, and P, delartieldii) are 1ncluded (Falleroni
1984). P. raccharophila shows many phenotypic similarities
to the members of this rRNA group but exhibits relatively
low levels o+ DNA similarity (Ralston et al. 19723 Johnson
and Fallerony 1989).

P. zaccharvphila has been the object of many studies
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of pathways and enzymes of heterotrophic and autotrophic
metabolism (Dowdoroff 17403 Bernstein 19443 Entner and
Doudoroff 1952:; Palleroni 19363 Falleroni: and Doudorot#
19563 Markowits et al. 19567 Young and kKlein 19673 Donawa
et al. 19713 Ishaque et al. 1971a & b, 1973: Donawa et al.
19733 Aleem et al. 1979). Most hexoses and rel ated
compounds are catabolized by the Entner Doudoroff pathway
which was discovered in this organism (Entner and Doudoroff
1992). 0Of particular interest to this thesis are some
aspects of energy generation during arowth under
autotrophic as well as heterotrophic conditions (Donawa et

al. 19713 Ishaque et al. 1971a % bs: Ishaque et al. 1977

1

Aleem et al. 1979). Under heterotrophic growth conditions,
electron flow from NADH to O 15 mediated by a complete
glectron transport chain with three energy conservation
zites whereas only phosphorylation (proton translocation)
sites I and II are involved in the anaerobic (NO- as
electron acceptor) oxidation of NADH. Electrons from
succinate and ascorbate enter at cyt b and cyt ¢ levels,
respectively, with two and one energy conservation sites.
Anaerobic oxidation of succinate yields a very low F/NO-
ratio, thus is poorly coupled to site 1I. Under autotrophic
grewth conditions, only the first two proton translocation
sites are functional and the third one is inoperataive.
Electrons from Hp enter at the cyt b level and Hp oxidation
and coupled phosphorylation appear to involve only

coupling site II under aerobic or anaerobic conditions.
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Cytochrome a3z was detected but the third site lacks cyt a
and was not found Ffunctional in energy generation.
Cytochrome o appears to act as the terminal oxidase both
for NO= - and Op-grown cells. Bone (1960) reported the
presence of two Ho—-activating enzymes in  Pseudomonas
saccharophila, one in the soluble fraction (NAD+—dependent
hydrogen dehydrogenase) and one in the particulate fraction
(NAD+—1ndependent hydrogenase) . However, Fod-uweit et al.
(1983) and the present author practically did not +ind
hydrogenase activity in the soluble fraction. Thus, A,
saccharophila has to carry out energy-reguiring reverse
glectron transfer for NADH formatior under
chemolithotrophic conditions (Gottschalk 1986).
2.2. Nitrogen fixation by free—living aerobic heterotrophs
Biological dinitrogen fixation is the mitrogenase-
catalyzed reduction of dinitrogen to ammonia according to
the reaction
No + 8(H" + e7) + 16MgATP —P» 2NHz + Ho + 16(MgADP + Fi)
The first report of the ability of free—-living aerobic
heterotrophic bacteria such as Azotobacter chroococcum and
Azomonas agilis to fix Np was made my Beijerainck in 1901
(Burris 1988). In the strict sense, free-living aerobic
heterotrophic No-fixing bacteria are those that fix  No
aerobically and not in any association, loose or intimate,
with another micro— or macroorganmism with the carbon and
enarqy supplied by an organic substrate. Some of them are

plant—-associated and some are not.
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Se2el. Signiticance, ecologlcal distribution, and generic
Jiversity

Since most ecosystems are organic carbon and eneray
limited, 1t is generally agreed that +ree-livina aernbic
heterotrophic No fixers contribute little to the tertilaity
of agrrcultural systems (hnowies 19773 Sprent 1979
Fostgate 1982). Only 1n ecosystems where the C:N ratio 13
high could their contribution to the nmitrogen economy be of
significant value (FPostgate 1982). However, they could help
maintain fertility i1n undisturbed ecosystems and 1in  non-—-
intensive agricultural systems. Other benefits could be the
growth-promoting effects on plants and their role 1n the
degradation of recalcaitrant substances (Fostgate 1982,
Their beneficial role in the rbizosphere has been claimed
but the exact mechanism has been difficult to understand
due to the complevity of the rhicosphere system. The
amounts of No  fided by this group of No finers under
natural conditions are only estimates due to methodological
problems 1n guantifying No fixation.

Free—living aerobic heterotrophic diazotrophs are
ecologically diverse. They can be found 1n soi1l, root =zone
(terrestrial and aquatic), Ffresh water, treshwater
sediment, marine water, marine sediment, phylloplane
(terrestrial and aquatic), and animals (tnowles 19773
Guerinot and Fatriquin 1981). Important ecological niches
in which significant amounts of No could be fixed are the

rhizosphere and uwnamended forest and agricultural soals
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(Knowles 1977). Environmental factors that affect the
natural occurrence of diazotrophs and their No-fixing
activities include carbon and energy supply, oxvygen
tension, combined nitrogen, pH. water content, and
avarlability of trace elements such as iron and molybdenum
(Mulder and Brotonegoro 1974: Postgate 19743 Knowles 19773
Jensen 1979). Geographically, they occur in tropical,
temperate, and arctic regions (knowles 19777 Haahtela 198%5;
Lifshitz et al. 1986).

Free—-living aerobic heterotrophic diazotrophs are
generically diverse, At the time of this writing, a total
of 22 unrelated genera are reported to have the ability to
fix No heterotrophically under aerobic and microaerobic
conditions (Table 2). All species in some genera are
capable of fixing No but 1n most cases only a single or few
species of a certain genus are diazotrophs. Our knowledge
of the range of aercbic and other types of diazotrophs
has increased rapidly in the last few years due to the use
of the acetylene reduction technigue and semi-enrichment
technigues that involve the inclusion of a certain organic
carbon source or mivture of carbon sources plus  some
vitamins or veast extract 1n a nitrogen—deficient semisolid
medium (Rennie 19813 Knowles 1982a3 Dobereiner 1988). New
Nm—fixing heterotrophs will undoubtedly be discovered in
the future for it 15 often a matter of employing the proper
isolation techmigques. The use of ri1THDK (ni1trogenase

structural genes) hybridization method is an excellent
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TARLE . List ot genera of +ree—~1living asrobic

heterotrophic No-fi:1na bacter:a”

Condition when Genusb
fastang No
Aerobic Azotobacter (6), Azomonas (1),

sotococcus(l) , Beirjerinckia(4y

Derxza(l)c, Lignobacter (1)
Microaerobic Azospzrzllum(4)c, Aquaspirillum4),

Campylobacter (1), Arthrobacter (1),

®
pseudomonas( © ¥ 9

s 41ca11genes(2)c,
Xanthobacter (2)c, Herbaszpirillum(l),

Acetobacter (1)

Microaerobic to Klebziella(4), Enterobacter (2).
anaerabi1c® Citrobacter (1), Erminzacl),
Escherzchza(z)f, Bacillus(4,
Vibrio<l)

~Compiled from hkpowles (1977), Sprent (1979), Saltinoja-
Salonen et al. (1979), Dalton (1980a), Fostgate (1981,
Guerinot and Fatriguan (19281), Malil and Schlegel L9,
Guerinot et al, (1982), Fostgate ((1982), McClung et al.
(19g3%), Razvlinski and Blakemore (1987, Ladha et al.
(1987), You et al. (1983), PRergey’'s Manual of OSHystemataic
Bacteriology (kKrieg and Holt 1984), Seldin et al. (1984 ,
Baldani et al. (1986), Gallon and Chaplin (1987), FPedrosa

(1988), Gillis et al. (1989), and all the references
listed 1n Table 1.

BNumerals 1n parentheses are the number of diazotrophic
speclLes reported.

cSome members have chemolithotrophic capabilities.

4Two species are genetically constructed.

*Some members tested are capable of fixing Nz 1n semisolaid
medium suggesting that probably all of them can tolerate

low onygen tension when fixing Na.

* One species 15 genetically constructed.
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way of screening for Neo-fixing bacteria which otherwice
could be missed by the acetylene reduction test (Fostgate
et al. 19843 Possot et al. 1986:; Oakley and Murrell 198R).
Very recently, Jenni et al. (1989) showed the presence of
ni1t genes 1N Pseudomonas pseudoflava strain NEU 2252, a
strain which did not reduce CoHo to CaHg.
«2.2. Chemolithoetrophic N» Tixation

Organisms that uwse reduced inorgamic compounds as
source of energy and electrons and COp as the major or sole
source of carbon are called chemolithotrophs (Gottschalk
198¢) or 1n the strict sense, chemolithocautotrophs or
chemoautotrophs (Wood 1988). Dalton‘'s definition (Dalton
1980b) states that a chemoautotroph 1s an organism that i1s
able to obtain the bulk of 1ts biosynthetic carbon from
carbon dioxide or the metabolism of a one~-carbon compound
using either organic aor inorganic compounds as energy
source. If the organism can utilize No as 1ts sole mitrogen
source then 1t is called a No—fixing chemolithotroph or
chemoautotroph. Under Dalton’s definition, the chemoauto-
trophic No-fixing organisms include the Ho-oxi1dizing
Xanthobacter autotrophicus and Pseudomonas saccharophila
(Rerndt and Wolfe 1978; this thesis), the Fe—~oxidizing
Thiobacillus Terrooxidans (Mackintosh 1978), the CHg~
oxidizning HMethvlosinus trichosporium and Methvlococcus
capsulatus (Dalton and Whittenbury 197463 Whittenbury et al.
1970) y, and the CO~-utilizing organisms (Ooyvama 1976). This

section of the thesis is concerned mainly with Ho-
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dependent chemolithotrophy 1n which the nitrogen source 1s
Noo  the energy and electron sowrce 1s Hoo and  the carbon
source 1s COn». The process, therefore, i1nvolves at least o
ey encymes: uptake hydrogenase, nitrogenase, and ribulose
bisphosphate carboitylase (Bowien and Schlegel 19813
Gottschalk 1986). Since N» fixation and CO, faixation are
both reducing power— and energy—-demand: ng processes
(Gottschallk 1986), the hydrogenase reaction should be able
to provide these requarements in order for the organmism to
graw. Dalton (1980b) listed = reasons why the study of
chemol 1 thotrophic No-fixers <(obligate and facultative)
lagged wmuch behind other free—living No—-fivers: (a) they
appeared  late in the literature as authentic diazotrophs
{(the first 2 reports were by Ooyama (1971) and Gogotov and
Schlegel (1974)), (h) their relative uwimportance 1n
agricultural terms, and (c) the difficulty of growina them
to cell densities sufficient to obtain meani1ngtul
biochemical and physiological data. They could be of
industrial 1mportance, however, as bicofilters in the waste
processing industry (Dugnani et al. 1986). Chemolithotrophy
by free-living aerobic heterotrophic dirazotrophs can be a
means of survival 1n ecosystems where there 15 low (-
tension and high concentrations of Ho and CO2. It was tound
to be aimportant for the survival of hydrogenase-positive
Bradyrhizobium japornicum and indigenous soi1l bradyrhizobia
(Lambert et al. 1985b;j V{ter1 and Schmidt 1989). The

impartance of +trace elements, particularly nickel, 1n
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stimulating growth has been reported (Bartha and Ordal
1965: Repaske and Repaske 19746: see Section 2.4 and Chapter
5.

0f the 22 genera of free—living aerobic heterotrophic
diazotrophs shown 1n Table 2, only & so far are known to
contain members capable of chemolithotrophic No fisation.
They are as follows: Ar-ospirillum (lipoferum), Pseudomonas
{saccharophila, diazotrophicus), Alcaligenes (latus),
Xanthobacter (autotrophicus), and Derxia (gummosa) (W1 eqel
and Schlegel 19743 Berndt and Wilfle 1978; Fedrosa et al.
198¢G3 Malik and Schlegel 19813 Bowien and Schlegel 1981;
Pinkwart et 3l. 1983: Gowda and Watanabe 1983: Ravi Shankar
et al. 19863 Barraguio et al. 19863 Watanabe et al. 1987).
Some aerobic diazotrophs have uptake hydrogenase but lack
the ability to grow or fix No chemolithotrophically.
Examples are Azoszpirillum brasilenze, Azomonas agilis,
Bacillus polymyxa, Be1jerinckia Indica, Klebsiella
pneunoniae, and Azotobacter vinelandii <(Fedrosa et al.
19803 PBowien and Schlegel 19813 Gowda and Watanabe 1983;
Wong and Mairer 1985)., This is why the usual method of
isolating and enumerating No—-faixing Ho-oxidizing bacter:ia
using the N-deficient autotrophic medium with Hp, COn, 0On,
and N« as balance gas (Wiegel and Schlegel 19763 De Bont
and Leiljten 1976: Aragno and Schlegel 1981: Knowles 1982a)
is not applicable. Accordingly, a new method to accommodate
both heterotrophic and chemolithotrophic Nop—-fixing Ho-

oxtdizaing bacteria was developed using a heterotrophic
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semisolid medium that allows expression o+ hoth nmitrogenase
and uptate hydrogenase activities (Barraquio et al. 193y,

This method 1s further discussed i1n Chapter 6.

2.2.2., kinds and properties of nitrogenazes

Three kinds of nitrogenases have been purified rrom
Azutobacter species: molybdenum (Mo and wvanadium (V)
nitroqgenases f ound in bhoth A. vinelandi1i and A,

chroococcum, and 1ron (Fe) nitrogenase so tar found only 1n
A. vinelandil (Chisnell et al. 19887 Robson 1986&6; Bishop et
al. 19885 Eady et al. 19883 Fau 1989; Fremal.umar et al.
1989). Vanauium nitrogenase seemed to be present i1n  other
diazotrophs (Dilworth et al. 1987y Chan et al. 17885
kenntemisch et al, 1988). The three -mitrogenases are
similar i1n structure and function (Fau et al. 19883 Eishop
et al. 1988). They consist of two metalloproteins: a 200-
240 kDa protein (component 1) called dinmitrogenase which
contains the active site for substrate binding and 1s
specifically reduced by the second protein, a 6&0-62 LDa
dinitrogenase reductase (component 2) (Fig. 1). Component 1
is an aof32 tetramer with subunits of about 55 kDa and S9
kDa, respectively. It has 4 (4Fe-45) clusters and 2
molecules of cofactors. Component 2 1s a homodimer with
subunits of about Z0-T2 kDa with a cluster of (4Fe-4S)
bridged between the subunits. The nitrogenases differ 1in
their cofactor centres: FeMoco for Mo-nitrogenase, FeVco
for vanadium mitrogenase, and the putative FeFeco for Fe-

nitrogenase (Fig. 1). V and Fe nitrogenases have a small
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(a) Molybdenum-nitrogenase

N> .
| H
Dithionite ¥ « | B Coly
Flavodoxin e- e- ‘
Ferredoxin — P » y » FeMoco
| g2 B ok
i nigtz ©2H4
DNR '
ATP ADP DN
+
Pi
(b) Vanadium— or iron-nitrogenase
S
‘ 8 204 JH3
Dithionite __ Y . X e
Flavodoxin ——p» > or
Ferredoxin Y Mg2 8 FeFeco
o ¥ Hy CoHg
. NH3 +
DNR ATP ADP S CoHg
+
Pi DN

Fig.1. Components of the Azotobacter nitrogenases (slightly

modi fied from Fau (1989)).DNR, dinitrogenase reductasey DN,

dinitrogenase.
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additional subunit 1n component | with molecular mass of
13.3 kDa and 15.3 kDa. respectively (Pau 1989). The
function of this additional subumit 1s not hknown yvet. All
the nitrogenases can reduce acetylene to ethylene but the
Mo-1ndependent nitrogenases are relatively i1nefficient (Fau
19893 Rishop et al. 1988). V and Fe nmitrogenases produce a
small proportion of ethane (CoHy) and greater amounts of Ho
in the presence of CoHn or No (Bishop et al. 19883 Fau
1989), thus detection of CoHg by aqgas chromatography
(Dilworth et al. 1987) could become a routine procedure for
measuwring activity of Mo-independent nitrogenases.
2.2.4. Requirements fTor the nitrogenase reaction

The components of the nitrogenase reaction are gquite
similar for the three kinds of nitrogenases and for the Mo-
m trogenases from different No-fixing orqganisms. At least 6
different components are required for the nitrogenase
reaction including 2 proteins, ATF, a divalent metal
cation, a reductant and electron acceptor (Fost.gate
1982) (Fig. 1). The arbitrary sequence of gsteps 1n the
nitrogenase reaction 1s as follows (Fostgate 19823 Gallon
and Chaplin 1987):

(a) Reduction of Component 2 (Fe protein). An
artificial reductant of the Fe-protein is sodium dithionite
while the natural reductants are flavodosain and ferredoxain
{(Yates 1972: VYoch et al. 1969: Yoch 1974). Rased on the
studies of Lowe et al (1984), Gallon and Chaplan (1987)

argued that the species that 1s actually reduced 1s the
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complex of the oxidized form of the Fe-protein and MgADP
(Fe-proteing,, (MQADF)-o). Eight and twelve electrons are
required for the ™Mo~ and V-nitrogenase reactions,
respectively (Gallon and Chaplin 1987).

(b) Activation of Component 2 by.MgATP. It is not free
ATF that activates the Fe-protein but MgATF~ (Thorneley
and Willison 1974). MQATPQ- forms a stable compley with Fe-—
protein (Thorneley and Eaa, 1973). There are two sites in
the Fe-protein for MgATPZ_ binding. Sixteen ATP's are
renuired for actaivation.

{(c) Reducticn of Component 1 (MoFe-~, VFe-, and FeFe-
protein) by Component 2, Component | is reduced by the
MgATP-Fe protein complex based on Missbauer spectroscopy
data (Smith and Lang 1974). The transfer of electrons from
Component 2 to Component 1 is rapad and irreversible and 1s
preceded by hydrolysis of MgATPE-. The electrons within
Component 1 are then used for substrate reduction. The
Component 2-Component 1 complex dissociates following
electron transfer (Lowe et al. 1784).

(d) Reduction of substrate. Aside from Np, nitrogenase
catalyzes the reduction of CoHz, hydrogen i1on (H+), N=O,
cyanide, azide , alkyl cyanides, alkyl isocvanide, alkynes,
allene, cyclopropene, diazirine (Gallon and Chaplin 1987).
N2 reduction which 1s intrinsically coupled to Ho evelution
takes place at the cofactor (FeMoco, FeVco, or FefFeco) site
of Component 1. It is not clear whether N> binds to the

metal of Component 1.
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(e) Release of products. The products of mtroagenase
reaction are NH-, Ho, ADF, ainorganic phosphate, and
dissociated Component 1 and Component 2.

«2.59. Hydrogen evolution by nitrogenase

As shown 1n the nitrogen reaction (Sect. 2.2), Ho 15
obligatorily evol ved as nitrogenase catalyzes the
reduction of N7 and protons (see also Section 2.7.4). Mo-
independent nitrogenases evolved more Hn (3 moles H-  per
mole of No fixed as compared to 1 mole Ho per mole of No
firved in Mo—dependent nitrogenase) (Gallon and Chaplan
1987). The relationship between Ho evolution and
nitrogenase in aerobic No fixers was first noticed by Hoch
et al. (1957). Hydrogen evolution in vitro was demonstrated
in nitrogenase preparations of Arotobacter vinelandi: by
Burns and Bulen (1965). Under an i1nert atmosphere of argon
or helium, nitrogenases catalyzes solely the reduction of
H+ to Ho (Simpson and Burris 1984). All substrates ot
nitrogenase are known to inhabit Hp evolution to difterent
extents. For example, very high pressures of N-0O or CoHo
block Hy evolution completely, whereas very high pressures
of N block evolution of H- only partially (Simpson and
Burris 1984). Under optimal conditions for N, +ixation, 29%
of the total electron flux and energy reqgquirement of
nitrogenase 1is allocated for formation of H2 (Simpson
1987). In vitro, 1007 electron flux to Hp can be obtained

even 1n the presence of No by manipulating the reactants

{(Yates and Walker 1980). Yates (1988) stated that i1f the
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reductant, ATF, or the reduced Fe protein are limited, the
effective reductant (the reduced Fe protein : 2Mq2+ ATHF
complex) 1s limited resulting in more Ho production. Stam
et al. (1987) concluded from their calculations that the
nitrogenase-catalyted Hp evolution has more influence on
the efficiency of No fixation than the presence or absence
of a Ho-uptake system.

The mechanism of Hp evolution 1s not yet understood.
Chatt (1981) postulated that reducing equivalents supplied
to the FeMo protein active site generate a trihydride of
bound Mo, and that No may displace two H atoms from the Mo
trihydride to form a bound Mo-N- complex and one mole of
Ho.
2.2.6. Electron transport to nitrogenase

Laane et al (1978) and Haaker et al (1974) claimed
that the praoduction of reducing equivalents for nitrogenase
15 the rate-limiting step 1n aerobic No—fixation. NAD(FIH.
which 15 generated from the pentose phosphate cycle 1s
generally accepted as the reductant for ferredoxin and
flavodoxin (Gallon and Chaplin 1987). The reductants for
nitrogenase are ferredoxin and flavodoxin (Yoch 1979,
Froton motive force, particularly the membrane potential
component, was reported to be involved i1n the provision of
reductant 1in Azotobacter (Haaker et al, 1980).
2.2.7. Regquiation of nitrogernase

Nitrogenase activity in vive 1s regulated by On,

NH4+, H2, ATF availability, covalent modification, and
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availability of reducing equivalents (Eady 1981). Synthesis
of nitrogenase 15 requlated by On, NH4+. amino  acids,
nitrate or nitrite, molybdenum, cyelic nucleotides,
nitrogen starvation, and carbamoyl phosphate. 0Ff these
factors, 0Of and NH4+ are the most studied. The following
discussion will be limited to these two factors.
Factors that regulate nitrogenase have been reviewed (Brill
1979: FRobson and Postgate 19803 Eady 19813 FPostgate 1982
Gallon and Chaplin 19873 Yates 1988).
2.2.7.1. Oxvygen

Oxygen 1is responsible for reversible ainhibition of
nitrogenase activaity in vive and causes i1rreversible damage
to nitrogenase. Not only both mitrogenase proteins but also
electron carriers are sensitive to O (Gallon and Chaplan
1987). Component 2 (Fe-protein) is more rapidly i1nactivated
compared with Component 1., The mechanl sms of O
inactivation of nitrogenase are not yet well understood. In
most bacterial systems studied, the toxicity of 02 1s
attributed to the production of superoiide radicals (02'—)
{Youngman 1984). More reactive 0O, species such as
perhydrony and hydroxyl radicals can also be produced from
superoxide and cause a lot of oxidative damage (Robson and
FPostgate 19803 Gallon and Chaplin 1987). Aerobic
diazotrophs have several protection mechanisms against Oo
damage: resparatory and conformational protection, Hop-
linked Qo uptake, involvement of superoxide dismutase,

catalase, and peroxidase, extracellular gum production, and
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presence of carotenoids (Robson and Postgate 19805 Dangler
and QOelze 19873 Gallon and Chaplan 1987: FPedrosa 19883
Yates 1988). The most studied mechanisms are respiratory
and conformational protection in azotobacters. In
respiratory protection, the organism can adjust 1ty
respiratory rate 1n response to increased O concentration
(Robson and Fostgate 1980)., At high O= tension,
azotobacters can exhibat remarkably bigh rates of
respiration. This is because electrons +low through an
alternative branch of the respiratory chain which is not
associated with the energy coupling site thus increasing
the rate of electron flow to O (Yates 1988).

Nitrogenase activity 1n azotobacters 'switch of+" and
"switch on" 1n response to sudden increases and decreases
in aeration (Robson and Postgate 1980). In the "switch off"
state, nitrogenase i1s conformationally protected. A protein
which forms an O-o—stable complex with nitrogenase proteins
in the presence of Mg2+ ions was found in Azeotobacter
chroococcum and Azotobacter varnelandii {(Haaker and Veeger
19773 Robson 1979). Veeger et al (1980) reported that both
nitrogenase components 1n  Azeteobacter vimelandii could
partially be protected against O, damage by associating
separately with the protein but the two proteins differed
in amounts of Mg2+ required. On the other hand, kuhla and
Delze (1988) demonstrated that the "switch off" behavior
depends entirely on the rate of supply of the energy and

carbon source rather than on the rate of total oxygen
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consumption by the cells. Conformational protection was
also observed in Xanthobacter fTlavus (Yates 1977), Dervxia
gumnosa (Hill 1971), and Azospirillum brasilenze (Hartmann
and Burris 1987).

Oxygen represses nitrogenase synthesis in a number of
diazotrophbs. The most understood system concerning Oo
regulation of nitrogenase synthesis at the molecular level
is that of Alebsiella prneumuniae. Repression of mitrogenase
synthesis by 0> at the level of transcription and the ni17Ll
gene product is involved (Hill 1988). The current model of
n1t regulat.on i1n Klebsiella preumoniae 1s shown in Fig. 2,
At 460 uwM, Oo 1nhibits derepression of ri17fLA: at Q.1 WM,
O~ 1nhibits derepression of other rnif operons via the nifl
products and at 6é wM, 0o inhibits nmitrogenase actaivity
which, through N deprivation, indirectly prevents nitro—
genase synthesis.
2.2.7.3. Ammonium

The short—term inhibition of nitrogenase activity by
NH4+ (NH4+-5witch off) was observed in Azotobacter species
(Eady 198B1), Azospirillum species (Hartmann et al. 1986),
and Herbaspirillum seropedicae (Fu and Burris 1989) but not
in Klebsiella preumoniae (Tubb and Fostgate 19773). The
inhibition 1s reversible, the recovery time depending on
the amount of NH4+ added. Different mechanisms of NH4+
inhibition seem to operate i1n different diazotrophs. In
some N-o—fixing bacteria, the inhibition 1nvolves. covalent

modification of the Fe protein by ADP-ribosylation of a
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Fig. 2. The current model for nif regulation in HKlebsiella
pneumoniae (Hill 1988). The two-tier regulation by high
(hi) and intermediate (int) levels of fixed N (N) are
shown, together with 3 apparent interactions of O-.
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specific arginine residue (Pope et al. 1985 Hartmann et
al. 198&6). In Azotobacter vinelandii, the +ocllowirg +actors
affect i1nhibition of mitrogenase activity by NH4+ {(k.Jughaist
and Haaker 1984): (a) dissolved onygen concentration -
when cells are i1ncubated with low concentrations of oxygen,
nitrogenase activity 15 low and ammonia inbibits strongly,
but with more oxygen, nitrogenase activity 18 high and
ammoni1a 1inhibits weakly, (b)Y pH - at a low pH, NH4+
inhibits more strongly than at higher pH and (e)
respiration rate — when cells are grown with excess oivgen
the respiration rate 1s high and i1nhibition 18 small, but
with oxygen-limited conditions, respiration rate 1s low and
inhibition 15 strong. Laane et al. (1980 showsd that ammo-
mum specifically switches off the flow of reducing eguiva-
lents to mnitrogenase by lowering the membrane potential.
Nitrogenase synthesis 15 repressed by NH4+ in atl
free~living diacotrophs. Like O regulation ot nitrogenase
synthesis, repression by NH4+ occurs at the transcraiptional
level in hklebsiella preumoniae (Hill 19883 Cannon et al.
198%), It involves the nifL gene product which responds
quickly to the presence of excess fiied nitrogen and
apparently ai1nactivates the ni1¥A protein thus preventing
further transcription of n1¥ genes (Fig. 2). It also
involves the gene products of nitrogen requlation (ntr)
genes A arnd C which act on the promoter region of niflA

operon depending on the level of fixed N. The product of

gene ntrC 13 subject to regulation by the product of ntrB.
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(he ntrd aemne product funcltions as the O—factor o+ the RNA
pol ymerase reguired tor initiation of franscription at
promoters of nir genes and nit genes (Canhon et al. 1985).
2.2.8. Nitrogenase genes

The nif genes of kKlebsiella prneumoniae are the most
studied among diazotrophs. Its ri¥ regulon occurs as a
single cluster of 21 genes extending over 23 kb next to the
histidine operon 1in the chromosome (Cannon et al 1983
Merrick 19883 Divon 1988). The nif¥ genes and their products
and function of the products are shown in Fig. I and Table
T. The structural genes are ni1TADH and these genes are
sa1d to be highly conserved in diazotrophs that possess Mo-
nitrogenase. Mutation 1n any of these genes renders the
organi sm incapable of acetylene reduction (m trogen
fixation). Newly discovered genes are nifC, 7, 2, and W and
these together with nifY,Xx, ¢, and 5, have as vet no known
function. rni17¥V was suggested to be 1nvelved 1n FeMoco
synthesis but recently it was reported to encode for
homocitrate synthase (Hoover et al. 1987). The relation of
homocitrate synthase to FeMoco synthesis i1s not known.

Relatively fewer studies have been done on  the
genetics of nitrogenase in Azespirillum and Azotobacter
compared with those on Klebsiella. However, the data
available show some evidence that the ni17¥ genme organization
in Azotobacter and Azospirillum differ from that of
Klebsiella 1n some sianificant aspects (Cannon et al. 1985;

kennedy and Toukdarian 19873 Merrick 1988: Elmerich et al.
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Vertical columns indicate gene functions
arrows indicate gene transcripts (Cannon
Merrick 19883 Dixon 1988).
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and their products in

._._a
hiebsirella prneumoniae

nit Molecul ar Function
gene mass (kDa)
0 nDP Mo uptake
B 49 FeMoco synthesis
A o7 Transcription activation
L. 45 Transcription repression
F 19 Flavodoxin subunmit
M 28 Fe-protein processing
z ND Unknown
W ND Unknown
v 42 FeMoco synthesis
3 45 MoFe—protein processing
u =5 MoFe-protein processing
X 18 Unknown
N S0 FeMoco synthesis
E 40 FeMoco synthesis
T ND Unknown
Y 24 Unknown
k 60 MoFe—protein f-subunit
D 56 MoFe—protein a-subunit
H a9 Fe-protein subumt
c ND Unknown
J 120 Pyruvate-flavodoxin

oxildoreductase subumt

fnfter Cannon et al 19855 Gallon and Chaplin 1987: Merrick

1988: Dixon 1988.

bNot determined
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1988; Dixon 1988). For example (a) presence of TIVABC
genes 1n Asospirillum and Acotobacter, (b)) occurrence of 5
open-reading-frames: 2 between ri1¥Y and niTE, I between
netV and riti, and one upstream of ni1¥fl in Azotobacter, (c)
presence of larger spacer regions between rifX and rnifl and
between niTH and ni¥F 1n Azotobacter, and (d) absence of
nitd in Azotobacter. Otherwise, the relative organication
and regulation of the ri1f genes have considerable
similarity in Klebsiella and Azotobacter.
2.3, Hydrogen oxidation by free-living aerobic
heterotrophic diazotrophs

The ability to owidize Ho is a unique property of
hydrogen (knallgas) bacteria and was first observed in 1905
(Schlegel 1976). The relationship between No fixation and
H> oxidation was first noted 1n 1941 by Fhelps and Wilson
in the nodules of Pisum sativum Fformed by Rhizobium
leguminosarum strain 311. Hydrogenase activity of whole
cells and cell-free extracts of Asotobacter vinelandii was
observed to increase when the organism was fixing No
(Wilson et al. 19423 Lee et al. 1942; Lee and Wilson 1947;
Green and Wilson 195%). Dixon (1967, 1968, 17972) showed
that the Ho produced during N2 fixation by pea nodules was
utilized by an Ho oxidation system. Ho evolution was
observed in No-fixaing Azotobacter chrovceccum 1n the
presence of CO and CoHo, 1nhibitors of uptake hydrogenase
(Smith et al. 1976).

The above observations led to more intensive studies
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mn  the Ho-recycling system of aercbic diazotrophs, both
symbipotic and +ree-living. Many data are avairlable on the
different aspects of Hs oxidation in non-diacotrophic
hydrogen bacteria (e.q. Alcaligenes eutrophus and
Paracoccous denztrifticans) (Bchlegel and Eberhardt 19723
Frobst 1980; Howien and Schlegel 1981:; Adams et al. 1981
Vignais et al. 1981: Schlegel 19893 fFriedrich 198%9) and ain
diazotrophs (e.q. Bradyrhizobium japoricum and Rhodobacter
capsulatus) {(Adams et al. 19813 Eisbrenner and Evans 19873%;
Vignais et al. 19835; Maier 19863 Evans et al. 1987:; Stam et
al. 1987; O0'Brian and Maier 1988 and 1989). Thais szection
will focus on the hydrogen-oxidation system ot Azoeotobacter
and other aerobic free-living diazotrophs and reference to
other systems will be made when necessary. This subject was
recently reviewed by Yates (1988) and Fedrosa (1988).
2741, Chemalithatrophic and heterotrophic hydrogen
ovidatzron

Chemol1thotrophy 1s defined in Section 2.2.2.
Bacteria that have the ability to oxidice Hp with On as the
electron acceptor (N03~ may serve as an alternate elegctron
acceptor for some) may be arbitrarily classified according
to nutritional capabilities. Those that can utilize Ho  (a)
only under autotrophic conditions are chemolithotrophic
(or obligate) H- onidizers; (b)) heteruwtrophically and
autotrophically are facultative chemolithotrophaic Ho-
oxidizers; and (c) only under heterotrophic conditions are

heterotrophic Hp oxidizers. The ability fo oxidize He and
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grow chemolithotrophically is dependent on the abilaity to
synthesize COx—-fixning enzymes (Bowien and Schlegel 1981).
So far there are only two reports of obligate chemolitho-
trophic non-diazotrophic Ho oxidizers (kawasumi et al.
19803 Nishihara et al. 1989)., Most hvdrogen bacteria are
facultative chemolithotrophic Hp oxidizers (Aragno and
Schlegel 19813 Rowien and Schlegel 1981). Pseudomonas
saccharophila, Xanthobacter autotrophicus, and Derxia
qummposa  are examples of No-fixing facultative chemolitho-
trophic Ho oxidizers (Berndt and Wolfe 1978; Fedrosa et al.
19803 Ravi: Shankar et al. 19863 Barraquio et al. 1986;
Rarraguio and kKnowles 1989). Azcetobacter vinelandii,
Azospir:llum brasilense, Azomonas agilis, Bacillusx
polymyxa, DBeijerinckla Iindica, and Klebsiella prneumonilae
are Nz—-fixing heterotrophic Ho oxidizers which do not have
the ability to grow chemolithotrophically (Pedrosa et al.
19803 Bowien and Schlegel 19813 Malik and Schlegel L9813
Gowda and Watanabe 19833 Wong and Maaer 1985). Some
hydrogen bacteria have mixotrophic capabilaities (Bowien and
Schlegel 1981). Azotobacter vinelandii was reported to have
mixotrophic capability i1n which H- serves as the energy
gource for uptake of mannose which 1s eventually utilized
(Wong and Maier 1985; Maier and Prosser 1988).
2.3.2. BenetTits of hyarogen oxidation fTor diazotrophs

Fig. 4 shows some of the appareat advantages of the
presence of uptake hydrogenase 1n aerabic diazotrophs.

Theoretically, nitrogen fixation efficiency will 1ncrease
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Fvred
Fdred
ATP ADP + Pi -
c 2
2+
—
2NH3
Hop

Fig. 4. Scheme for nitrogenase-hydrogenase relationship in
aerobic diazotrophs (modified from Adams et al. 1981). DNR,
dinitrogenase reductase; DN, dinitrogenase; UM, uptake
hydrogenases; RC, respiratory chaing Fd, ferredoxin
(oxidized or reduced); Fv, flavodoxin (oxidized or

reduced); C, cytoplasm; M, membrane.



Y

A 4

AL

36

in the presence of an active Ho-recycling system. In
Azotobacter chroococcum, Hp oxidation 1s beneficral for
growth under sucrose-limited No-fisxing chemostat culture
(Aguilar et al. 19853 Yates and Campbell 1989), The
proposed benefits to diazotrophs of recycling Hp are as
follaws (Dixon 1972: Robson and Fostgate 1980):
(a) Frotecting nitrogenase <from Op a1nactivation

Ho vidation wvia hydrogenase 1s coupled to the
eiectron transport chain with 02 as the electron sink thus
keeping 0o away from the vacinity of mtrogenase. The
experimental test for this 1s the shifting of the optimum
nitrogenase activity from lower to higher 0O tension
(Robson and Fostgate 1980). This phenomenon was observed an
A. chroococcum under carbon-limited conditions (Walker and
Yates 1978), Bradyrhizobium 1aponicum and Rhizobium
leguminosarum bacteroids (Emerich et al. 1979; Ruiz—fArgueso
et al. 1979: Nelson and Salminen 1982), and Rhodobacter
capsulatus (Meyer et al. 1978) but not in Azospirillum
brasilense (FPedrosa et al. 1982). In vivo experimental data
on legumes do not support this mechanism (Minchin et al.
1985 .
{b) Beneration of ATP and /or reducaing power for
nitrogenase reaction

The electrons generated by the uptake hydrogenase
reaction pass through the electron tranaport chain and
produce ATF (by oxidative phosphorylation) and reducang

power (Adams et al. 1781; see Section 2.3%.73). This ATF may
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be utilized for the nitrogenase reaction. Wallker and Yates
(1978) reported wtilization of Heo as hydrogen donor but  no
Ho-supported ATF generation in Azotobacter chroococcum,
However , Laane et al. (1979) speculated that H» recycling
only recavers ATP and is5 less coupled to generation of
reducing power in Azotebacter vinelandii. Both ATF  and
reducing power were provided by Ho via hydrogenase 1n
Bradyrhizobium laponicum and Rhizobjum lequminoszarum
bactercoids (Ruiz-Arglieso et al. 19793 Emerich et al. 197%;
Nelson and Salminen 1982; Salminen and Nelson 1984). The
ability of Xanthobacter autotrophicus, Derxia gumméga,
Pseudomonas strain HB (P, diazotroephicus), and Pseudomonas
saccharophila to grow under No-fixing chemolithotrophic
conditions suggests that Hyp via hydrogenase and the
electron transport chain generates reducing power and ATP
not only for No fixation but also for CO- fixation (Berndt
and Wilfe 19783 Ravi Shankar et al. 19863 BRarraquio et al,.
19863 Rarraquio and knowles 1989; see also Section 2.2.2).
(c) Protection of mitrogenase from Ho inhibition

The nitrogenase reaction evolves Hp which ironically,
is a competitive i1nhibitor of No reduction (Hwang et al.
1973). This proposed protective mechanism is considered by
Mortenson (1978) as a prime function of hydrogenase. Berndt
and Wolfe (1978) showed evidence of this protectave
mechanism of hydrogenase in Xanthobacter autotrophicus but
only when Hp was added in the headspace suggesting that the

concentration of Hn evolved by nitrogenase is not
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inhibitory. In Azotobacter, Walker and VYates (1978)
suggested that the i1ntracellular H- concentration would not
increase sufficiently to inhibit Np reduction. 0On the other
hand, Dixzon et al. (1981) concluded that without
hydrogenase to recycle the evolved H», the Hp concentration
in pea and lupine nodules could inhibat nitrogenase
activity.
2.3.3. Hydrogen oxidation and the respiratory chain

Many studies on the Ho—-oxidation-related electron
transport chain have been done on diazotrophs (e. q.
Bradyrhizobium japonicum and Rhodobacter capsulatus) and
hydraogen bacteria (e.g. Alcaligenes eutrophus and
Paracoccus denitrifticans) and several excellent reviews on
the subject are available (Fowien and Schlegel 1981; Frobst
1980; Vignais et al. 1981, 1985: Eisbrenner and Evans 193
Maier 19863 Evans et al. 19873 O'Brian and Marer 1988,
1989). Relatively few studies, however, have heen done on
free-living aerobic heterotrophic diazotrophs (Donawa et
al. 19713 Ishague et al, 1971a & b, 1973; lLaane et al.
1979: Wong and Maier 1984; Podzuweirt and Arp 1987). It as
generally accepted that all diazotrophs so far studied have
a membrane-bound hydrogenase which couples H-o to the
electran transport chain. However, the question at what
site 1n the respiratory chain the electrons from Ho enter
is not yet resoplved. There are suggestions that the entry
site is at the ubiguinone level 1n some Hp-oxidizing

diazotrophs (Wong and Maier 1984: Vignais et al. 1985;

i -
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Marer 1986) and hydrogen bacteria (Probst 1980),

Fig. % shows the respiratory chain of Pzeudomonas
saccharophila, Azotobacter vinelandii, and Bradyrhizobium
Japonicum. In autotrophically grown cells of P.
saccharophila the electrons from Hp were reported to enter
at cyt b bypassing NADH dehydrogenase (Donawa et al. 19713
Ishaque et al. 1971a % b, 1973; Aleem et al. 1979) (Fig
Sa). Because ©Site 1 specific inhibitors (rotenone and
atebrin) did not eliminate phosphorylation linked to Hs but
did eliminage the MADH associated ATP generation, 1t was
concluded that only coupling Site II <(between cyt b and cyt
=) was 1nvolved i1n Hy oxadation. It is surprising that Site
111 was found to be non-functional. Donawa et al. (1971)
suspected however, the existence of a phasphorylation
(proton trarslocation) site between Ho and cyt b to account
for the ATP formed. The absence of soluble NAD-dependent
hydrogenase in P. saccharophila (Fodzuweirt et al. 19835
thais thesis) suggests that the organmism growing under
chemolithotrophic conditions bhas to generate NADH by
reverse electron flow (Gottschalk 1986).

In 4. vinelandii, cytochromes b, -, and 4 with cyt J
as the terminal oxi1dase were found to be i1nvolved in Hp
oxidation (Laane et al. 1979 Wong and Maier 1984) (Fig.
Sb). Cytochrome « was also found but did not seem to be
1involved i1n He oxidation. The pathway to cyt 4 is not
proton translocating. The specific sequence shown i1in Fig.

Sb 15 hypothetical. Laane et al. (1979) proposed a fourth
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(a) Pseudomonas saccharophila

1]}

Hpase

1 ¢ I1 I11

NADH -p Fp -9 Q,cyt b-pcyt c—pcyt o,(a)-p 0y

(b) Azotobacter vinelandii

H2
Hpase 1IV? 111
cyt cgqcs —pcyt a,o—P03

I ‘11? ?
NADH —p Fp-pmn-yo:;cyt b ?

Nat

? cyt d-p 03

(c) Bradyrhizobium japonicum

Hy

Hjpase

Component bsgsg ?

1? II I1I
NADH—Pp-? —Pp UQ-pcyt b-p cyt c—pcyt aaz—p 03
111
b'—p 02

Fig. 5. Hydrogen-ovidation-coupled electron transport chaimn
in (a) Pzeudomonaz zaccharophirla (Donava et al. 19713
Ishaque et al. 1971: Ichaque et al. $1977): (b))  Arotobacter
vinelandzl (L.Laane et al. 1979; Wong and Marer 1984); and
(c) DRBradyrhizobium japonicum (Eichrenner and Evane 19823
Eisbrenner et al. 1982: 0'Brian and Maier 1982, 198Y%a % b3
Maier 1936). Roman numerals represent proton-translocating
or energy coupling sites. Fp,y, flavoprotein: FDK, +lavodoxin

reductase; 0O or uUld, quinone oar ubiquinones Hhase,

hydrogenase: question marks i1ndicate hypothetical electron

carriers or pathways,
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coupling si1te at the level of hydrogenase as the sike of
erntry of glectrons  +rom Ho. They suqrested that
hydrogenase 1n the proper orientation withim the membrane
can act as a proton pump. Wong and Maier (1984) suggested
the 1nvolvement o+ ubiguinone as an electron carrier from
H>. Flavoproteins were found not to be involved 1n the P.
saccharophila and A. vineland11l electron transport chains
indicating that the flow of electrons in Ho oiidation 1s
not the same as that in NADH oxaidation.

In Bradvyrhizobium rapornicum {(Fig Sc), electrons from
Ho enter at the ubiquinone level (0°'Brian and Maier 1983h).
However, Eisbrenner and Evans (1982) and Eisbrenner et al.
(1982) suggested the presence of component-559 similar to
b-type cytochrome as the electron carrier from Hn to
ubiquinone. However, O'Brian anc Maier (198%9a % b; 1988)
provided evidence against the edistence of component-559.

It appears +rom Fig. S that at most 2 energy coupling
sites are anvolved in H» oxidation as compared to NADH
oxidation which 1s generally accepted to have 3 (Jones
1982). 6Stam et al., (1984) concluded from their chemostat
studies 1n  Rhrzobrum ORS 71 that Ho oxaidation 1s less
enerqgy vielding than the oxidation of endogenous
substrates.
2a3.4. Types, localization and properties of hydrogenase

Hydrogenase, the class of enzymes that activate Ho,
was discovered about 60 years ago by Stephenson and

Stickland (1931). The types of hydrogenases according to
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metal components are Fe, NiFe, and NifFeSe (Teiueira et al.
1987 Moura et al. 1988a; Fauque et al. 1988). The three
types of hydrogenases according to the reaction they
catalyze can be found 1n diazotrophs (aerobic and
anaerobic) (Yates and Robson 19835):
(a) reversible hydrogenase

This enzyme catalyzes the reaction in the direction
of Hp evolution (reaction 1l). The reaction 1s sensitive to

inhibition by CoHo (8mith et al. 1976). It is found 1n

2H + Ze —P Ho (1)

facultative and obligate anaerobes, diazotrophic as well
as non-diazotrophic. The physiological role of this
hydrogenase 1n both groups of organisms 1s to dispose of
excess reductant (Adams et al., 1981).
(b) unidirectional uptake type of hydrogenase

This enzyme catalyzes the reaction in the direction

of proton and electron separation (reaction 2). It 1s

sensitive to inbhibition by CO, CoHo, NOQ_, and NO (Smith et
al, 1976: Tibelius and kKnowles 1984; Hyman and Arp 1987),
It is present in aerobic No-fixing bacteria as well as non-
diazotrophic hydrogen bacteria. The physiological role of

uptake hydrogenase in No-fixing bacteria 1s to recycle the
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H> produced by the nitrogenase reaction. In hydrogen
bacteria., there are two types of uptake hydrogenase
according to its localization in the cell: membrane—bound
(NAD-independent) and soluble (NAD-dependent) (Adams et al.
1981). It 15 generally accepted that all aerobic
diazotrophs have membrane-bound hydrogenase. Wang and Watt
(19684) reported uptake hydrogenase activity associated with
the purified and crystallized MoFe protein (dinitrogenase)
of Azotobacter vinelandii., Chen et al. (1984) reported
Anabaena straina with nitrogenase—dependent Ho-uptake
activity 1n the dark. Further studies are needed to verify
these 1nteresting reports.
(c) ATP-dependent Ho evolution

Nitrogenase acts as a hydrogenase by catalyzing <¢he
the ATP-dependent Hp evolution (see also Section 2.2.95)

(reaction 3), This reaction iz insensitive to inhibition by

ATP + 2(H + ) —Jp ADP + Fi + Hp (3)

CO (Smith et al. 1976).

Hydrogenases <+rom diazotrophs can be found 1in the
membrane and/or periplasm, and/or cytoplasm (Bowien and
Schlegel 19813 Moura et al. 1988b) and 1n some cases they
can ex1s5t 1n multiple forms (Moura et al. 1988a). Except
for the hydrogenases of Rhodaebacter capzulatus and
Desulfovibrio desulfuricans which have only one subunit

(Colbeauw et al. 19831 Moura et al. 1988b), all hydrogenases
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have 2 subunits with molecular mass of approximately &0 and
30 kDa (Bowien and Schlegel 1981:; Moura et al. 1988b). Many
hydrogenases contain nickel, all have iron in the form of
iron—-sulfur centres, and some have selenium (Teixeira et
al. 19873 Faugue et al. 1988; Moura et al 1988b; BRoursier
et al. 1988). Cammack et al. (1988) noted that nickel-
containing hydrogenases are more tolerant to Op than those
without nickel. It also appears from the review of Evans et
al. (1987) that nickel content 1s correlated with stabilaity
to 0Op. Antisera against hydrogenase from Bradyrhizobium
Japonicum cross—react with purified membrane—-bound
hydrogenase of (in decreasing order of cross—treactivity):
B. japonicum — Alcaligenes latus — Alcaligenes eutrophus -~
Azotobacter vinelandi1 (Arp et al. 198%5).

The membrane-bound hydrogenase of A. vimnelandi:r has
0.68 mol Ni and 6.6 mol Fe per mole of enzyme, a specific
activity of 124 wmol Ho oxaidized (mg prcrtein)—1 m:m--1 wi th
methylene blue as electron acceptor, a Km of Q.86 wM, an
isoelectric point of 6.1, a pH optimum of &6 to 8.3 for
activity. and a half-laife of 20 min under O» (kow and
Burris 1984y Seefeldt and Arp 1986). Uther aerobic
heterotrophic diazotrophs such as A. latus, Pseudomonas
saccharophila, Azospirillum lipoterum, Azospirillum brasi-
lense, Xanthobacter autotrophicus, Derxia gummozra, and Azo-
tobacter chrovcoccum have membrane-bound hydrogenases which
might contain nickel based on their nickel reguirement for

chemolaithotrophic growth and/or bhydrogenase synthesis
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{Tabi1llion et al. 1980; Bowien and Schlegel 19813 Fartridge
and Yates 19823 Pedrosa and Yates 1983:; Fodzuwert et al.
1983; Nakamura et al. 1985: Doyle and Arp 1987; BRarraguio
and knowles 19893 see alsa Section 2.4.2). All these
hydrogenases await purification and characterization.
2.3.%. Regulation of hydrogenase
Generally, synthesis of hydrogenase 1n aerobic

diazotrophs (including free-living rhizobia) and hydrogen
bacteria 1s regulated by 02, Ha, carbon substrates,
nitrogen sources, and nickel. DNA topology was suggested to
regulate hydrogenase synthesis (O0'Brian and Marer 1589)
hased on the repression of hydrogenase expression when DNA
gyrase inhibitors were added to the derepression medium
{(Novak and Marer 17287). Nothing 1s known about the
regulation of hydrogenase at the molecular level.
« 3aSa1. Oxvygen

Oxvygen represses hydrogenase synthesis in  Aquaspi-
rillum autotrophicum, Bradyrhizobiunm Japanlicum,
Azospirillum brasilense, Pseudomonas saccharophila, and
Alcaligenes latus (Aragno and Schlegel 1978: Maier et al.
1979y Pedrosa et al. 19823 Tibelius and Fnowles 19823y Fu
and knowles 1986: Doyle and Arp 1987: BRarraquio and knowles
1988y Van PBerkum 1987). Mutants of B. Japonicum and
Alcaligenes eutrophus which eupressed hydrogenase activity
at relatively high O tension were 1solated (Merberg et al.
1983y Cangelosa and Wheelis 1984) indicatang that O

regulation of hydrogenase is genetically linked.
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Hvdrogenase activities of Azozpirsllum brasilensze and Acos-—
pirilium  lipoterum are sensitive to O, (Fedrosa et al.
19825 Titelius and tnowles 19833 Fu and Fnowles 1984, 1989
whereas those of Aquaspirillum autotrophicum, Alcaligenes
eutrophus, Azospiridlum amazonense ., Bradyrhizobrium
japornicum and 1ts bacteroids. and Pseudomonas Faccharvphila
are not (Aragno and Schlegel 1978: Mairer et al. 19797 Ruiz-
Arguieso et  al. 1979; Wilde and Schleael 19823 Fu and
Knowles 1986; Barraquio and knowles 1988).
2.3.5.2, Hydrogen

Ho 1nduces synthesis of hydrogenase in  Xanthobacter
autotrophicus (Rerndt and Wolfe 1978), A, autotrophicum
(Aragno and Schlegel 1978), B. raponicum (Maier et al.
1979), Paracoccus denitrifticans strain Stanier 781 (Nokhal
and Schlegel 1980), Azotobacter chroococcum (Fartridge et
al. 1980), A. eutrophus Hlé (Fraiedrach et al. 1981,
Rhodaobacter capsulatus (Colbeau and Vigrnais 1987,
Alcaligernes hydraogenaphilus (Friedrich et al. 1984) ,
Rhizobium ORS 71 (De Vries et al. 1984) Alcaligenes latus
(Doyle and Arp 1987>, P, =saccharophila (Rarraguio and
bnowles 1988), and Azotobacter vinelandii (Frosser et al.
1984) . In A, eutrophus, however, H- appeared not to be a
true inducer because hydrogenase activity i1n glycerol, a
poor substrate for the organism, was higher than that under
autotrophic conditions (Friedrich et al. 1981). Graham et
al. (1984) concluded that Ho either exogenously added or

mtrogenase-produced 1s not needed for derepression of
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hydrogenase 1in Mo--fixing cultures of Bradvyrhizobium
Japonicum. Hydrogenases of Azosparillum brasilenze
(Tibelius and knowles 1983) and most strains ot  Paracoccus
denitrificans (Nokhal and Schlegel 1980) are not ainducible.
Le3.9.3. Organic rubstrates

High concentrations of organic substrates repress
aynthesis of hydrogenase i1n B. japonicum (Maier et al.
1979), Preudumonas saccharaophila (Rarragquio and kKnowles
1988), Azotobacter chroococcum (Fartridge et al. 1980),
Alcaligenes latus (Doyle and Arp 1988), and in cowpea
rhizobia (Thimmaiah et al. 1986). In B. djaponicum, cyclic
AP reversed hydrogenase repression by malate suggesting a
catabolite repression phenomepon (Lim and Shanmugam 19793
McGetrick et al. 1985) . However , Graham et al. (1984)
pbtained high levels of both nitrogenase and hydrogenase
activity in a carbon-containing medium. Van Berbtum (1987)
and Van BRerkum and Maier (1988) found no repression of
hydrogenase by carbon substrates 1n B. Japonicum. They
concluded that acidification and Op limtation were the
tactors responsible for repression. Merberg et al. (1983)
sugaoested that a common element 15 involved in the
requlation of hydrogenase by O and carbon substrates. In
Alcaligenes eutrophus and A. chroococcum, cAMF had no
effect on hydrogenase expression (Friedrich 19823 Yates and
‘artridge 1984), In A. eutrophus, Friedraich (1982)
conctuded that the redox state of the cell rather than the

organic substrate per se regulates hydrogenase synthesis,
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This finding was in agreement with that of Yates and
Fartridge (1984) who observed a close correlation oetween
the NAD/NADH ratio and hydrogenase activity 1n a continucus
culture of sucrose-limited Azotobacter chroowcoccum.
2.3.9.4. Nitrogen sources

Higher hydrogenase activaty from No—fixing cells and
cell—free extracts than from ammonium—grown cells of Azoto-
bacter was observed by Lee et al. (1942), Lee and Wilson
(1943), and Green and Wilson (19593). It was later confirmed
by Partridge et al. (1980) and Prosser et al. (1988) in A.
chroococcum and Azotobacter vinelandiil, respectaively., In
Xanthobacter autotrophicus, hydrogenase activity was hiagher
with No as niirogen source than with NHgCl (Berndt and
Wilfe 1978). Cowpea rhizobia hydrogenase was also shown to
be repressed by fixed N sources (Thimmaiah et al. 1986) .
NHg®  and NOx repressed synthesis of the 1inducible
hydrogenase of MNethylosinus trichosporium (Chen and Yoch
1987). However, ni1trogenase and hydrogenase wer e
independently synthesized 1i1n Bradyrhizobium raponicum
(Marer et al. 1979y Lepo et al. 1980), Rhodobacter capsu-
Iatus (Colbeau et al. 1980), Anabaerna cylindrica (Lambert
and Smith 1981), A. chroococcum (Fartridge et al, 1980),
Alczaligenes lalus (Doyle and Arp 1987), Pseudomaonas
saccharophila (Barragquio and knowles 1988)., and A.
vinelandlr: (Prosser et al. 1988). In these organisms,
hydrogenase was expressed 1n NH4+~conta1n1ng medium 1n  the

presence of Ho suggesting that NH4+ per se does not inhibit
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hydrogenase activity. The Ho evolved during No fixation is
most likely responsible +for stimulating hydrogenase
expression (Colbeau and Vignais 19873:; Barraquio and knowles
19688; FProsser et al. 1988). EBEerndt and Wolfe ((1978)
suggested that the induction of membrane-bound hydrogenase
might be due to a higher degree of energization of the
membrane which takes place under No-fiding conditions.
Azospirillum brasilense and Azotobacter chroococcum could
synthesize hydrogenase i1n NH4+—cnntain1ng medium with no Ho
present (Tibelius and kKnowles 19833 Partridge et al. 1980).
2.3.5.5. Nickel

Nickel was shown to be involved in the synthesis of
hydrogenases 1n Alcaligenes eutrophus, Xanthobacter auto-
trophicus, Rhodobacter capsulatus,Bradyrhizoblium raponicum,
Alc~ligenes latus, and Pseudomonas saccharophila, (Fried-
rich et al. 19813 Takakuwa and Wall 1981:; Colbeau and
Vignais 1983; Nakamura et al. 198%5; Stults et al. 19863
Doyle and Arp 1988: Barraguio and knowles 1989). Stults et
al. (1986 claimed that nickel regulation of B. Japonicum
hydrogenase occurs at the transcriptional level. However,
Dovlie and Arp (1988) argued that nickel might be i1nvolved
in the stabilization of newly formed apohvdrogenase. Nickel
15 only required for activity in Nocardia opaca 1b (Schnei-
der et al. 1984) and Methylosinus trichosporium OBSb  (Chen
and Yoch 198/7). MNickel was suggested to bring the subumt
dimers of N. opaca hydrogenase to association or to prevent

dissociration (Schnerder et al. 1984). The role of nickel in
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hydrogenase is further discussed in Chapter 6.
2.3.6. Hydrogen axidation genes
Information on the genetics of hydrogen oxidation in

Bradyrhazobium Japonicum, Azotobacter chroococcum, and 1n
Alcaligenes eutrophus has been obtained only recently.
Recent reviews (Maier 19863 Evans et al. 1987:; kennedy et
al. 19873 O‘'Brian and Maier 1988, 1989: Yates 1948;
Friedrich 1989) covered this subject. The fol lowing
discussion will review tne proaress of the studies on the
hydrogen uptak2 (hup) genes of A. chroovcoccum as well as
B. Jjaponicum, the latter being the model system and the
source of a hup-specific DNA probe. hup and hov genes are
synonymous, the former quite often used for diazotrophs and
the latter for non—diazotrophic hydrogen bacteria.

The hup genes of B. Jjaponicum and A. chroococcum are
most probably 1n the chromosome (Cantrell et al. 1987;
Robson et al. 1984) but of Rhizobium leguminozarum and
Alcaligenes eutrophus H16 on a plasmd (Brewin et al.
1980 Friedrich et al. 1986). In B. Japonicum, COSMGS
containing hup genes were 13olated from gene banks ot DNA
of a HL\p+ strain (Cantrell et al. 1987). A cosmd pHUlI was
then 1solated and was shaown to contain around 135 Wb ot
hydrogenase—-specific DNA organized 1nto at least two
transcraiptional wnits (Haugland et al. 1984). Hom et al.
(198%5) 1solated a recombinant cosmid that apparently
contains a gene 1nvolved ain  both nitrogenase and

hydrogenase activities and with a restriction pattern
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similar to that of pHULl. A cosmid (pHUSZ) with restriction

map samilar to that of pHUl but containing an extra &.3-kb

0

e

EcoRl fragment was then i1solated (Lambert et al. 1985a).
Unlike pHUL, pHUSZ was found to confer hydrogen uptake
activity and ability to grow chemolaithotrophically on Hup—
Bradyrhizobium Japonicum mitants, free-living Hup- field
1solates of B. Jjaponicum, and other rhizobia. These obser—
vations suggest that all the essential Hup determinants are
present 1n pHUS2 (Lambert et al. 19858a). 5Subsequently,
pHUSZ was found to confer on Hup— strains the ability to
synthesize the &0- and J0—kDa subumits of the uptake
hydrogenase, 1ndicating that the genes for hydrogenase
synthesis are present i1n pHUS2. Further evidence for the
presence of hydrogenase structural genes i1n pHUS2 was
obtained when 2 subclones of pHUSZ2, S5.9- and 2.9-kb
fragments generated by plasmid expression vector pMIS4S 1in
Excherichia coli "maui cells”", directed the synthesis of
H0O— and J0-kDa proteins (Zuber et al. 1986). These proteins
crogss—reacted with antibodies of the respective hydrogenase
subunits. However, the cross reaction of the Z0-kDa protein
from E. coli with the 30-kDa hydrogenase was later found
naon—-specific and the gene or genes encoding for the two
subunits was found only 1n the S.9-kb fragment 1i1n pHUS2
(Sayavedra-Soto et al. 1988).

In Azotobacter chroococcum, Yates and Robson (198%5)

i1s0l ated Hup_ mutants which were classified phenotypically

1nto 4 types: A - no Ho uptake or Ho-evolving actaivity: B -
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no H-o uptake but with low level of Ho-evolving activitys
C - low but significant levels of both activitiesy and D -
high hydrogenase activities but the enzyme was 1n  the
cytoplasm. Plasmid pHUL from Bradyrhizobium lraponicum
restored hydrogenase activity only to tvype A and C mutants
(Yates and Robson 1985; Tibelius and Yates 1989). Tibelius
et al. (1987) showed by DNA hybridization that the genomic
DNA of Azotobacter chroocoeoccum contained sequences homolo-—~
gous to B, saponicum hup genes carried on pHUL. They
further i1sclated recombinant cosmids (pACD10O1 and pACD10O2)
which hybridized to a restriction fragment from pHUl. A 1S~
kb region 1n these pACD cosmids was shown to correspond to
the amount of hup—-specific DNA 1n pHULl. Subcloned fraagments
(pkHT22, pEHTIO, pkHT32, pkHTA40) from pACD1I0OZ complemented
mutant types A, B, and C but not D. Specific oligonucleo-
tide probes were constructed based on the N-terminal amino
acid sequences of the subunit proteins of Acotobacter vine-
Ilandii hydrogenase (Ford et al. 1988). A 3.6-kb Eall
fragment of the pkKHT30 hybridized to both oligonucleotide
probes and eventually the precise location of the region
encoding for the small and large subunits was 1dentified.
2.4. Nickel utilization by diazotrophs

Nickel was known only for i1ts toxicity (Rabich and
Stozbky 1983) wnti1l Rartha and Ordal (1965) demonstrated
that nickel was required for chemolithotrophic growth of
Alcaligenes eutrophus. PRefore 1965 however, nichkel was

observed to stimulate growth of certain plants (Ankel~-Fuchs
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and Thauer 1988). Subsequently, nickel was shown to be a
component of at least four enzymes found in microarganisms
and plants (Welch 19813 Hausinger 1987). Now nickal 1s well
recognized as an essential element 1n prokaryotes and
euwkaryotes (Hausinger 19873 Mobley and Hausinger 19883
Ankel -Fuchs and Thauer 1988). In some No-f1:x1ng bacteria,
nickel plays an 1mportant role not only i1n hydraogen (via
hydrogenase) but also in nitrogen metabolism (via urease).
2.4.1. Nickel and mitrogen tTixation

Nickel has probably no direct rale i1n Np fixation.
Its beneficial effects observed 1n some nitrogen—-fixing
systems are presumably i1n i1ncreasing the efficiency of No
fixation through the stimulation of the Ho-uptake system.
The effects could possibly be significant upon addition of
nickel to ecosystems that are nickel-deficient, carbon-
limited, with bhigh fluxes of Hp and COp, and low 0On
tension. Bertrand (1974) and Bertrand and DeWolff (1977)
reported the stimulatory effect of nickel on soal
nitrogenase activity and on vield of soybean plants,
respectaively. J. Jd. Slater and D. G. Capone (unpublished,
cited by Duxbury 198%5) observed that, 1n general, 1000 ppm
of Hg, Fb, Zn, Cr. Mo, and Cd all caused inhibition of CoHn
reduction activity 1n saltmarsh sediments, whereas N
caused a stimulation at concentrations of 100 and 1000 ppm.
In puwre cultwres, addition of nickel to heterotrophbac
semisolid cultures of Azospirallum brasilense Sp7 did not

have any effect on diazotrophic graowth (Fedrosa and Yates
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1982, Federson et al. (1986) +ound that the wvioorous
ovyhydrogen reaction i1n the presence ot meclel did neot
conter any sigmiticant additional protection ot mitrogenace
ei1ther under aerobic conditions or at elevated O~ level for
Anabaena cylindrica and Mastigocladus laminosus. In
Anabaena 1naequali1s, photosynthesis and acetvlene reduction
were completely inhibited by 170 and 340 wM N1,
respectively (Stratton and Corke 1979, both relatively
high concentrations. The exponential growth rate of
No-fixing A. cylindrica was found to be unaffected by
omission of nickel from the growth medium (Dadavy et al.
1985) . However, niclel was recently shown to faci1lirtate the
transition of A. cvlindrica from a metabeolic state an which
nitrogenase activity 1s repressed to one of active nitrogen
fixation {Daday et al. 1988) suggesting that the
involvement of nickel 1s not via hydrogenase.
2.4.2., Nickel Tor growmth and enzyme svnthesis

Generally, nickel 1s required for growth by N-o-fiii1ng
organisms that have the ability to grow chemolithotrophi-
cally (Table 4). Examples are facultative chemolithotrophs
and photoautotrophs. Nickel 15 also 1nvolved 1in the
synthesis of hydrogenases, urease, carbon monoxide dehydro-
genase and factor Fg3o (Table 4:; see also section
2.5.9.5.). it 18 not i1nvolved 1n hydrogenase synthesis but
1in activity i1n Methvloszinus trichosporium OBZb (Chen and

Yaoch 1987) and Nocardia opaca 1b (Schneider et al. 1984).



TABLE 4. Diazotrophs that require nickel

Organism Nickel for® Rnf.rln:.b

Heterotrophs
Alcaligenes latus HS.HC(O.SMc 1
Azospirillum brasilense HS 2
Azospairillum lipoterum HS 2
Azotobacter chroococcums HS 3
Azotobacter vinelandii HC(U.7) 4
Bradyrhizobium japontcum G,HS,HC (0. 6) S
Clostridius pasteurianum CMDS ,CMDC [
Derxia gusmosa HS 2
Desultovibrio desulfuricans HC(1.0) 7
Desulftovibrio gigas HS,HC(1.0) 7
Desultovibrio salexigens HC(1.0) 7
Pseudoaonas saccharophila B,HS,UB? e
Xanthobacter autotrophicus G,HS ,US? 9
Phototrophs
Anabaena cylindraca HS 10
Anabaena variabilas G.HS 11
Chromatium vinosum HS,HC(1,0) 12
Mastigocladus laminosus HS 13
Jscillatoria sp. G 14
Rhodobacter capsulatus G,H8.HC (0. 2) ,US"? 18
Rhodospirillum rubrus HC ,CMDA 16
Thiocapsa roseopercina HS,HC(1.0) 17
Methane-oxidizer
Methylosinus trichosporium HA 18
Archaeobacterium
Hethanosarcina barkeri HC 19

'B. growthy HS, hydrogenase synthesis; HA, hydrogenase
activityy HC, hydrogenase component: CMDS, carbon monoxide
dehydrogenase synthesisy CMDC, carbon monoxide dehydro-
genase componenty CMDA, carbon monoxide dehydrogenase
activity; US, urvase synthesis; question marks indicate
further clarification is required.

i, Pinkwart et al. (1983)}; Doyle and Arp (198801 2,
Pedrosa and Yates (1983); 3. Partridge and VYates (1982),
4, Seefeldt and Arp (1986)3 5, Klucas et al. (1983);
Stults et al. (19684); Harker et al. (19B4); Stults et al.
(19846)3 &6, Diekert et al. (1979); Drake (1982)3 7, LeGall
et al. (1982); Rieder et al. (1984)1 Teixeira et al.
(1986)3 Moura et al. (19868b); B, FEKarraquio and Knowles
(198913 this thesisy 9, Taballion et al. (1980)3 Nakamura
et al. (1985)3 10, Daday and Smith (1983) Pederson et al.
(1986) il, Almon and Boger (19B4)3; 12, Albracht et al.
(1982)3 Van der Zwaan et al. (198%5)3 13, Pederson et al.
(1986) 3 14, Van Baalen and O‘'Donnell (1978)3 15, Takakuwa
and Wall (1981): Colbeau and Vignais (198313 Takakuwa
(1987)1 16, Adams and Hall (1979):; Bonam et al. 1988 17,
Gagotov (1986) 18, Chen and Yoch (19687); 19, Fauque et
al. (1984),

cNumurall 1n parentheses indicate gram atom per mole of
hydrogenase.
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2.4.7., Nickel as a component of hydrogenazes and other
enzymes

Nickel 1s a component of most hvdrogenases, urease,
factor Fazos and carbon monoxide dehydrogenase (Table 4;
see also Hausinger 1987: Ankel-Fuchs and Thauer 1988),
Hydrogenases that do not contain mickel are those of
Clostridium paszteurianum and Dezulfovibrio vulgarriz (Adams
and Mortensan 19843 Huynh et al. 1984)., Nicltel content an
hydrogenase ranges from about 0.5 to 1.0 units (Table 4,

Studies have been and are being done to elucidate the
1nvolv;ment of mickel 1n Hp activation by hydrogenase using
the enzyme of DesulTuvibrio gigas as a madel system (Moura
et al. 1988a & b: Cammack et al. 1988: Faugue et al. 1988,
Electron paramagnetic resonance (EFR) and Mossbhauer
spectroscopy have been very useful tools i1n  understanding
the metal environment 1n hydrogenase. MNickel evwists 1n 4
oxidation states: Ni(III), Ni<II), N1 (I}, and N1 (O) with
the first Z as the most interesting for biplogical systems
(Fauque et al. 1988). EFR spectra have been recorded of D.
@digas hvydrogenase 1n various states of activation: {a)
unready state - correlated with the presence of signal Ni-A
and the enzyme 1s considered i1n 1nactive high oxidation
state and incorrect conformation, (b)) ready state - with
signal Ni—-B and the enzyme 1s 1n 1nactive higher oxidation
state but correct conformation, and (¢c) active state - with
s1agnal Ni-C and the enzyme 1s i1n 1ts reduced form ang

correct Ni-B conformation (Cammack et al. 1988). ©Signals
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corresponding  to Ni-A and Ni-R represent oiidation state
Mi(ITIYy, wMi-C species 1s most likely reduced to N1 (lly by
Ho (Scott et al. 1984). A Ni(IIl) bhydride complex was
suspected 1o be an i1ntermediate (Teixeira et al. 17983).
2.4.4., Nickel uptake

Uptatke of mckel 1is the prerequisite for 1ts
utilization. The Npo—fining orgamisms shown 1n Table 4
must 1n one way or another take up nmckel from the
environment., Relatively few studies have been done on
ni1ckel uptake by either diazotrophs or non-diacotrophs (see
reviews by FKaltwasser and Frings 1980; Hausinger 1987;
Drake 1988). MNickel transport by microorganisms may be
classified according to dependence'on energy f(chemical or
el ectrochemical) (Table o). Energy~dependent nickel
transport may further be classified according to the
presence or absence of a M92+—transport system to which
nickel uptake 1s coupled. With regard to the energy-
1ndependent uptake system, only those of Azotobacter
chroococcum (Partridge and Yates 1982), Bradyrhaizobium
raponicum (Stults et al. 1987), and Methanothrix concili1
(Raudet et al. 1988) are tnown. The uptake system of
Pseudomonas saccharophila may also be of this type
(Chapter S). Transport of nickel eshibits Michaelis—-Menten
kinmetics. The kinetic parameters of the known nicleleuptake
systems are shown in Table 6. The affinity of the uptake
aystem towards nickel seems to be higher 1n prokaryotes

than eukaryotes. The kinetic values differ greatly among
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> TARLE 5. Mechanisms of nickel uptake by microorganisms
Mechanism Organism
Energy-dependent
aa M92+—transport Saccharomyces cerevzszael,
system Escherichia colzz’E
Enterobacter aerngenesj
Bacillus megaterzumz
Neurospora crassa4
Rhodobacter capsulatuss
Alcaligenes eutrophus6
Clostridiun pasteurzanum7
b. M92+—1ndependent
transport system
i. Phosphate-stimulated Phaeovdactylunm trxcornutuma
- ii. Citrate—complex Bacillus 3ubt1115°
- 111. High affinity, Alcaligenes eutrophusb’io
highly specific Clostridium thermnacet;cumi1
Hethanobacterium bryant1112
Acetogenium kivuil =
iv. carrier—facilitated Anabaerna cyIJndrlcai

Energy-independent

15
Azotobacter chroovcoccum

Bradyrhizobium japﬁnzcumlb

Methanothrix conc111117

Pseudomonas sacchar()phzla18
(1) Fuhrmann and Rothstein (1968): (2) Jasper and 5i1lver
(19771 (3) Webb (1970):; (4) Mohan et al. (1984) (5)
Takakuwa (1987) ;3 (&) Lohmeyer and Fraedraich 1987; (7)
Bryson and Drake (1988): (B) Skaar et al. 1974; (9)
Willecke et al. (1973)s (10) Tabillion and Fkaltwasser
(1977) 3 (11) Lundie et al. (1988): (12) Jarell and Sprott
(1982) 3 (13) Yang et al. (1989): (14) Campbell and Smith
(1986)3 (15) FPartridge and Yates (1982)3; (16) Stults et al.
(1987); (17) Baudet et al. (1988): (18) this thesis.
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( TABLE &. Summary of kinetic parameters for nickel-uptake

. . a
systems in mMcroorganlsms

Aa Vmax
Organism (uM) (pmol Ni min
mg dry wt™ %)

Saccharomyces cerevisiae 500 Q.5
Neurospora crassa 290 15
MHethanobacterium bryvantii RIS 24
Anabaena cylindrica 0. 017 0.4
Bradyrhizobium raponicum 26-50 2723-13146b
Clostridium thermoaceticun 3.2 400
Alcaligenes eutrophus 17 2015°
Rhodobacter capsulatus 5.5 3320
HMethanothrix concilili 21 23000
Acetogenium kivul 2.3 670
( Clostridium pasteurianum 83 1400
Pseudomonas saccharophila 31.7 247C

aRe#erences are those shown in Table 5.
bhssuming 108 cells per mL = 00,1065 mg dry wt.

cAssum1ng 1 mg protein = 1.5385%5 mg dry wt.
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bacteria possibly indicating 1nvolvement of ditferent
mechanmnisms of uptakbe.
Not much 1s known about the genetics of the mckel-

uptake system. Yates and Robson (1985) observed that Hup

mutants of Azotobacter chroococcum absorbed N1 as
readily as the parent strain. Stults et al. (1987) reported
however, that a Hupc (hydrogenase constitutive) mutant o4
Bradyrhizobium japonicum accumul ated almost 10-fold more
63N12+ than the wild type strain. Eberz et al. {1989)
reported that nickel -deficient (N1c ) mutants o+t
Alcaligenes putrophus carried defined deletions 1in the
hydrogenase gene cluster of the pHG megaplasmid. They
shawed that nickel deficiency correlated with a ldw level
of the nickel-containing hydrogenase activity, a slow rate
of nickel transport, and reduced activity of urease. The
N1c+ phenotype was restored by a cloned DNA sequence (hoxhN,
a part of the hydrogenase gene cluster) of a megaplasmid

pHG1 DNA library of A. eutrophus.
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3. HETEROTROPHIC AND CHEMOLITHOTROPHIC NITROGEN FIXATION BY

PSEUDOMONAS SACCHAROPHILA

3.1. Introduction

Degpite their metabolic versatility (heterotrophic
and autotrophbic) and wide distribution 1n nature, the
ability of members of the genus Pseudomonas to fix N- had
long been doubted. This view no longer holds because of the
recent discovery of authentic species of Pseudomonas
capable of Np fixation (see Table 1, Section 2.1).

In the cou-se of i1dentifying the species of Mo-fiing
Pseudomonas—like organisms from wetland rice roots
(Barraquio and Watanabe 1981:; BRarraquio et al., 1987), the
following known reference cultures were used and also
tested for No-fixing (acetylene reduction) activity an
semisonlid glucose <+ yeast edtract medium (Watanabe and
Barraguio 1979): Pseudomonas saccharophila ATCC 13946,
Preudomonas fTacilis ATCC 17695, Pseudomonas ruhlandii
(Alcaligenes ruhlandii) DEM 653, Pseudomonas Tlava DEM 4619,
Pseudominas pseudo¥lava DSM 1034, and Pseudomonasx palleroni
ATCC 17724, OF these cultures, only P. saccharophila was
found to reduce acetylene (Rarraquio and Watanabe,
unpublished).

This study was conducted to demonstrate the ability
of P. saccharophila to +Fix Np heterotrophically and
chemolithotrophically and examine some factors that affect

1ts nitrogenase activity.



-

{

62

3.2 Materials and methods
3.2.1. Organisms and cultivation conditions

Pseuwdomonas saccharophtla (ATCC 1%744) used 1in  the
15N2 incorporation experiment (done at the So11l
Microbiology Dept., International Rice Research Institute)
was obtained from the American Type Culture Collection,
Rockville, Md., USA. All other experiments with P.
saccharophila were performed on a P. =accharophila strain
carrying the same ATCC de=zignation (15944) but which was a
gift from Dr. Y. —K. Chan, Chemistry and Hiology Research
Institute, Agriculture Canada. PRseudomonas diazotrophicus
strain HB8 was a gift from Dr. 1. Watanabe. Upon receipt of
the cultures, single colony i1solates were made and main-
tained on slants contairing 0.1% Difco tryptic soy broth
solidified with 1.8%4 (w/v) Difco Noble agar and on hal+-
strength nutrient broth supplemented with 10% glycerol and
kept at -80°c.

Unless otherwise stated, the i1noculum was prepared in
10 ol sucrose + NH4+ + mineral salts + yeast extract medium
(Section 3J.2.2) contained in a S0-ml. Erlenmever flask The
culture was grown for 20-24 h then transferred to 100 m. of
the same medium contained in a 250-ml Erlenmeyer flask. The
culture was incubated for another 10-12 h Unless otherwise
stated, all the incubations in this thesis were done at
30°C= shaking was at 250 rpm. The cells were harvested by
centrifugation (10000 % g) at a°c for 10 min, washed thrice

with the test medium and then resuspended in 10-20 mL of



63

the same medium.
Open batch cultivation was carried out 1n a 1-litre
flask containing 9230 mL medium which was 1i1noculated with

2.5 ol of the washed cells. The culture was continuously
-1

sparged at 450 and 200 mL min for heterotrophic and
chemolithotrophic cultivations, respectively, with a
cotton—fi1ltered gas mixture. The gas mixture ftaor

heterotrophic culture was 0.71 co 1 kPa 02 in Np and for
chemolithotrophic culture, 0.95 kPFa O, 5.2 kPa Hn, 5.9 kPa
COp, and balance Np. Mixing of gases was done by using
flowmeters. The culture was continuously stirred by a
Teflon-coated magnetic bar. Culture samples were withdrawn
from the flask through a Suba-seal-plugged bottom port
using sterile S—- or 1C¢-ml. syringes.

In the closed batch cultivation, 128-mL side—arm
flasks each containing 1S aL of medium were used. After
inoculation, the flasks were plugged with rubber stoppers
fitted with ~ut S-mL plastic syringes containing a cotton
filter. The syringes were stoppered with Suba-seals (W. R.
Freeman and Ca, Ltd., BRarnsley, England). A headspace of
0.8 kPa 0~ and balance No was used. The flasks were
evacuated (15 min each time) and backfilled T times with No
and then evacuated one more time and backfilled with a gas
mixture of 0.8 kPa Oz and balance N-o. The flasks were
1incubated with shaking. Where desired, the flasks were
directly used for acetylene reduction assay.

For semisolid cultures, 14-mL serum bottles each
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containing 4 mL of semisolid medium were used. The
cultures were 1ncubated statically for 3 days. For C
reduction assays, the foam plugs were replaced with butyl
stoppers.
J.2.2. Medaa

The basal medium consisted of the following (g L_l):
kHoFO4, 4.5431 NaoHPO4.7H-0, 8.94: sequestrene MNaFe (174 Fe)
(Ciba Geigy Corp.), 0.0621 NaMoQg.2H-0, 0.0059; CaClp.2H20,
0.20:  MgSO4.7H0, 0.20:3 and (mg L™}, H-8Og,  o.1%;
inS04.7H70. 0.113 CoS0g4.7Ho0, ©.075 CuS04.7H-0, 0.005; and
MnClo.4HR0, Q.004. The pH of the medium was 6.8. Yeast
extract was supplied at 100 mg L—l. Sucrose and NHgCl  were
both added at 1.0 g L—l. For semisolid medium, ODi1fco Noble
agar (0.9 g Lﬁl) was added. The media and additions were
prepared 1n glass—-distilled water except i1n the 15N2 and
chemolithotrophic experiments for which deianmired distilled

water was used. The medium for the 1

SNZ experiment was that
of Watanabe and BRarraguio (1979) eucept that the
concentration of phosphates was 2.0 g L-1 kHxPUg and S.0 g
L-'1 k~HFO4 and trehalose (5.0 g L—l) was used as the carbon
spurce. The basal medium was later modified as follows (g
L™ kHoFOgz, 2.27: NagHPO4.7Ho0, 4.471  and  CaCla.Hoo,

0.02., This modified medium was used 1n the euperiments done
under Sections J.7.3. T.5.4, and Z.2.9 (only for Fig. By
T.T.6, and 1n the subzequent Chapters. For chemolitho-

trophic No-fixing culture, sucrose and NH4Cl were not added

but yeast extract was retained. Because of the presence of
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veast evtract. the culture conditions are referred to as N-
fimited chemolithotrophac.
Se2. 5. IjN: Incorporatlion

Erlenmever flasks (50 wml) each containaing 20 mb
of trehalose + vyeast extract semisolid medium wer e
inoculated with 0.2 mbh samples of a stationary phase
culture (grown statically 1n the same medium at z0PCy.  The
cotton plugs were then guickly replaced with rubber
stoppers. After evacuation and flushing S times with Ar, a
gas mixture of TO FkPa 15N2 (99.89 atom “4: Monsanto Research
Corp., USA). 1| WFa Oz, and 69 +Fa Ar was 1introduced.
Another set of flasks was exposed to 0 kFa No/1 ¥Fa Qo/69
LFa Ar. The flasks were i1ncubated at 28 + 1°C with
reciprocal shaking (about 120 strobkes per min) for 24 h.

The content of each flask was subjected to FJyeldahl
digestion and total N was analyrced by steam distillation

and potentiometric titration. The 1“"N content 1n the

samples was measured using an emission spectrometer (JABSCO,

N=-150, Japan).

i

2.4, As

n

ay

5

Nitrogenase (CoH- reduction) assay of batch culture
samples was done using 2Z2-ml culture aliguots contained ain
L4-ml. serum bottles. The serum bottles 1n this assay and in
other assays were capped with silicore~reinforced butvl
stoppers and then gas-tightened with aluminum caps. The
assay conditions were as follows: +or heterotrophic culture

the headspace was 3 P& CoHn, O~ as indicated, and balance




A

66

He and the time was 1 h with shakina: +or chemolitho-
trophic culture, the headspace was 1 or 5 kFa CoHo, 0.79
kFa 02, 10 LFa Hp, and balance He and the time was 1 h
unless oOtherwise stated. CoHo reduction assay of the
sem1s0lid cultures was carried out by removing S kFa o+ the
headspace (air) and replacing 1t with CoHo. The cultures
were 1ncubated statically for 24 h, BHoiled cultures were
included as controls. Gas samples (0.2 ml) from all the
above assay vessels were taken by syringe. Ethylene (C.Hg)
formed was measured by FID gas chromatography as described
by Tibelius and knowles (1983).

Uptake hvdrogenase assay was done by the UO--dependent
H3H uptake method as described by Tibelius and kKpowles
(1783). Two-mlL culture samples were transferred 1nto 14-—-mL
serum bottles and then H3H (apecific actaivity ot 19.9 +to
20,46 uC mL-1 or 776 to 762 kHg mL—l) was added to a +imal
partial pressure of T kPa., Either O- (I FkFa or as
indicated) or methylene blue (MBR) at 5 mM were used as
electron acceptors in this thesis (see Chapter 4). The ME
(Jo T. RBaker Chemicals), dissolved i1n phosphate butfer (pH
4.8) was bkept in serum bottles which were evacuated and
backfilled thrice with No, and was added by MNo—flushed
syringe 1into No-prefilled bottles containing the culture
samples. Thie technique was later modified by having the
sample bottles prefilled with ME and No» before the culture

samples were injected. The assay bottles were 1ncubated

with shaking for 20-70 min (see Chapter 4 for the hkinetics
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of Hp uptake). Boiled cells were used as control.

Ribulose bisphosphate carboxylase 11n whole cells
permeabilized with toluene was determined by 14C02
1ncorporation 1nto acid-stable products (Lepo et al. 19803
Tabi1ta et al. 1978). The cells were prepared for assay by
centrifuging and then resuspending in TEMB buffer pH 8.0
(McFadden et al. 1973). The cells were stored frozen untal
analysis. The cells were thawed, centrifuged and then
resuspended in 100 mM Tris-HC1 pH 8.0, The following
reagents were mixed i1n 10 x 40 mm test tubes: 20 ul of 125
mM  MgClao.6H50, 10& ulb of 100 mM Tris-HC1 pH 8.0, 80 uL of

cell suspension, and 20 ulL of 83.33 mM NaH14003 {specific

activity, 2.0 mCi mmol-l). The tubes were stoppered then 10
Wl of toluene was 1njected. The contents were mixed
thoroughly then the tubes were pre-incubated for 10 min at
30°C on a water bath shaker. Ribulose bisphosphate (20 ul
of 12.5 mM) was 1njected. The reaction mixture Was
incubated for S min at 30°C then stopped by adding 150 ul
of 4 N HCl. A 0.2-mL aliquot was evaporated to dryness in a
scintillation vial, resuspended in 1 mi distilled water and
then 10 ml. of Beckman MF scintillation fluid was added. Two
controls, one lacking RUBP and the other without cells,
were used. Radioactivity was measured with a Beckman LS
7800 liquid scintillation counter.
3.2.5. Analyses

Ho and 07 were measured by gas chromatography as

described by Chan et al. (1980). CO, was analyzed using the
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same system as for O.. Optical density was measured at 430
nm with a BRausch and Lomb Spectronmic a0, Other
spectrophotometric measurements were done using Beckman DU-
7 spectrophotometer (Beckman Instruments Inc., Calitormia).
Frotein of washed cells was estimated by the Lowry method
(Lowry et al. 19%91) and later by the modified Lowry method
{(Markwell et al. 1978) using bovine serum albumin as the
standard and sodium citrate i1n place of sodium tartrate
(Eggstein and Kreutz 1955). Dissolved CoHg was calculated
using the appropriate COstwald coefficirents (Wilhelm et ars.
1977) .
J.2.6. Chemicals and gases

All the chemicals used were ot reagent grade. All
gases were of high purity and most of them were obtained
from Lainde <(Union Carbide, Canada). Some 0:/Nx mixtures
were purchased +rom Liquid Carbonic Canada. HZH was tram
Gollob Analytical Service, Berkeley Heights, N. J. D-
ribulose-1,5-bisphosphate {(tetrasodium salt) was +rom
Calbiochem. NaH14C03 was obtained +from ICN Eiomedicals

Canada.

Z.3 Results

- 13

“ndala No ancorporation

The organism incorporated 2.74 to 8.87 atom % exces

(1]

(LH.29 + 1.94 atom % excess, mean of 7 replicates + 5D) 1nto
cellular mitrogen. Eixcreted fixed nitrogen was not detected

in the medium. The cells exposed to Ny had a 19y content of

Q.303F + 0,050 atom % (mean of 4 replicates + 5D).
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T.3.2. Effect of various carbon sources on growth and  Np
tivation

The organism grew well on many sugars, organic acids
and amino acids 1n the presence and absence of NHzCl (Table
7). Of the 30O carbon sources tested, 8 did not support any
growth. Four amino acids supported good growth i1n  the
absence of NH4Cl, suggesting that they served as sources of
both carbon and nmitrogen. In the absence of a carbon
source, there was very little growth observed with and
without yeast extract. With glucose, fructose, and
cellobiose as carbon sources, there was slight growth with
yeast extract but none with NHg4Cl. The carbeon utilization
pattern generally agreed with the data reported by
Palleroni (1984).

The bacterium reduced CoHo with many of the sugars
and orgamc acids tested (Table 8). Sucrose and arabinose
supported the highest rates. It is noteworthy that all the
amino acids (L-alanine, L-aspartate, L-glutamate, and L-
proline) that sustained growth i1n the absence of MH4Cl did
not support CoH-o reduction.

J.3.5. Effect of veast evtract, casamino aci1ds, and
vitamins on growth and N> Tixation

Microaerophilic heterotrophic growth i1n a N-deficient
medium was stimulated by addition of small ampunts of yeast
extract, casamino acids, and NHg4Cl but not by vitamins
(Fig. &). Nitrogenase activity was much higher 1n cultures

suppl emented with vyeast extract and casamineo acids than



TABLE 7. Growth of Pseudomonas saccharophila on various
carbon scnurcesa

Optical densaty at 430 nm
Carbon sourc-b

+ NHg4Cl = NH4C1

- yeast extract + yeast extract
None 0.014 + 0.00 0.007 + 0.010
L-Arabinose 0.700 # 0.045 0.433 + 0.076
D-Xylose 0.0358 + 0.017 0.345 + 0.020
D-Glucose of 0.312 + 0,079
B3-D-Fructose 0.004 + 0,012 0.082 + 0,009
D-Gal actose 0.848 + 0.027 0.301 + 0,065
Sucrose 1.0046 + 0.093 0.857 + 0.076
D(+) Trehalose 0.873 + 0.08 0.617 + 0.037
Maltose 0.697 % 0.057 0.579 + 0.050
3-D(+) Cellobiose 0.008 + 0.005% 0.034 + 0.021
Starch 0.749 * 0.055 0.523 + 0.032
Acetate 0.063 + 0.008 0.264 + 0.037
Succinate 0.539 &+ 0.125 0.612 + 0.030
Citrate 0.600 + 0.072 0.544 + 0.009
Fumarate 0.608 + 0.110 0.557 + 0.034
Pyruvate 0.419 + 0.014 0.402 + 0.021%
L-Malate 0.607 + 0.075 0.564 + 0.013
D-Bluconate 1.C06 + 0.082 0.588 + 0.012
D-Guimate 0.618 + 0,059 0.454 + 0,045
L-Alanine 0.157 + 0.022 0.8%2 + 0.032
L-Aspartate 0.117 % 0.015 0.660 + 0,026
L-Glutamate 0.&677 + 0.019 1.084 + 0.019
L-Proline 0.046 *+ 0,020 0.8%1 + 0.010

*Growth of semisolid cultures after 3 days 1ncubation 1s
presented. The cultures were vortexed and then allowed to
atand for about 3 man before 0D determination. The organism
did not grow with the follaowing carbon sourcesy o-L-
rhamnose, D-mannose, D(+)lactose, ethanol, mannitol, L({+)
tartrate, DL-K-E—dxamxnopzmelate, and DL-phenylalanineae.
Data are averages of 3 replicates + 5D.

bAll the carbotn sourcee (1 g L_l) were filter—sterilized
(0,45 wum pore size, Millipore HA filter). The acids were
supplied as their sodium salts.

A small amount of growth was observed 1f a larger 1noculum
was used.
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MRBLE 8. CoHo reduction by Pseudomonas saccharoephila wath

various carbon sources®

Carbon source” nmol CaoHg (mg prote1n)~lh—1
L-Arabinose 82 + 12
D-Xylose 11 = 2
D-Glucose 8 + 1
D-Gal actoge 10 « 2
Sucrose 95 + 4
D(+) Trehalose 13« 2
Maltose 20 + 0.6
Btarch 28 + 3
Acetate 47 + 2
Succinate I3+ 2
Citrate 15 + 2
Fumarate 17 + |
Pyruvate + 5
L-Malate 12 + 0.6
D-Gluconate 50 + §
D-Quimate 12 + 0.6

“Three—day old semisolid cultures were used i1n the assay.
Specific activities were calculated between & and 8 h  or
between 7 and 9 h cf i1ncubation. The following carbon
sources did not support CaHe reduction: ﬁ—D—#ructase, o~
L-rhamnose, D-mannose, D(+) lactose. B-D(+) cellobiose,
ethanol , D-mannitol, L. (+) tartrate (Na) , Di.—o(~ €~
diamnopimelate (Na), L-alamine, L-aspartate (Na), b
glutamate (Na), L-proline, and DL-phenvlalamine. Data are
averages of T replicates + SEM.

2411 the carbon sources (1 g L—*) were filter—-sterilized
(0.45 wm pore si1ze, Millipore HA filter). The acids were
supplied as their sodium salts.
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Fig. 6. Effect of addition of yeast exntract, casamino
acids, vitamins, and NHgCl on growth of Pzeudomonas
saccharophila under microaerobic condition (0.8 kPa 0Op in
N2). Cultivation was carried out 1n 125-mL side—arm flasks
with 15 mL of medium. Difco yeast extract and NHZCl were
supplied at 11 mg N L-.1 and Difco casamino acids at 2 mg N
Lt

NH4Cl, =11 additions were filter-sterilized (0.45 wm pore

The vitamins were added at 100 wg L-l. Except +or

gize, Millipore HA filter), The treatments were as
follows: none (W), NHsCl < ), veast extract ¢« A,
casamino acids (@), biotin ( W), vitamin B3y < A,
pantothenic acad O ), and riboflavain ( D ). Data are

averages of 2 replicates.
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those non—-supplemented or supplemented waith vitamins and
MHaCl (Table 9). The low nitrogenase activaty with NH4Cl
may be due to ammonium-induced inhibition of nitrogenase.
3.5%.4, Effect of O on nitrogenase activity

Maximum nitrogenase activaties were shown at O
headspace partial pressures of 0.25 to 0.5 kFa depending on
the growth phase (Fig. 7). Nitrogenase actavity was
observed at all growth phases tested with the late
exponential phase cells showing the bhighest nitrogenase
activity,

To detect mitrogenase activity under strictly anaero-
bic conditions, No—-fixing cells (5 mb) were transferred
1into pre-evacuated He-t+1lled Fankhurst tubes. CoHe (5 kFa)
and alkaline pyrogallol (1 ml) were then injected i1nto each
respective port. No nitrogenase activity was detected.

«Se Chemolithotrophic N» Tixation

Rseudomonas saccharophila was tested first +or the
ability to fix No chemolithotrophically in a closed batch
culture (see footnote of Table 10 for experimental
details)., A reference culture, Pseudomonas diazotrophicus
strain HB (Gowda and Watanabe 1983; Watanabe et al. 1987)
served as positive control. A, saccharophila grown
autotrophically showed nitrogenase activaity and an increase
in protein content. Likewise, P, diazotrophicusz strain H8,
which was previously shown to grow chemolithotrophically
and to reduce CoHo (Gowda and Watanabe 1985) also showed

growth and nmitrogenase activity at the expense of Ho.
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TABLE 9. Effect of yeast extract, casamno acids, NHyCl,

and vitamins on CoHo reduction by Pseudomonas
R
saccharophila

Addition nmol CoHg (mg pn'-m:eir\)"lh"1
None 6.4 ¢+ 1.2

Biotin 2.7 £ 0.6
Riboflavin 3.7+ O.6
Vitamin Bjyp S.0 + 1.4
Pantothenic acid 12.4 + 5.0

NH4C1 1.8 + 0.05
Casamino acids ) 676 + 126

Yeast extract 1842 + 138

aTwenty-hour liguid cultures were used for the assay. See

Fig. 6 for experimental details. Data are averages of 2
replicates + SEM.
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Fig. 7. Effect of 0Oy on nitrogenase activity of
heteratrophically—-grown Pseudomonas saccharophila. Samples
used for the assay were taken from a continuously-sparged
batch culture. The different growth stages used were early
exponential (), mid-exponential (@), late—-exponential
(A), and early stationary (). Data are averages of 3

replicates. Bars indicate + SEM.
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TABLE 10, CoHe reduction by two pseudomonads grown under M-

limited chemelathotrophic conditions 1n a closed
systama

nmol CoHg fotal protein
Culture (mqg prote1n)-1h-1 after assay

(Wwg per flask)b

Pseudomonas saccharophila

grown under

H2/C05/00/Na 4 + 0.8 133 +
Ar/C0x»/02 O I 4+ 3
Pzeudomonas diazotrophicus
grown under
Ho/COn/0n/No 25 + 1 147 + X
Ar/C0~/0ax I+ 0,2 70 + 5

“The organisms were grown 1n 125-nL flasks each containing
10 mL of MN-limited autotrophic medium (with 30 mg L-* yeast
extract)., The flasks were plugqged as described 1n the
Materials and methods (Section 3.2.1). Une set o+ flasks
receaved 4.4 kPa Clz, 0.77 kFa 0Oz, 10 kPa Hz. and balance
N=: the other set had 5.1 kPa CD2, 0.8l FFa Oz, and
balance Ar. The {lasks were shaken tor 7 de s after whioh
they were assayed for CzH=z reduction activicy uwsing the
gas mixture CoHa (0.20 kPa): 0z (0.35 LFa): H= (.0 biFa):
Ar (94,45 FkFa). Incubation period was 12 h. Uninocul ated

medium served as negative contreol. Data are averages ot o
replicates + SEM.

BThe 1nitial protein content for P. saccharophila was 5 wg
and for P, dirazotrophicus, 10 wg per flash,
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The ability of Pseudomonas zaccharophi/a to arow and
fix N~ chemolithotrophically was further examined 1n  a
continuously—sparqged batch culture. Samples talen +trom this
culture were analyzed +or 0Dg-n, Nitrogenase, hvdrogenase,
and ribulose bisphosphate carboirylase (Fig. 8). A taster
rate of growth was observed in the first few hours (6 h) of
incubation, possibly due to vyeast extract utilaization,
followed by & slower rate until about 80 K (Fig. B8a).
Hydrogenase and ribulose bisphosphate carboiylase seemed to
he derepressed at the same time at the early stages of
growth (Fig. 8b). Detectable nitrogenase activity was
observed only after about 40 h of 1ncubationy activity
peaked at about 140 h and then déclined almost abruptly
thereafter.

Zaleb. Effect of hydrogen on acetylene reduction activity

This nperiment was conducted to determine the
optimum partial pressure of H- for CoHo reduction activity
uwnder N—~-li1mited chemolithotrophic conditions. Max1mum
activity was obtained at 2 kFa Ho and above (Table 11).
Z.4. Discussion

The 1ncorporation o+ 15N into cellular mitrogen
undoubtedly confirms the No~fixing ability of PFPreudomonas
saccharophila. MNitrogenase activity by this organism has
also been observed by Y. —-k. Chan, Agriculture Canada
(unpublished). Various sugars and organic acids supported
1ts growth and No fixation. Nitrogenase activaity was

expressed only under low oxygen partial pressure indicating
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Fig. 8. (a) Typical growth curve of Pseudomonas

saccharophila under N-limited chemolithotrophic conditions:
(b) Uptake hydrogenase (UH), ribul ose bisphosphate
carbonyl ase (RUEBC) , and acetylene reduction (ARA)
activities at various stages of growth. Methylene blue was
used as the electron acceptor in the hydrogenase assay.
Data. for the 3 enzymes are averages of 3 replicates. Rars
indicate + SEM.
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TABLE 11. Effect of Ho headspace partial pressure on CoHop
reduction activity of chemolithotrophically~-
grown Pseudomonas sac«:haruphzlaa

Hp (kPa) nmol CoHg (mg pv'cn:ein)_ih_lb

0 + 1

1 15 £+ 0.2
2 17 + 0.5
] 17 + 0.4
10 19 + 1.6
20 18 + 0.4
40 18 + 0.1

aSamples used for the assay were taken from a continuously-
sparged batch culture (88-h) as shown in Fig. 8.

Data are averages of 3 replicates + SEM.
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that the organism 15 a microaerophilic No-fi.er.

@although the aminp acids alone susteined better
arowth of FPreudomonas rfaccharophila, their tailure to
support nitrogenase activity 1s nat surprising. Some amino
acids have been known to regulate activity and synthesis of
N1 trogenase in hlebzaiella prieumanlae, Azotobacter
vinelandi1l and Rhizobrum species (Wilson et al. 1947
Shanmugam & Moranda 19763 Ranga Rao 1982). The catabholism
of amino acid yields ammonia whaich rapidly and reversibly
"switches—-off" nmitrogenase activity (Fostgate 1782) or may
increase the i1nternal NH4+ pool of the cell thus repressing
the synthesis of nitrogenase (Braill, 1979,

Yeast extract . and - casamino acids added 1in small
amounts stimul ated growth of P. xzaccharophila under
heterotrophic No-fi3ing conditions. The vitamins did not
stimulate growth. These results suggest that 1t 15 the
amino acid compaonent of yeast extract that 1s responsible
for growth and No fisxation.

The ability of P. =accharophila to grow and fix N»o
under N-1li1m ted chemolithotrophic conditions was
demonstrated unequivocally by growth and the presence ot =
key enzymes: hydrogenase, ribul ose bisphaosphate
carbonyl ase, and mtrogenase. Ho, therefore, through
hydrogenase provides reducing power and ATP for both CO2
fixation and N~ fixation (see also Chapters 4 and &).
Organisms that are S0 far known to faix N-a

chemolithotrophically are Xanthobacter autaotrophicus,
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Azospirillum lipoYerum, Dervia gummosa, Alcaligenes latu=z,
and PAPreudomonas diazeotrophicus (Wiegel and Schlegel 1976;
Berndt and Wolfle 19783 Pedrosa et al. 19807  Malal and
Schlegel 19813 Bowien and Schlegel 1981; Finbkwart et al.
1983: Gowda and Watanabe 19833 Ravi Shankar et al. 19863
Barraquio et al. 1986: Watanabe et al. 1987). Since the
taxonomic status of P. drazotrophicus 15 uwuncertain (see
Table 1, Chapter 2), this makes Pseudomornas saccharophila
the first approved species of Pseudomeonas to fix N2 both

heterotrophically and chemnlithotrophically.
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4, HETEROTROFHIC AND CHEMOLITHOTROPHIC HYDROGEN OXIDATION BY
PSEUDOMOMAS SACCHAROPHILA
4.1. Introduction

Nitrogenase catalyzes not only N2 reduction but also
ATP-dependent Ho evolution. The oxidation of evolved Hp by
a No-fixing culture may recover some of the energy lost
through Ho production, may prevent inhibition of
nitrogenase by hydrogen, and may provide protection to
nitrogenase by removal of excess oxygen (Dixon 1972). Such
Ho recycling occcurs in Azotobacter chroococcum (Walker and
Yates 1978), Rhizobium japonicum (Emerich et al. 1979), and
Rhizobium leguminosarum bacteroids (Salminen and Nelson
1984).  Uptake hydrogenase, the enzyme responsible for the
unidarectional conversion of molecular Ho to protons, ais
found in several other diazotrophic genera (..
Aznsparillum, Alcaligenez, Derxia, Xanthobacter)» (Bowien &
Schlegel, 1981). The hydrogenase system of these arganisms,
however, 1s regulated differently by O, Ho, and carbon and
M trogen sources.

S8ince Pseudomonas saccharophila can utilize Ho as
electron donor during chemolithotrophic No-fixation (see
Chapter 3), 1t may have the ability to utilize the evolved
Ho during heterotrophic No-fixation. This study Was
conducted to demonstrate the presence of an active uptake
hydragenase 1n P. saccharophila during heterotrophic No-
fixation, and to examine £he regulation of 1ts activity and

synthesis by Hn, sucrose and Oo.
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4.2. Materials and methods
4.2.1. Organizms, medira andg cultivation conditions

The bacterial strain used 1n this study, Preudomuonas
saccharophrla ATCC 15946, was the zame culture as used 1n
Chapter T. Alcaligenex eutrophus Hlé was a g1+t +rom Dr. H.
Friedrichi. The media (NH4*—CDntaln1nq or N-limted +
sucyrose) , 1nocuwlum preparation, method of cultivation
(continuously-sparged batch culture or closed batch
culture), and 1ncubation conditions were all the same as
those in Chapter Z. Further details of the experiments are
given in the Table or Figure legends.
4.2.2, intracellular distribution oFf hvdrogenase activity

Cells were grown for 12 h under N—-limited chemolitho-
trophic conditions with 10 uwM MiClo. Cells were harvested
and washed twice with 67 mM potassium phosphace (F )HFOgq +
kKH2FQg) buffer (pH 7.0) at 10000 x ¢ for 10 min at 2%,
Cells were resuspended in 10 pL of the same buffer and then
100wk of 100 mM phenylmethylsulfonyl —fluoride ‘FMSF)  was
added. Cells at the start of the sonication and fractions
were handled aerobically or anaeraobically (under Oc—free Ho
during somcation and then subsequently under Oop-free No)j.
O.—free gases were obtained by passing them through a BASF
BTS catalyst—-filled column. Cells were sonicated (Cell
Disruptor model W-220F, Heat Systems-Ultrasonics, Inc.,
Flainview, New York) 20 times with 1 main burst and 1 mn
cooling 1n a circulating 1ce bath (approximately 4OC). The

soni1cator was equipped with a cup horn and was operated at
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a power output of about 95 watts. Cells were centrifuged at
10000 v @ at 4°C for 10 min. The supernatant was the cell-
free extract. The cell-free extract was centrifuged at
180000 + @ for 1 h at 5°C. The supernatant was the soluble
fraction and the pellet was the membrane fraction. Aliqgquots
(0.2 mL) of the fractions were assayed for HSH—uptahe
activity.

NAD~—dependent hydrogenase {(soluble hydrogenase!
activity was also determined 1n cells grown under hN-limited
chemolithotrophic conditions using the method of Friedrich
et al. (1981). Alcaligenes eutruphus Hlé grown under chemo-
lithotrophic conditions (with NHzCl) was used as the
posi1tive reference organisma.

4.2.5. As

0

avs

Hydrogenase activity was measured by the H3H—uptake
method (Tibelius and FkKnowles 1983) usang O or MB as
electron acceptors (see Chapter 3). NMitrogemnase activity
was measured by the CoHo reduction method (see Chapter ).
4.2.4. Analyses

Analyses of Hp, 0o, CoHg, growth (ODg=o) 4+ and protean
were all done as 1n Chapter 3JI. Reducing sugar was
determned by the phenol method (Herbert et al. 1271) using
sucrose as the standard. All spectrophotometric
determinations were done using the BReckman DU-7

spectrophotometer. Dissolved Hp and CpoHg were calculated

using the appropriate Ostwald coefficients (Wilhelm et al.,

1977).
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4.%3. Results
4.3.1. Ainetics of hydrogen uptake

The apparent hp for Ho of hydrogenase was determined
in whole cells of a stationary phase No-fix1ng
heterotrophic culture. From an Eadie—Hofstee plot, the
apparent &p for Hp in the Oo- and MBE-dependent assays was
4.F wM and 1.B2 wuM 1n solution, respectively. In the gas
phase, these values correspond to 0.56 kPa and 0.24 kFa for
On— and MEBE-~dependent activities, respectively. These values
are lower than that for Azospirillum brasilense wnich was
1.2 kPa to 3 kiPa (Pedrosa et al. 19823 Tibelius and knowles
1983). The value for ME-dependent activity 1s similar to
that for Rhizobium raponicum which was ©.23 kFa (Lim and
Shanmugan 1979). The = kPa H:H used 1n this study was
sufficient to saturate the O~ and MbE-dependent components
of the hydrogenase system and i1n both cases the uptate of
H3H was linear with time up to about 90 min (Fig. 9.
4.3.2. Growth and Hp oxidation under No=Tixing and non=No-
fixing conditions

The growth rates i1n both No-fixing and NH4+—grown
microaerobic cultures were practically the same 1n  the
first 6 h (Fig. 10a) no doubt due to the inttial
utilization of the yeast extract. Thereafter, the No-fi1x1ng
culture grew relatively slowly, but during this periaod a
marked 1ncrease i1n hydrogenase activity was observed (Fiqg.
10b) . Hydrogenase activity was very much higher in the No-

fixing culture than 1n the NH4+—grown culture.
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Fig. 9. Time course of H"'H uptake by Pseudomonas

saccharophila. Late stationary No-fixing cells (2—mbL
samples) from a heterotrophic batch culture (continuously-
sparged) were transferred into 14-mL serum bottles and then
assayed for H™H uptake activity with 2 kPa 0o (O) and SmM
methylene blue (@) as electron acceptors. Data are
averages of 3 replicates.
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4.7.%. Hydrogenare induction

'he results of the above eunperaiment could i1ndicate
that the Ho evolved during No fisxation stimulated synthesis
of hydrogenase. Therefore, an exXperiment was done o
determine 1f such synthesis could be i1nduced by ogenous
Ho. Indeed, the level of hydrogenase under non-No—fi1v1ng
autotrophic conditions i1ncreased greatly in the presence of
Ho (Fig. 11). Addition of chloramphenicol prevented the
increase. The results suggest that H- did not activate
preformed enzyme but rather caused derepiression of
synthesis of hydrogenase. Cultures supplied with Ar i1nstead
of H» had very low or negligible activity (Fig. 1L,
4.3.4, Expreszzion of hydrogenase activity 1n ammonium—qronn
culture under air plus hydrogen

This experiment was conducted to determine 1+
synthesis of hydrogenase could he induced by H- under
aeraobic heterotrophic conditions. NH4+—grown batch eultures
were continuously sparged with air alone or with air
containing 2.2 FFa Ho. The growth and sucrose utilization
patterns were nearly i1dentical for both cultures (F1Q.
1Z2a). However, the hydrogenase activity remained negligible
in the absence of exogenous Ho (Fig. 12Zb). In contrast, the
Ho—sparged cul ture had much higher hydrogenase activity and
the maiimqum activity was reached when the level of sucrose
1N the medium was relatively low. In this experiment, MB-
dependent hydrogenase was compared with O-—~dependent

activity at different growth stages of the Ho-sparged
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Fig. 11. Effect of Ho on hydrogenase synthesis in
Pseudomonas saccharcephila. A md—exponential NH4+—gern
heterotrephic culture was washed, then resuspended 1n a
small quantity of the same medium but without sucrose.
Samples (5 mL, 0ODgzo = 18 as determined by dilution, 1.5 mg
protean mL-l) were inoculated into S500-ml vacuum +flasks
each containing 150 ml of the same medium. Zero-h samples
were taken, then the f1asks were evacuated and backfilled
with Np. Twenty per cent of the headspace was withdrawn
then replaced indavidually with § kPa COp, S vFa Oo, and 10O
kFa Ho or Ar. Chloramphenicol (Cm) at 100 ug mL_—1 was added
as indicated (arrow). The flasks were shaken at ZODC, and
samples were taken each hour. Hydrogenase assays were
carried out under air. The treatments were as follows:
plus  Ho <[, plus Hp and Cm (D, plus ar (A, plus Ar

and Cm (A). Data are averages of triplicate samples. Bars
indicate + SEM.
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Fige 12. Growth and hydrogenase activity of Pseudomonas
saccharophila with (closed symbols) and without (open
symbols) Hp (2.2 kFa) under non-Np-fixing heterotrophic
conditions (aerobically with NHgCl). (a) Growth Yol 2
and residual reducing sugar as sucrose (A, A. (b)
Hydrogenase activity. Activity was measured using 2 kFa 0Uo
as the electron acceptor. Data are averages of 3 replicates
for residual sucrose and hydrogenase activity. SEM ranged

from 1 to 6% for hydrogenase activity and 4 to 7% for
residual sucrose.
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cultuwre. ME-dependent hydrogenase activity was higher than
the O-—-dependent activity by 1.6 * 0.18 times (averaage +
SEM of determinations from 9 time intervals). A simlar
ratio was obtained by HRerndt and Wolfle (1978) 1n
Xanthobacter autotrophicus. The results might sugaest that
in the Oop-dependent assay, some components of the electron
transport chain were limiting. The 0-- and ME-dependent
hydrogenase activities at different growth stages were
proportional with a correlation coefficient of 0.74. OFf the
2 MB concentrations tested, % mM showed the highest
hydrogenase activity (Fig. 13).

4.3.5. Effect of 0p on hydrogenase activity and synthesis

Nitrogen—~fixing continuously—-sparged batch cultures
showed maximum hydrogenase activity in the stationary phase
(Fig. 14). The hydrogenase showed wide tolerance to O,
maximum activity being observed from pOn 0.9 to 20 kfFa.
Early-exponential cultuwres did not show hydrogenase
activity. Low 02 levels became limiting in late exponential
and early stationary phases but not 1n md exponential
phase, probably because of the low hydrogenase activity and
low population density resulting i1n lower O~ uptate rate 1n
the latter.

It 15 possible that Op may become limiting when
sucrose is availlable in the medium, thus causing a low
level of hydrogenase zynthesis (Van Berkum and Maier 19868).
To test this hypothesis, hydrogenase formation was 1nduced

under microaerobic and aerobic conditions in the presence
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Fig. 13. Effect of methylene blue concentration on hydro-
genase activity of Pseudomonas saccharophila. Stationary
phase No-fixing cells (2-ml samples) from a heterotrophic
batch culture (continuously-sparged) were transferred into
14-mL. serum bottles and then assayed for hydrogenase

activity. Data are averages of 3 replicates. Bars indicate
+ SEM.
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Fig. 14. O optima for hydrogenase activity of Preudumunas
saccharophila. Activity was measured using early
exponential (Q)y mid-exponential (@), late exponential
(/) and early stationary (M) Np-fixing cells from a
heterotrophic batch culture (continuously-sparged). Data

are averages of 3 replicates. SEM ranged from 0.2 to 7%4.
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and absence of sucrose. In the absence of sucrose .,
hydrogenase formation was partially repressed by 18 kFa 0o,
the activity being 8074 lower than that under 2.8 kFa 0O
(Table 12). In the presence of sucrose, much lower actaivity
developed. O, may have been limiting 1n the 2.8 kPa Op plus
sucrose treatment. but since 5.8 kPa 0o remained i1n the 18
kFa 0o treatment with lattle appearance of activity, 1t is
probable that sucrose and not Oo availability was the
important factor.
4,3.b6. EfTect orf carbon sources on hydrogenase activity and
synthesis

The results of the previous experiments suggested
that the concentration of sucrose may affect hydrogenase
formation. Carbon substrates which are used to different
extents for growth of Pseudomoras saccharophila (Section
3.3.2) were therefore examined Ffor their effects on
hydrogenase formation. Carbon sources which are utilized
only slightly or not at all, such as mannose, fructose,
sylose, and glucose, repressed hydrogenase formation either
not at all or at the most by 40% (Table 13). Fyruvate, a
better substrate, showed 80% repression. Those carbon
souwrces which support vigorous growth of the organism
exhibited 97-100% repression. In the absence of carbon
source, and with CO» replaced by Ar, there was about a 20%
reduction 1n hydrogenase expression.

The kinetics of repression of hydrogenase synthesis

and of i1nhibition of preformed enzyme by sucrose was then
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- TARLE 12. Effect of 0o on formation of hydrogenase an

a
Rseudomonas saccharophila

nmol Ho (mg ;:n"c;vtc.'ﬂea.n)~1h_1

Oxygen (kPRa)

- Sucrose + Sucrose
2.8 2107 + 288 (2.4 + 0.2) 12 + 2 (0.21 + 0,05
18.26 443 + 32 (1.8 + 0,05 22 + 1 (5.8 + 0.2)

A mid-exponential phase NHa*—grown aerobic heterotrophic
culture was washed with NHsCl-containing (minus sucrose)
medium and then resuspended irn a small quantity of the same

medium. Samples (0.2 m., ODamo = & as determined by
- dilution, 0.50 mg protein mL—*) were dispensed into vials
containing 1.8 mL of the same medium without or wlth
il sucrose (15 mM). One set of vials received 10 kFa Hz, ©

kPa (COx, 2.8 kPa 0z, and balance Nz3 the other set
received 10 kPa Hz and 5 kPa COz 1n air. The cultures
were shaken for 8 h, after which they were analyced for
Oz, then evacuated and backfilled with Nz. The Ha—uptake
assay was carried out with MB as electron acceptor.
Values 1n parentheses are kFa 0z at the end of the

derepression period. Data are averages of 4 replicates +
SEM.
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TARBLE 13. Effect of different carbon sources on formation
of hydrogenase in Pseudomona- saccharophila

. . Aa
previously grown under No—-fixing conditions

Carbon source Hydrogenase activityb Relative
(nmol Hp (mg prote1n)—1h—1) activity
None (control) 7414 + 1891 100
D(+)~Fructose 9589 + 828 129
D(+) -Mannose 8477 + 790 114
D(+)~Xylose 4939 + G569 67
D(+)-Blucecse 3630 + 548 62
Na—-Pyruvate 1489 + 106 20
Na-Citrate 223 + 44 3
L (+)-Arabinose 133 + 10 1.8
sSucrose 89 + 26 1.2
Na—-Acetate 53 + S 0.7
Na-Succinate 20 + 20 0.2
D(+)-Galactose 4 + 1.4 0.05
Na-Mal ate 0 0
None (no CO2, plus Ar) bOLI + 1450 82

A mid-exponential phase Na—fixing heterotrophic culture
was washed thrice with N-free medium 1lacking carbon
source. The pellet was resuspended in the same medium,
then 0.2-mL samples of the concentrated cell suspension
(ODazo = 8 as determined by dalution, 0.56 mg protein
ml—%) were dispensed into 14-mL wvials containing 1.8 ml of
the same medium plus or minus carbon source (15 mMY., The
vials were stoppered then evacuated and backfilled thrice
with Nz. Zero-h samples were then assayed for hydrogenase
activaty wusing 2 kPa 0z as the electron acceptor. The
gas phase of the remaining vials contained: S kPa Oz, 5 kPa
CO0a, 10 kPa Hz, and balance Nz. The vials were shaken for
13 h at 3I0=2C after which the cultures were assayed for
hydrogenase activity. Data are averages aof 2 replicates
(except contrel and no COa treatments which had 4
replicates each) + SEM.

®Difference between 13-h and O-h activities. Zero-time
activaity 1n all treatments ranged from 22 to 81 nmol Ha
(mg protein)—*h—* with an average of 44 + 6.



97

studied. In the presence of sucrose, preformed hvdrogenase
activity wags not affected but synthesis was almast
completely repressed throughout the 8-h experiment (Fiqg.
15). Hydrogenase formation was greatly stimulated 1n  the
absence of sucrose. In the absence of sucrose but with
chloramphenicol there was a rapid decline 1n activaty.
Saodium azide prevented this decline whereas FMSF did so
only partially.
4.3.7. Effect of acetylene on hydrogenase activity

This experiment was done since CoHp was raeported to
inhibit hydrogenase activity in No-fiuing bacteria (Smith
et al. 1976). Thirty-min exposure to CoHs (0.1 to 50 kFa)
did not inhibit hydrogenase activity of Pzeudomonas
s3accharophila (Table 14).
4.3.8. Effect of hydrogenase activity on 09 zensitivity of
nitrogenase

This experiment was done to determine i1f hydrogenase
would provide some protection to nitrogenase activaity
against Oo i1nactivation. The presence or absence of Hz and
the Oo—dependent Ho uptake had no effect on the 0Op
sensitivity of nitrogenase at different growth stagee
(Fig. 14). Perhaps hydrogenase activity 13 still too low
(from about 0.3 to 2.0 umol Ho (mg prntein)_lh—l) to be
able to perform a vigorous oxyhydrogen reaction.
4.3.8. Effect ot medium pH on expression of hydrogenase
activity

0Ff the 5 pH levels tested for hydrogenase expression
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Fig. 15. Effect of sucrose on preformed activity and
aynthesis of hydrogenase in Pseudomonas saccharephila. A
late~exponential phase No-fixing heterotrophic culture was
washed, then resuspended in a small quantity of NHgCl-
containing (minus sucrose) medium. Samples (5 wL, ODgzq =
12.4 as determined by dilution, 0.86 mg protein mL_ ) were
inoculated into S00-ml. vacuum flasks each containaing 150
ml. of the same medium. Zero—time samples were taken, then
sucrose (15 mM), sodium azide (1 mM), phenylmethylsulfo-
nylfluoride (FPMSF, 1 mM), and chloramphenicol (Cm. 100 ug
mL-l) were injected immediately as desired. The flasks were
.evacuated and backfilled with Nz, then 204 of the
headspace was withdrawn and replaced individually with 10
kPa Hp, 5 kPa CO, and S5 kPa 0. The flasks were shaken at
30°C, and samples were taken each hour. Methylene blue was
used as the electron acceptor in ti.e hydrogenase assay. The
treatments were as follows: minus sucrose ((Q ), plus
sucrose (@), minus sucrose plus Cm ( D), plus sucrose
and Cm (-), minus sucrose plus Cm and sodium azide ¢( A),
minus sucrose plus Cm and PMSF ( A ). Data are averaqes of
triplicate samples. Bars indicate + SEM.
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TABLE 14. Effect of CoHo on hydrogenase activaity of
Pzeudomonas 3archaraph11aa

CoHo (KFa) wnol Ho (mg protein) ‘h~1 % Activity
0 2.9 + 0,04 100
Q.1 2.7 * 0,01 9=
0.5 2.9 + 0.08 100
1 2.9 + 0,07 100
5 3.1 + 0,07 107
10 3.2 + 0.03 110
25 2.9 + 0.08 100
S0 2.9 £ 0,01 100

-A late stationary phase heterotrophic Nz—fixing culture
was used. Cells (2-mL. samples) were transferred i1nto 14-mb
serum bottles and then assayed for hydrogenase actaivaty
under an atmosphere of 3 kPa H3H and CaHa 1n air for 20
min. Data are averages of 3 replicates + SEM.
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umol CoHg4 {mg protein)~Th-1

Fig. 16. Effect of exogenous Hp (10 kPa) on Qp
of

sensitivity
nitrogenase of Pseudomonas saccharophila. Cells (2-mL

samples) +from an No—~fixing heterotrophic batch
(continuously-sparged) at different gro.th
taken and then assayed for

culture
stages were
ni1trogenase activity (see

for CoHo reduction assay) at different 0o levels.
Open and closed symbols

Chapter 3

represent absence and presence of
Ho, respectively. The different growth stages were as
follows: mid-exponential (), @), late exponential (A, A,

and early stationary ([J,J). Data are averages of 3
replicates. Bars indicate + SEM.
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under N-limited chemol:thotrophic conditions, pH 6.4 showed
the highest activity (lfable 15). Unless otherwise stated,
this pH was used 1n subsequent experiments that i1nvolved
hydrogenase derepression under N-limited chemolithotrophic
conditions.
4,3.9. Distraibution of hydrogernase activity 1n cell-Tree
extract

Nearly all of the methylene blue—dependent
hydrogenase activity was found in the membrane fraction
whether prepared aerobically or anaerobically (Table 16).
NAD reduction by cetyltrimethylammonium bromide-
permeabilized cells was negative i1ndicating the absence of
soluble hydrogenase. Alcaligenes eutrophus Hlié had specific
activity of 0.54 units (mg pr‘cﬂ:mr\)—1 (1 uni1t = 1 umol NAD
reduced per min),.
4.4. Discussion

The results clearly show the presence of an active
uptake hydrogenase in No—-fixing cultures of Pseudomenas
saccharophila. Hydrogenase was expressed significantly more
in No~-fixing than in non-No-fixing culture, as N
Azotabacter chroococcum (Partridge et al. 1980) ,
Xanthobacter autotrophizus (Berndt and Wolfle 1978) and
Azotobacter vinelandii (Lee and Wilson 1943) but 1N
contrast to Azeospirillum brasilense where an NH4+—grown
culture had hydrogenase activity similar to or slightly
higher than that 1in a Np-f:xing culture (Tibelius and

kKncwles 1983). Our results show that NH4+ per se does not
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TABLE 135. Effect of pH on eidpression of hydrogenase
activity by Pseudomornas saccharophila under N-

limited chemolithotrophic CDndltanSa

pH of medium umol H-o (mg ;:nn:»tmn)'-lh-—1
S.6 28.3 + 4.5
6.0 28.4 + 1.9
6.4 7.0 # 0,1
6.8 20.9 + 1.4
7.2 21.0 + 6.1

«Hydrogenase derepression was carried out an 14-mL serum
bottles containing 2 mbL medium with 10 uM NMiClz under 2
kPa 0Oz, S kPa COa, 20 kPa H=z, and balance Na for 20 Hh.
Inoculum was 30 uL cell suspension (1.98 mg ml—* protein)
per bottle. Ox (2 kPa) was used as the electron acceptor.
Data are averages of 3 replicates + SEM.
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Distribution of methylene blue-~-de=pendent hydro-
genase activaity in cell-free extracts ot
Pseudomonas saccharophila derepressed for

hydrogenase under N-limited chemolithotrophic
condi t1ons®
Fractinnb Specific Total protein Total %
actlvityc {mg) actlvxtyd
Aerobic handling
CFE 326 + 18 0. 84 274 100
SF 10 + 2 Q.53 S. 5 1.9
MF 961 + 28 Q.26 250 21,2
Anaerobic handling
CFE 453 + 32 4,39 2079 100
- SF S+ 5 106 227 10,7
.l MF 1298 + 59 1.15 1497 71.8
«Derepression was carried out for 12 h under N-limited

chemalithotrophic
balance Nz)

Oay

BCFE,

cell—free

membirane fraction.

<nmol Ha

conditions (20 kFa Ha, 5 kfFa CO=2, & kPa

with 10 WM N1Clz added to the medium.
extracty SF, soluble fraction: and MF,
(mg protein)—*min—t, Data are averages of 3

replicates + SEM.

“nmol Hz min—3*,

!

¢
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inhibit hydrogenase activity, and in the presence ot Hz,
synthesis of the enzvyme 15 greatly induced. Thus, the
inducible hvdrogenase system of Pseudomornas saccharophila
resembles that of Xanthobacter autotrophicus {Berndt and
Wolfle 1978), Aquaspirillum autotrophicum (Aragno and
Schlegel 1978), Bradyrhizobium japonicum <(Maier et al.
197723 Van Rerbum 1987), Rhodobacter capsulatus (Colbeau and
Vignais 1983), Alcaligenes hyadrogenophilus (Friedrich et
al. 1984), Rhizobium ORS S71 (de Vries et al. 1984),
Alcaligenes latus (Doyle and Arp 1987), and Azotoebacter
vinelandii (Frosser et al. 1788) but differs from that of
Azoszpirillum brasilensze (Tibelius and kKnowles 1983, and
most strains of Paracoccus denitrifticans (Nokhal and
Schlegel 1980). In R, capsulatus (Colbeau and Vignais 1983)
the Hp evolved during No fixation 1s probably responsible
for the stimulated hydrogenase expression 1n No—faixing
culture. In both R. capsulatus (Colbeau and Vignais 1987
and P. saccharophila, expressicn of hydrogenase i1n  both
autotrophic and heterotrophic NH4+—grcwn cultures provided
with exogenous Ho suggests that hydrogenase i1s 1i1ndependent
of nitrogenase exdpression.

Hydrogenase activity of P. =zaccharoephila was not
sensitive to Oz and 1n this respect resembles the Ho uptake
system of A, autetrophicum, Alcaligenes eutrophus, and
Azospirillum amazonense (Aragno and Schlegel 19783 Fu and
Knowles 1986: Wilde % Schlegel, 1982) but differs from that

of other diazotrophic bacteria such as A. brasi’ense and
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Azaszpivrillum Iipoterum (Fu and hnowles 19063 Fedrosa et al.
19¢g2: Tibelius and tnowles 176873) ., and Rhazobium  Japontrun
and its bacteroids (Maier et al. 19797 Ruir—-Argueso et al.
1279). However, 18 tFa 0o partially repressed  hydronenase
formatian. Hydrogenase formation by LBracdyrhizobiunm
Japonlicun was repressed under aerobac conditions (Van
Eerkum  1987). Above 12,5 kFa On, hydrooenase synthesis by

Alcaligenes latus was repreceed (Doyle and e 1907),

Conplete reEpressyon was reported N Aquaspirrllun
autotrophicum at 0O Fra 0O0n whereas enzyme synthesis
cecourred at 20 LFa 0o but at a much Jower rate than at .U

kfa Un (Aragno and Schlegel 1778),

Under carbon—-limited conditirons hydrogenase activaity
o+ Azotobacter chroococcum was consicetently high (bartradoe
el &aJ. 179uuy Waller and Yates 1978¢). Lilewise, mastimuun
hydroaenase activity of Pseudomonas zaccharophila Wi,
ohserved when residual sucrose was low or il ln  the
presence of 10 oM sucrose, the synthesis of hydr ogenace wao
repressed  but the activaity of preformed  encyme  was  nob
inhibited, Other uwtilizable carbon substrates tested alszo
raepressed  hydrogenase synthesis whereas those which  wvere
little or not at al) utilized showed neglraible repressive
effect., Similar behavior is seen 1n Rhrzobium  Japonlcumn
(Merer et al. 1979 and A, latus (Doyle and arp  1987).
However, 111 A. autotrophicum {(Araano and Schlegel 19781
Rhizobrum strain OKS §71 (De VYraes et al. 1964) arnd

R.djaponicum strain JH (Graham et al. 1984), some utilizable
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carbon substrates do not repress @nTyme formation,
Recentl v, VYarn Berkum (1987) and Van Berlum and Maier l9geh
found no repression of hydrogenase expression by carbon
substrate i1in Bradyrhizobium japoricum. They suggested that
acidification of the induction medium and limiting Up  were
the factors responsible for decreased hydrogenase
activaity. In the study of Rhizobium japonicum matants,
Merberqg et al. (198%) found that a common element is
involved i1n the regulation of hydrogenase by oxygen and by
carbon substrates. In the present study, 1t seems that
suerose repression o+ hydrogenase formation 1s  1ndependent
of repression by O-. Catabolite repression i1nvolvaing cyclac
AMF and possibly other effector mplecules 1s amplicated 1n
mal ate—-mediated repression of Ho uptake in R. rapomicum
(Lam and Shanmugam 1979: McGetrick et al. 198%5). The
discrepancies among these reports may i1ndicate only the
presence of different mechanisms by which carbon substrates
regul ate Ho—-oxadation. Mevertheless, 0Oo and carbon
substrates may be essential co-regulators especially in (Op-
sensitive hydrogenase systems.

The decline in actaivity in the presence ot sucrose
plus chlorampbenicol was prevented by addition of 1 mM
sodium azide, a known i1nhibitor of ATP production, but not
by FM8F, a protenlysis inhibitor. Schlesier and Friedrich
(1981) reported 1nactivation of soluble hydrogenasze 1n
Alcaligenes eutrophus strain Hib when intact cells were

exposed to & Hn/02/C0- atmosphere, and this i1nactivation
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was ancreased in the presence of ochloramphenicol;s cells
exposed to Ho/O- with 1 mM sodium atide retained only about
104 of the activity of cells euposed to either air or Ha
but 27% of the sctivity was retained in the presence of o
mM sodium azide. However, addition of 2 mM ATF to cell

extracts did not enhance i1nactivation of hydrogenase and 1t

was concluded that 1nactivation was due to superoiide

radical anions produced by hydrogenase 1tself during
catalysis. The present resulcs seem to suggest that
inactivation is ATP-supported and, as 1n Alcaligenes

eutrophus, 1s not due to simple proteolysis.

Hydrogemnase activity of Pseudomonas saccharophila was
not inhibited by CoHs. Litewise, the Ho—uptale systems of
Azospivillum amazonense, Azospirillum lipoterum, Dersia
gummosa, Xanthobacter autotrophicus (1ntact cells and
partially purified hydrogenase) , and Bradyrhizobium
Japonicum (bacteroids) are not very sensitive to CoHo
(Berndt and Wolfle 19783 Ruiz-Argueso et al. 179793 Ravi
Shankar et al. 19863 Fu and kKnowles 1988). On the other
hand, hydrogenase activity of Azotobacter chroococcum
(Smith et al. 19763 Walker and Yates 1978) and Azoxzpirillum
brasilense (Chan et al. 19803 Tibelius and knowles 1984)
were sensitive to CoHp., Purified hydrogenases from
Azotobacter vineland11, Rhizobium japonicum, and
A, eutrophus Hlé6 were inhibited reversibly by CoHo  (Hyman
and Arp 1987). Ho and CO were shown to protect these

hydrogenases against CoMo inhabition (Hyman and Arp 1987) .
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Likewise, Van der Werf and Yates (1978) showed that
inhibition of partially purified hydrogenase from
Azotobacter chroococcum could be reversed by flushing with
Ho . It is quite possible that the insenmsitivaty of the
hydrogenase activities to CoHp observed 1in  Pseudomonas
saccharephila, Azespirillum amazonense, Derwxia gqummosa,
Xanthobacter autotrophicus, and Bradyrhizobium Japonicum
bacteroids 1s due to protection provided by Ho which was
present during the assays.

The presence of exogenous Ho and hydrogenase did not
affect the Op sensitivity of P, saccharophila mtrogenase.
This suggests that Ho—~dependent respiration does not keep
the 07 away from nitrogenase. This i1z 1n agreement with the
data for Azospirillum brasilense (Pedrosa et al. 1982),
Azospirillium lipoferum, and A, amazonense (Fu and knowles
1988), but contrasts with that for A. chroococcum (Walker
and Yates 1978) where oxidation of exogenous Hp afforded
some protection for nitrogenase.

Bone (1960) reported the presence of Ho-activating
enzymes in the membrane and soluble fractions of
P. saccharophila. However, Fodzuweit et al. (1987) did not
find any hydrogenase activity 1n the soluble fraction. The
present data are 1n aqgreement with the results of Fodzuwexrt
et al. (1983). The absence of NAD-dependent soluble
hydrogenase 1n P. saccharevphila implies that the organism
has to generate NADH by reverse electron flaw (Gottschalk

1984) when growing under chemolithotrophic conditions.
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S. NICKEL UTILIZATION BY PSEUDOMONAS SACCHAROPHILA

S.1. Introduction

In Ho-dependent chemolithotrophic No-faination, three
hey reactions are involved: Ho uptake, No reduction, and
GO figation. For an organiem to arow under such
conditions, the large ATP demand (16 and 3 AlFs per N and
CO» fived, respectively ) (Gottschalk 1986) of the last two
processes must be =satisfied. The charge separation
catalyzed by uptake hydrogenase ultimately generates ATF by
odidative phosphorylation (Rowien and 8chlegel 19dl).
However, Ho 1tself is a known competitive inbibitor of N
reduction (Hwang et al. 1973). Therefore, the possession of
an efficient uptake hydrogenase system 15 essential  for
Ha/No—dependent  chemolithotrophic  growth,

Pseudamonas sgccharophila, Xanthobacter autotro--
phicus, Alcaligenes latus, and Derxia gummeosa fin No
heterotrophically and chemolithotrophically (Barraguio et
al. 1986: Rerndt and Wolfe 19783 Fintwart et al. 19835 HKava
Shanbar et al. 19863 see Chapter ). lhe growth ot {Lhese
O ganl sme under elther NH4+—utlliz1ng or No—f1:1ng
chemolithotrophaic conditions 1s normally scanty.
Investigators have manipulated the composibtion of the as
phase and the mineral constituents of the medium to 1mprove
autotrophic growth (Repashe and Repashbe 17763 Kavi  Shankar
et al. 19861). Nickel was found to greatly stimulate

NH4+/Hg~dependent autotroptiaic growth of LBradgyrhizobrum
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iaponicur and Alcaligenesz eutrophus (Bartha and Ordal 1965
Tabaillon et al. 1980: Flucas et al. 198735). Subsequently,
1t was shown to be a component of most hydrogenases,
urease, carbon monoxide dehydroaenase, and coenzyme Faxg 1n
methyl reductase (Hausinger 1987:; Andrews et al. 1988) and
to be 1nvolved 1n the regulation of hydrogenase synthes:is
in  Bradyrhizobium japonicum and Alcaligenes latus (8tults
et al. 19863 Doyle and Arp 1988).

Microorganisms that require nmickel for growth and
enzyme synthesis take up nickel from the environment with
or without the utilazation of energy {(chemical or
electrochemical) (Hausinger 19873 Drake 1988). Most of the
nickel-uptake systems so far reported are energy-dependent
and can further be categorizgd principally according to the
presence or absence of a magnesium—transport system which
couples the uptake of other metals including nickel (Jasper
and Silver 1977: Hausinger 19873 Bryson and Drake 19883
Drake 1988:; Lundie et al. 1988). Energy-independent mickel-
uptake systems are known only in B. Jjaponicum, Azotobacter
chroococcum, and Methanothrix concilii (Partridge and Yates
19825 Stults et al. 19873 Drake 1988: Raudet et al. 1988).

Thas study examines the effects of nichel on
Pseudomonas saccharophila under N-limited chemolithotrophic
conditions, and the organism’'s mickel—-uptake system.

S.2. Materials and methods
S5.2.1. Organism and growth

Pseudomonas saccharophila ATCC 15946 was used (see
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Chapter 3). The organism was arown aerobically i1n NHgCl +
sucrose + mineral salts + yeast extract (100 mg Lcl) medd1 um
{(pH 6.8) (see Chapter J). Washed cells were i1noculated i1nto
culture vessels containing the autotrophic medium (basal
medium) + yeast extract (100 mg L-i) (see Chapter 3 for the
composition of the medium). The pH of the medium was 6.4
(gee Section 4.73.8) except otherwise stated. The medium 1s
referred to as nitrogen—limited because of the presence of
veast extract. These media are all nickel-ceficient and
when NiClo is added, the medium is nmickel-enriched. The
nickel contaminant i1n the nickel-deficient medium was not
detected by atomic absorption spectroscopy (Dr. F.
Archibald, personal communication). Nickel contamination
from the glassware was minimized by overnight soaking i1n 2
N HCl and then finally rinsing with deionized distilled
water. This washing procedure was later modified by using 2
N HNO=x followed by 10 mM EDTA (pH 7.0) then finally rinsing
with deionized distilled water. For monitoring growth, 125-
ml. side—arm flasks containing 15 ml of medium were used.
Flasks were plugged with rubber stoppers fitted with cut
plastic syringes containing cotton filters. The cut
syringes were capped with Suba Seals. The headaspace
consisted of Hp, COp, O0p, and balance No, the partial
pressures of which are indicated in the text. The culture
vessels were incubated at 30°C on a gyratory shaker at 230
rpm.

For nickel uptake experiments, mid-log phase cells
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were harvested by centrifugation (10000 x g) at 4°c for 10
min, washed twice with 16.7 mM phosphate buf+rer ‘Na-HFUg.
7H20 + FKHoFOg3, pH 6.4) and then resuspended 1n the same
buffer. The optical density (OD) at 430 nm was adjiusted
such that the final OD of the assay mixture would be
approximately 1.0, Depending on the final volume of the
assay mixtuwe, 0.3 or 1.0 mL of the cell suspension was
used. The cells were kept on i1ce until analysis.
9.2.2. Hydrogenase derepression

Either 14-mbL serum bottles each containming 2 ol of
medium and capped with butyl stoppers, or S00-mL vacuum
flasks each containing 150 mL of medium and plugged as for
the 125-mL flasks were used 1n the derepression of
hydrogenase. Bolled cells served as control. The headspace
was the same as above with partial pressures given in the
text. The incubation conditions were the same as above
except for the 14-mL bottles which were incubated on a
water bath shaker. After incubation the bottles were
evacuated and backfilled thrice with Ns. The final
backfilling was done to the appropriate partial pressure
and then Oo and HYH were injected for the Oo-dependent H:H
uptake assay (see Chapter 3). Culture samples (1.8 mbL) from
the S00-mbL flashks were transferred by syrainge into 14-mL
bottles prefilled with No and 0.2 mL of SO mM methylene
blue (MB) for the MB-dependent HEH uptake assay.

Hydrogenase—-derepressed cells for the nickel uptake

experiments were prepared 1n  vacuum—flasks (500-ml) each
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containing 100 mbL of N-limited autotrophic medium and
inoculated with heterotrophically—grown washed cells. The
flasks were incubated at J0°C under shaking (250 rpm) with
a headspace of 20 kPa Hp, O kPa 02, 5 kFa CO;, and balance
No. Cells which were not derepressed for hydrugenase were
prepared similarly except that no He was added to the
headspace. After 10 h, the cells were harvested as above
and then resuspended i1n 16.7 mM Na—k phosphate buffer (pH
6.4) with an optical density of about 1.0. Prior to nickel

uptake assay, samples were taken for MB-dependent H-'H

uptake assay.
5.2.3. °3Ni2* incorporation
Vacuum flasks (S00-mL) each containing 100 mL  of

autotrophic medium + yeast extract were inoculated with

heterotrophically—grown washed cells. Filter—sterilized
63 . s . . -1

NiClo (specific activity, 0.2 w1 rnmol ™) and non-—
radioactive NiClp were added by syringe at a final

concentration of 1 uM, to two separate series of flasks for
measurement of nickel incorporation and hydrogenase
activity, respectively. The flasks were i1ncubated as above
with a headspace of + 20 kPa Hp, S kPa COop, 5 kFa Op, and
balance No. Nickel aincorporation was determined by
filtering (Millipore HA filter, 0.45 um pore size, 25 mm
diam.) 1-mL samples and then washing thrice with 16.7 mM
Na~-K phosphate buffer (p}' 6.4). Filters were transferred
into vials containing 4 mb of Universol scintillation

fluid. 6&N12+ binding on the filter paper was subtracted
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from the sample counts.
S.2.4. Intracellular distribution of S3Ni "

Cells were grown for 13 h under N-limited chemolitho-
trophic conditions with 63NiC12 (F.16 wuM with specific
activity of .05 uCi nmol—i) (gee Section 5.2.3). Cells
were harvested and washed twice with 67 mM phosphate
(koHPO4 + KHoPO4) buffer (pH 7.0) at 10000 x g for 10 min
at 4°C. Cells were resuspended in 10 mL of the same buffer
and then 100 ub of 100 mM phenylmethylsulfonyl-fluoride
was added. Cells were sonicated aerpbically (Cell Disruptor
Model W-220F, Heat Systems—-Ultrasonics, Inc., Flainview,
New York) 20 times with 1 min burst and 1 min cooling ain
circulating ice water (approximately 4°C). The sonicator
was equipped with a cup horn and was operated at a power
output of about 95 watts. Cells were centrifuged at 10000 u
a at 4°C for 10 min. The supernatant was the cell-free
extract. The cell-free extract was centrifuged (Beckman LB8-
70M ultracentrifuge) at 180000 x ¢ for 1 h at 5°C. The
supernatant was the gsoluble fraction and the pellet was the
membrane fraction. Aliquots (0.1 mL) from each fraction
were taken and transferred into scaintillation vials
containmning 4 mL of Umiversol scintillation fluid. The cell-
frree preparations were also used for detection of urease

activity.
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5.2.5. Nickel uptake

The assay was carried out in &0-mlk serum bottles
using 16.7 mM Na-k phosphate buffer (pH &.4. as test buffer
with a total volume of & or 10 mbL. The cells (147 to 169 wg
protein mL_l\ 1n buffer were preincubated aerobically +or
10 min at 30°C 1n a water bath shaker (300 rpm). bleClg
diluted with non-radioactive NiCln to specific activity of
0,05 uC nm01-1 was added to a final concentration of 35 wM
unless otherwise 1ndicated. The S wM concentration was
enough to obtain significant radioactive counts and at the
same time minimize the use of the expensive radiolabel. The
cells were i1ncubated as above, and then aliquots (0,2 mb)
were withdrawn from the assay vessel after 1 min and
filtered rapidly through a Millipore HA filter (Q.45 wm
pore size, 285 om diam.). The Ffilters were 1mmediately
rinsed thrice (3 mkL per rinse) with the test buffer.
Further rinsing and adding non-radiocactive MiCln (800-fold
excess) to the washing buffer did not sigmficantly reduced
the incorporated radioactivaty. The fi1lters were
transferred to scintillation vials each containing 4 mnl of
Universol scintillation fluad.
S.2.6. Analyses

Hydrogenase activity was measured using the H:H

uptake method with 0o (2 kPa) or MB (5 mM) as electron
acceptors for 20 min (see Chapters 3 and 4). Mtrogenase

assay was done by CoHo reduction with 1 kPa CoHz, 0.75 kPa

0n, 20 kPa Ho, and balance He. CoHg, Hp, COp, and Op were
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analyzed by gas chromatography as described by Chan et al.
(1980) and Tibelius and blnowles (1983). é:Ni was analysed
using the 14C channel of an LS 73500 PBeckman liguad
gcintillation counter. Urease activity was determined by
measuring colorimetricaily the ammonia release (Weatherburn
1967). Cell fractiaons (0.2 mL) were incubated with 40 ulL of
urea solution containing 4.0 wg N for 13 min at 37QC prior
to addition of reagents. Cell fractions without urea
addition served as control. Frotein was analyzed by the
modified Lowry method (Markwell et al. 1978) using bovine
serum albumin as standard.
9.2.7. Chemicals

Reagent—grade chemicals and deionized distilled water
were used throughout the study. 63NiClg (with specific
activity of 0.8%5 uli nmol-i) was purchased from Amersham
Canada Ltd. Sodium azide, N,N'—-dicyclohexylcarbodiimide
(DCCD) , carbonyl cyanide chlorophenyl hydrazone (CCCF) were
from Gigma: 2, 4-dinitrophenol from Matheson Coleman and
Bell: and sodium cyanide from J. T. BRaker Chemical Co. The
scintillation fluid was Universol from ICN Eiomedicals Inc.

- Results

S

|

3.1l. Effect of nickel on growth, ritrogenase activity and
expression of hydrogenase activity

Growth and expression of hydrogenase activity of
Pseudomonas saccharophila was significantly stimulated by
addition of nickel to the nickel-deficient medium (Table

17). Nitrogenase activity was stimulated too.
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TARLE 17. Effect of nickel on growth, nitrogenase actaivity,
and expression of hydrogenase activity by
Pseudomonas saccharephila under N-limited chemo-~

lithotrophic canditions®

Culture Growthb Hydrogenase Mitrogenase
(GDg=q) act1v1tyC actlvxtyd

Nickel -deficient 0.149 17.8 + 1.6 0.49 + 0.09

Nickel—-enriched 0.262 49.5 + 1.3 .77 + 0.58

(10 uM NiClp)

23 48-h culture (Nax-fixing mid-log phase) grown in a closed
batch cultivation system was used. The headspace was 2

kFa 0Oz, 5 kPFa COx, 20 kPa Hz, balance Nx. Data are
averages of 4 replicates + SEM.

BInitial OD was 0.035. Fifty microliters of cell suspen-—
sion {(nickel-deficient) containming 1.67 mg protein mL—t was

inoculated 1nto 15 al of medium contained in 2859-mL. si1de-
arm f1lasks.

cumonl Ha (mg protein)~*h—t; methylene blue was the
electron acceptor.

4nmol CzHa (mg protein) —th—13; assay was done for 6 h.
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5.3.2. ETffect of chelators on hydrogenase expression

Two chelators, ethvlenediaminetetraacetic acid (EDI&)
and nitrilotriacetic acid (NTA), were tested Ffor their
effect on derepression of hydrogenase in the nickel-
deficient medium. Expression of hydrogenase activity
declined rapidly in response to chelator concentration
(Fig. 17). With 50 uM chelator, the inhibition was 994 and
9'3% for EDTA and NTA, respectively.
Se3.3. Effect of nickel concentration on expression of
hydrogenase activity

Inhibation of hydrogenase expression by EDTA (3G M)
in the nickel-deficient medium was relieved by the addition
of nickel i1n a wide range of concentrations (1 to S0 wM)
(Fig. 18). Inhibition was also relieved at 100 and 200 uM
NiClo> but hydrogenase activity was only S0 and 13.5%,
respectively, of the maximum activity seen at S5O uwM.
S5.3.4. EfTtect of other metalz on expression of hvdrogenase
activity

CoCl o, Zins80,, MNClp, and CuS04 stimulated the
expression of hydrogenase activity but to a much lesser
degree than nickel (Table 18). At 23 uwM, CoClo and 1InS04
showed 40 and 28%, respectively, of the activity exhibited
by nickel at the same concentration, but 1t should be noted
that the CoCls used contained 0.1% nickel as contaminant.
Addition of FebS04, MgS04, NaSelzx, or NaSeQg did not affect
hydrogenase expression. Activaties 1n media with mickel in

combination 1ndividually with MgS04, FeS04, NaSelz, and



E el

-

119

60

40

20

% Hydrogenase activity

o

(0] 20 40 60 80 100 200
Chelator (M)

Fig. 17. Effect os EDTA (()) and NTA (A on expression of
hydrogenase activity by Pseudomonas saccharophila under N-
limited chemolithotrophic nickel-deficient conditions.
Fourteer-m. bottles each containing 2 mL of medium were
inoculated with 30 ul of cell suspension (1.30 mg protein
mL-l). Derepression was carried out for 20 h under an
atmosphere of 0.7 kFa Oz, 3 kPa COp, 10 kPa Hp, and balance
Np. The medium had a pH of 6.8. 02 was the electron
acceptor in the assay. The 100% activity at zero chelator
was 14.6 + 0.8 umol Hop (mg pr‘cﬂ:ein)mll'\-1 for EDTA and 12,0

+ 0.5 for NTA. Data are averages of 3 replicates. Bars
indicate + SEM.
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Fig. 18. Effect of nickel concentration on expression of
hydrogenase activity by Pseudomonas saccharoph:la under N-
limited chemolithotrophic conditions. Fourteen-mL bottles
each containing 2 mk of medium were inoculated with 30 wl
of cell suspension (2.08 mg protein mL_i). Derepression was
carried out for 20 h in a medium (pH 46.8) containing SO0 uM
EDTA under the sar2 atmosphere as that in Fig. 17. Op was
the electron accepcor in the assay. Data are averages of 3
replicates., sars indicate + SEM.
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TABLE 18. Effect of addition of several metals on expres-
sion of bhydrogenase activaity by Pseudomonas
saccharaophila under N-limited chemolithotrophic
conditions with S0 uM EDTA 1n the nedium™

Relative actaivities with

metal additions at:
Metal added

0.1 uM 2.5 wM 25 WM

NiClno 87.3 100,
CoCln 2.9 40.4
Ins0g4 7.2 27.6
MRC1 o 1.3 2
CusOg 1.8 4.5
FeS0g4 0.0 0.5
MgS04 O 0. G1
NaSeOz 0.07 O 0
NaSeOg4 0.06 O 0.1
NiClp (25 uM) + MgS04° 113.0 108, 0

" + FeS0g4 70.5 119.0

" + NaSeO=x 105.0 99.0 1.1

" + NaSelg 2.0 104.0 62.0

*Trace elements were not added to the medium (pH 6.8). The
inoculum (30 k) had an average protein concentration of
1.90 mg mi—*. Derepression was carried out +or 20 h under
0.70 to 0.80 kfPa 02, 3 ¥Pa COz. 10 kPa Ha. and balance Nz
in 14-ml serum bottles each containing a final volume of ¢
ml.. O= was the electron acceptor i1n the assay. Activities
obtained without metal additaion in ] separate
determinations ranged from 0.08 to 1.8%4 of that ot MClz
at 20 wM. The 100% activity at 25 uwM Ni1Cla corresponds to
14.0 + 2.7 (SEM) wmol Hz (mg protein)—th—t (from 5
separate experiments). Data are averages of I replicates.

bMgS0as at 500 and 1000 UM showed 97.2 and 127% activaty,
respectively.
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NaSelq were essentially the same as that with nickel alone
except in the case of 25 wM NaSeO- wh.ch appeared to be
toric as shown by decreased growth (data not shown).

S5e3.5. Role of nickel 1n hydrogenase synthesis

Cells derepressed with 2% wuM nickel added at zero
time expressed high levels of hydrogenase activaity (Fig.
19). Without nickel addition, there was no edpression of
hydrogenase activity until 24 h when there was detectable
but wvery low activity. Addition of 25 uwM nickel at 19 h
resulted 1i1n high levels of hydrogenase activity. However,
addition of 25 uwM nickel plus 100 wug mL--1 chloramphenicol
at 10 b resulted only i1n barely detectable hydrogenase
activity compared to that with nickel alone.

5.%.6. Effect of nickel on the sensitivity of hydraogenase
synthesis to 0)

Increasing the concentration of nickel i1n the medium
alleviated the sensitivity of hydrogenase synthesis to 0Onx.
With 25 uM N1:+, there was about a 32304 decrease 1in
expression of hydrogenase activity in contrast bto that with
2.8 uwM N12+ which showed about a 100% decrease under 10 and
20 kPa Oo.

5.3.7. 63N1 Incorparation during hydrogenase aerepression

Cells i1ncubated under hydrogenase-derepression condi-
tions i1incorporated 63N12+ 1n a progressive manner (Fiqg.
20). For cells placed under non-derepression conditions,

there was an 1nitial uptake at 2 h of 1ncubation and

thereafter a gradual decline of radioactivity was ohserved.
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Fig. 19. Effect of nickel (25 uM) and chloramphenicol (100
wg mL-l) on expression of hydrogenase activity by
Pseudomonas saccharophila. The treatments were as follows:
plus NiZ* at O h (QO), plus NiZ* at 10 h (D), mnus N1 2t
(@), and plus Niz+ plus Cm at 10 h (A). Five-hundred mL
flasks each containing 1350 oL medium plus EDTA (S0 W) were
inoculated with 0.3 L of cell suspension (2.04 mg protein
mL_i). The atmosphere during derepression was 20 kFa Ho, O
kPa CO2, 2 kPa 0Op, balance No. Methylene blue was the

electron acceptor 1n the assay. Data are averages of 3

replicates. Bars indicate + SEM.
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Fig. 20. Nickel accumulation (O,.) and hydrogenase
expression (A,A) in Pseudomonas saccharophila. Closed and
open symbols represent incubation with and without
\ exogenous Hp in  the headspace, respectively. Data are

averages of 3 replicates. Bars indicate + SEM.
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S.3.8. himetics of nickel uptake

Nickel uptake by resting cells from NH4+—qrown

heterotrophic culture of Pseusomoras saccharophila using 5

-r

WM dNiClz was relatively linear to at least 4 min (Fiqg.

21). It followed Michaelis—Menten saturation kinetics over

the concentration range from S to 220 uM 63N1C12 (Fig. 2.).
The apparent kA, was determined by linear regressi on
analysis to be 31.7 uMs the maximum specific rate of
uptake, Vpaxs was 3.8 nmol Ni2+ (mg prote1n)~1 m1n—1.
9.3.9. Nickel uptake by hydrogenase-derepresszed cells

Cells waith preformed hydrogenase had essentially the
same nickel uptake rates as cells without hydrogenase
(Table 19). The presence of exogenous Ho did not affect the
nickel uptake rate of cells with preformed hydrogenase.
Se 310, EfTtect of energy source addition on nickel uptake

Addition of sucrose and placing the cells under
hydrogenase-derepression conditions had no significant
effect on nickel uptake rates (Table 20).
3.F.11. Effect of metabolic inhibitor and EDTA on nilckel
uptake

Of the inhibitors tested, only NaCN had a sigmificant
effect on nickel uptake (Table 21). The inhibitory effect
of NaCN is probably due to i1ncreased pH upon 1ts addition
or probably due to formation of a cyano-nickel complex as
was suggested by other investigators (Partridge and Yates
19823 Lohmeyer and Friedrich 1987). EDTA completely

inhibited uptake, most likely by chelating nickel.
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Fige 21. Time course of nickel uptake by Pzeudomonas
4
saccharophila. The concentration of béNiCIE used was 5 WM.

Data are averages of 3 replicates. Bars indicate + SEM.
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TABRLE 19, Nickel uptale by Pseudomeonasz saccharophila cells
derepressed and not derepressed for hydrogenase

chemolithotroph1ca11ya

nmol Ni<" (mg pr'otmr'n)_im:m—1
Type of cells
~Ho +Ho
Wi thout hydrogenase 1.4 + Q.12 1.3 + 0,06
With hydrogenaseb 1.1 £ 0,09 1.3 + 0,08

~Cells were incubated under N-limited chemolithotrophic
conditions with Ha (for hydrogenase-derepressed cells) and
without Hz (for cells not derepressed) 1n the headspace.
Nickel uptake assay was carried out with Ha (10 kPa in
air) and without Hz 1n the headspace. Data are averages of
4 replicates + SEM.

bHydrogenasze activity of the cells was 10.9 + 0. 2 umol Haz
(mg protein)—th—%,
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TABLE 20. Effect of addition of energy source on nickel
el uptake by Pseudomonas saccharmphzlaa

~
Energy nmol Ni<™ % Uptake
-1 -1
source (mg protein) “mn rate
None Oubb + Q.04 100
Bucrose (I o) 0.66 + Q.02 100
‘ Hgb 0.70 + 0.05 106

aConditions were established 10 min prior to addition of
«3NiCle. Data are averages of 4 replicates + 5EM.

220 kPa Haz, © kPFa COz, 2 kFa 0=, balance Na.

B o a2

X A
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TABLE 21. Effect of metabolic inhaibitors and EDTA on niclel

uptake by Pseudomonas saccharaphzlaa

G

Inhibltorb Concentrat:on nmol Ni % Uptake

(mg ;:n'-(:ﬂ:exn)—lm:‘m”1 rate
None - 0.59 + .04 100
2,4-DNF 1 miM 0.54 + 0,07 92
DCCD S0 wM Q.68 + 0,02 115
ccee SO wM Q.63 + 0,02 107
MNaCN 10 mM ] 0
NaN= 10 mM Q.72 + €02 122
EDTA 100 uM O Q

“Cells plus inhibitor were i1ncubated for 10 min prior to
addition of *3NiCla. Data are averages of 4 replicates +
SEM.

822,4-DNF, dimitrophenol: DCCD, N, N’'~-dicyclohexvicarbodi-
imide; CCCP, carbonyl cyanide n—-chlorophenylhydrazone;
MaCN, sodium cyanide; NaN=x, sodium azide; EDTéA,
ethylenedi amine-tetraacetic acid.
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9.3.12. ETTect of other 1ons on nickel uptake

Among the monavalent and divalent i10ons tested, CQ‘+.
D 24 2+
InT .+ MgT . and Mn inhibited uptake ot nickel by Si to
30%  when present at a concentration (00—fcold haigher than
the N1 (Table 22). Nonradioactive Mi“%  exhibited about
90% inhabition of uptake of radiocactive nmchkel. in  the
2+
presence of Fe the uptake rate of nickel WaSs

substantially increased most likely because of niclkel

adsorption to the precipitate of Fe(OH)x formed.

= w4 . 63, D2
D313, Exchangeability of N1
Cells exposad to non-radiroactive mcltel after
6:‘ 2+ . :l.._
exposure to Ni showed remaval of radioactive Ni that

was S84 of that shown by cells not exposed to non-
radioactaive nickel (Table 23). The exchange reaction seemed
to be energy-dependent to a certain degree since Z2.4-
dinitrophenol decreased the exchange to 3I9%.

. Do
S.3.14. Intracellular distvibution of SoN1*

6T 2+
N1 incorporated by cells

About &74 and 7% of the
agrown under nitrogen—-limited chemolithotrophic conditions
with 63N1C12 was found in the soluble and membr ane
fractions. respectively (Table 24).

D315, Intracellular distribution ¥ urease activity

Urease activity was detected mostly in the soluble
fraction but some was +found i1n the mensranes probably due
to some contamination of the soluble fraction (Table Z3).

There was no urease activity detected 1n cells grown

+
heterotrophicaliy under aerchic conditions with NHg .
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TARLE 22. Effect of other cations on nickel uptake by

a
Pseudomonas saccharophila

Cation % Uptake rateb
None (control) 100
“Bniclo 11
MgCl o 61
ZnClo 58
CoClsp 49
CuClno 82
MnClo 70
NH4C1 108
FeClo 257
CaClop 115
LiCl 127

~Cells and individual cations (final conc., S00 uM) were
incubated for 10 min at 30=C prior to addition of e3NiClx.
Data are averages of 3 replicates.

bNickel uptake rate of control was 0.74 + 0,09 nmol Ni=z«
(mg protein)~*min—?*,
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TABLE 23F. Exchangeab:irlity of Ni takemn up by Aseudomonas

saccharophzlaa

. 2+
[reatment nmol M 4 Exchange

(mg pr'crt:ea.n)_1

1 mn with 2 NiClp 0.84 + 0.07 -

|

&1

ot

1 mn with NiClo .35 + 0.02 8.0
then 15 min with

=
'JBNI Clo

1 mn with “*NiClo 0.51 + 0,03 39,7
then 1S min with
2,4-DNF then 15 min

o8

with “ONiClp

“The concentration of non-radiocactive nickel (®9NiCla) was
500 wM and that of 2,4-DNFP (dimitrophenol) was 1 mM. Data
are averages of 4 replicates + SEM.
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&3 2+

Q[ |ABLE 24. Distribution of irncarporated N1 in cell-tree
exntract of Pseudomonas saccharophila previously

grown under N-limiteu chemolithotrophic
cnndltzonsa

Lo} -y
Fraction nmol N12+ Total Total Ni<¥ % NieT
{mg DFOtEin)-l protein {(nmol)
(mg)
Cell—-free 0.17 + 0,003 27.0 4,5 + 0,09 100
. ertract
Soluble 0.18 + 0,003 16. 6 3.0 + 0,05 &7
1
Membrane 0.12 + 0 10.2 1.2 + 0 27

“Cells were incubated under N-limited chemolaithotrophic
{‘ conditions for 13 h with 3.16 W “3N1Cla. Data are averages

=

of 3 replicates + SEM.
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TARLE 25. Distribution of urease activaity 1n cell-freaee
esttract of Pseudumonas saccharophila previously

gr OWN under N-limited chemolithotrophac
conditions®

ug NHg ' -N Total Total %
Fraction released protein NH4+—N Activity
(mg protein) (mg) (ug)
Cell-free 14.6 + 0.2 27.0 794 100
extract
Soluble 20.0 + 1.0 16.6 33 84
Membrane 5.5 + 0.6 10.2 S6 14

aThe fractions used were those prepared 1n the ®3N1=2+
distribution experiment shown in Table 24. Activities were
based on 15 min incubation period. Data are averages ot 5
replicates + SEM.




136

%.4. Discussion

The results clearly show that in the presence of
added mickel under N-limited chemolithotrophic conditions,
growth of Pseudomornas sfaccharophila and expression of
hydrogenase activities were significantly stimulated.
Nitrogenase activity was also enhanced 1n the niclel-
aenriched culture. Stimulation of chemolithotrophic growth
and hydrogenase expression by nickel have been reported in
other No-fixing organisms (Takakuwa and Wall 19813 Colbeau
and Vignais 1983; KFlucas et al. 1987: Pedrosa and Yates
19283) but there was no mention of the effect of nickel on
nitrogenase activity. FBertrand (1974) and Bertrand and
DeWaol ff (1973) reported the stimulatory effect of nichel on
so1l nitrogenase activity and on vield of soybean plants,
respecively. Slater and Capone (Duxbury 1983) reported the
stimulatinon of mtrogenase activity of lake sediments by
addition of nickel. In pure cultures, addition of nickel to
the heterotrophaic semigsolid cultures of Azozpiriilum
braszilense Sp7 did not have any effect on diazotrophac
arowth (Fedrosa and Yates 1983). In Anabaena 1naequalis,
photosynthesis and acetylene reduction were completely
inhibited by 170 and 240 uM N12+, respectively (Stratton
and Corke 1979), both relatively high concentrations. The
exponential arowth rate of nitrogen—-fixing Anabaena
cvlindrica was found to be unaffected by omission of maclhel
from the growth medium (Daday et al. 1985). However, nickel

was recently shown to facilitate the transition of Arnabaerna
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cylindrica from a metabolic state 1n which nitrogenase
activity 15 repressed to one of active nitrogen +Ffixation
(Daday et al. 1988). The occurrence of growth and
hydrogenase activity ot Pseudomoras saccharophita i1n  the
mckel-deficient medium suggests that there 13 nickel
contaminant in the medium. Difco yeast exntract at 0.1%7 was
reported to contain 0.5 WM NiClo (Hammel et al. 1984). The
above observations suggest that hydrogenase formation as
well as chemolithotrophic growth 1n the nickel-deticient
medium 1s limited by the supply of nickel.

Addition of EDTA or NTA 1nhibited hvdrogenase
expression most likely due to the unavailabilaty ot metals
such as nickel. EDTA was reported to etfectively 1nhibit
hydrogenase expression in Bradyrhizobium gjaponicum (Stulte
et al, 1984), Alcaligenes eutrophus Hl1é6 (Fraedrich et al.
1981), Xanthobacter autotrophicus Y38 (Nalamura et al.
198%), Azotobacter chroococcum (Fartridae and Yates 1982,
Azospirrllum brasilense Sp7, Azospirillum lipoTerum Clugb,
and Derxia qgqummosa DA (Pedrosa and Yates 19870). The
inhbibition of hydrogenase expression by EDTA 1in P,
saccharophila was overcome by the addition o+ increasing
concentrations of nickel, and other metals were not as
etfective. This specificity of nickel to stimul ate
hydrogenase synthesis was also reported in  the above
mentioned organisms and in Rhodobacter capsulatus (Tat aluwa
and Wall 1981). The stimulation ot hydrogenase expression

by nickel was not affected by Mg“+, SeD;‘—, or 89045-. Th.s
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may indicate that (a) nickel uptake by Pseudomonas
saccharophila occurs by some mechanism (Hausinger 1987)
other than that coupled to the Mgz+—transport system
(Jasper and Silver 19773 Takakuwa 19873 Bryson and Drake
1988) and (b)) the hydrogenase of P, saccharophila is not a
selenium—-cantaining enzyme in contrast to that of
Bradyrhizobium Jjaponicum (Boursier et al., 1988).

The very low and very high expression of hydrogenase
activity in cultures with chloramphenicol plus nickel and
with nickel alone, respectively, suggests that nickel 1is
requlred for the synthesis of hydrogenase in F.
saccharophila. A similar role of nickel was reported in
Alcaligenes latus (Doyle and Arp 1988), Alcaligenes
eutrophus (Friedrich et al. 1981), and B. japanicum {(Stults
et al. 1986). In B. saponicum, 1t was suggested that nichkel
regulates hydragenase synthesis at the transcraiptional
level (Stults et al. 1986) but Dovyle and Arp (1988) who
worked on A. latus proposed that hydrogenase apoprotein
could be made 1n the absence af nickel, but with no naickel
present to stabilize the tertiary structure of the enzyme,
the apoprotein would be rapidly degraded. The above
findings are 1in contrast to that of Methvlosinus
trichosporium OR3Zb (Chen and Yoch 1987) and Naocardia opaca
ib (Schneider et al. 1984) in which nickel i1s required only
for activity.

Hydrogenase formation in P, saccharophila 18

partially repressed by high levels of Op (Barraguo and
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Knowles 1988) as in other Ho-oxidizing bacteria (Rowien and
Schlegel 1981). Nakamura et al. (1985) observed oxvgen-—
resistant autotrophic growth of Xanthobacter autotruophicus
38 in the presence of nickel and concluded that the
vigorous hydrogenase synthesis under high oxyagen tension
was the main factor i1n the oxygen resistance of strain Yig.
In the present study, the decrease 1n sensitivity of
hydraogenase synthesis to Op was brought about by addition
of a higher nickel concentration which resulted in a
si1gnificant i1ncrease in the level of hydrogenase.

The 1ncreased tolerance of hydrogenase formation to
0o upon nmickel addition may be due partially to 1ncreased
stability of the enzyme being +ormed against 0n
inactivation. MNickel with magnesium were found to be
essential not only for the NAD-reducing activity o+ soluble
hydrogenase but also for its stability (at 4°c  under air
over a range of pH levels between 6 and 8) 1n Nocardia
apaca 1b (Schneider et al. 1984). Hydrogenase activity of
Pseudomonas saccharophila 1s not sensaitive to Up 1n a 20~
min ZH-uptake assay (Barraguio and krowles 1988).

The incorporation of nickel during hydrogenase
derepression suggests that hydrogenase may act as a sink
for mickel. It 1s apparent that uptake not associated with
hydrrogenase synthesis occurs 1n cells which were not
derepressed +for hydrogenase since nickel accumul ation
peaked i1nmitially at 2 h 1ncubation. However, the progres-

sive decline 1n nickel taken up by these cells might




140

suwaaqest that the 1on is not tightly bound to cell
components and that there 1s no readily available sinb for
nickel. Nickel i1ncorporation under hydrogenase derepression
condations was also demonstrated in Azotobacter
ShirQococcum, Bradyrhizobium raponicum, and Alcaligenes
latus (Partridge and Yates 19823 Stults et al. 19873 Dovlie
and Arp 1988).

Resting cells of heterotrophically-grown Pseudonronas
saccharophila were able to take up nickel for a short
periaod under conditions in which hydrogenpase was not
derepressed. When they were placed under an atmosphere
canducaive to hydrogenase derepression, the rate of short-
term nmickel uptake was not affected. Yates and Robson
(1985) and Takakuwa (1987) did not find any ditference 1in
the i1ncorporated 63N’12+ between Hup+ and Hup strains of A.
chroococcum and Rhodobacter capsulatus. In Alcaliqgenes

6QN1“+ was markedly

eutrophus Hié, the long-term uptake o+
diminished when the appropriate autotrophic conditicons were
not provided (kaltwasser and Frings 1980). In Clostridium
pasteurianum and Acetogenium kivuil, nickel uptake (3 to 30
min 1ncubation) was stimulated by Hp (Bryson and Dratke
1988 Yyang et al. 1989) most probably due to the
involvement of hydrogenase. In the present study, the
presence of preformed hydrogenase with or without exogenous
H-» did not atfect the short-term uptake rate suggesting

three possible interpretations: (a) the eneray aeneratad

throuah the hydrogenase-catalyzed reaction 18 not
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63 Db 32+
suppor-ting Ni uptakes (b e M1“" 15 not inserted 1into

the preformed apohydrogenase 1+ such apoprotein 13 presents
and (c) 63N12+ is not exchangeable with nonradioactive
nickel which could have been tightly bound to hvdrogenase.
The kinetic parameters for nictel uptake in
Pseudomonas =saccharephila suggest that the uptake system
hes a relatively low affinity for and a high rate o+
accumulation of nackel. The A, value of 31.7 WM nickel 1s
very similar to that of the wild-type strain of
Bradyrhizobium Jjaponicum with 26 uwM (Stults et al. 1987).
The present uptake system has a lower aftimty for nickel
compared to that of other No-fixing organmisms such as
Rhodobacter capsulatus with 5.5 uM and Arnabaena cylindrica
with 17 nM (Campbell and Smith 19865 Takakuwa 1987)., and
other non-No-fi1x1ing Ho—-oxi1dizang organisms such as
Alcaligenes eutrophus H16 waith 17 uM, Nethanobacterium
brvanti: with Z.1 uwM, Clostridium thermoaceticum with 3.2
wM, and Acetogenium kivuil with 2.3 uwM (Jarell and Sprott
19822 Lohmever and Friedrich 1987:; Lundie et al. 1988: vang
et al. 1989): 1t has a higher affimity than that of
Clostridium pasteurianum with 85 uM and Methanothrix conci-
lii with 91 uM (Bryson and Drake 19683 Baudet et al. 1988).
The present data may i1ndicate the existence ot two
forms of nickel—-uptake system in P, saccharophila. The
major nickel-uptake system does not appear to be dependent
on energy, either chemical or electrochemical, si1nce

sucrose, preformed hydrogenase plus exogenous Ho, and
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metabolic 1i1nhabitors had no significant effect on  uptake
rate. Hence, the uptake system of Pseudomonas saccharephila
resembles that of Bradyrhizobium japonicum (Stults et al.
1987), Methanothrix concilii (Raudet et al. 1988), and
Azotobacter chroococcum (Fartridge and Yates 198X).
One-hundred fold excess of monavalent cations had no

2+
effect on nickel uptake, and divalent metals such as Cao™ ,
2+ 2+

l-,
n“, Mg“ , and Mn*' did not compietely 1nhibat mckel

uptake. Unlabelled N1‘+ gave the highest airmhibition of

6QN1“+ uptake. These results suggest that the major uptake

system of P. szaccharophila 1s relatively specific for

== ] ]
nickel. Among the divalent metals other than ”8N1‘+, co=*

2+

gave the highest i1nhibition of nickel uptake. goth Co and

e
Ni <t are transported by the same system that transports

Mg2+ in Enterobacter (Aerobacter) aerogenes, Baci1llus
megaterium, Escherichia coli1, Falmonella typhimurium, and
Baci1llus subtilis (Webb 19707 Jasper and Silver 1977;
Silver and Lusk 1987). Co2+ was the only metal found to
appreciably inhibit nickel uptake 1in Methanobacter zum
brvantii (Jarell and Sprott 198B2) and M. conciliz (Raudet
et al. 1988) but these nickel-uptake systems are not
coupled to the Mgz+-transport system. These observations
therefore i1ndicate that Coz+ uptake may not necessarily be
part of the Mq:+—tran5port system. The fact that nickel
uptake i1n P, zaccharephila was inhibited to a certain

extent by Mg“ might suggest that 1t is part of the

energy—dependent Mg“+—transport system reported i1n other
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organisms (Webb 19703 Jasper and Silver 19773 Takakuwa
19877 Lohmever and Friedraich 198731 Bryson and Drake 1988:%
Nies and Si1lver 1989). However, M92+ at concentration 100

b3, =t

times higher than N1“ did not completely inhibit naickel
uptake. Moreover, the nickel—uptale system of Preudemonas
saccharaophila does not appear to be energy-dependent and a
40-fold excess of M92+ in combination with N12+ did not
affect hydrogenase synthesis. These observations suggest
that the major nickel-uptake system of P. saccharovphila 1s
not coupled to the M92+—tran5port system.

The possible presence of a second minaor nickel-uptake
system which appears to be energy-dependent and to be
coupled +to the Mg:+—transport sycetem 15 based on the
following observations: (a) DNP slightly inhibited nichkel
uptake, (b) DNP decreased exchange between radioactive and
non—-radioactive nickel, and (c) Mg2+ showed partial
inhibation of nickel uptake.

6&N12+ taken up was eMchangeable

About S84 of the
with a 100—-fold excess of nonradicactive nickel. Because
the exchange reaction was ainhibited partially by 2,4-
dimitrophenol, the reaction 1s theretore energy-dependent
to a certain extent. It is reasonable to assume that the
remaining 42% of the “-Ni®T taken up 1s tightly bound to
cellul ar components.

The 63N12+ incorporated during growth under nitrogen-

limited chemolithotrophic conditions was distributed with a

lower percentage in the membrane fraction (27%) than in the
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soluble fraction (&774). Nakamura et al. (1983) +found &8%
and 19% nickel distributed i1nto particulate and soluble
fractions, respectively, of autotrophically-grown (with
urea as nitrogen source) cells of Xanthobacter
autotrephicus strain Y38. They found hydrogenase residing
in the membrane fraction and also reported the presence a#f
nickel-stimul ated urease activity but i1ts location was not
mentioned. Colbeau and Vignais (:787%) found S04 of the
63N12+

incoruorated 1in the membrane proteins of Rhodobacter

capsulatus. Similarly, Takakuwa (1987) found about S04 and

o -2
3an  of 6“Ni“+ incorporated 1n the membrane and scoluble

-

fractions, respectively, of R. capsulatus and suggested

D

that the presence of urease may account for the é"“'N1

found 1n the soluble fraction. In Alcaligenes eutrophus
Hibs, approxaimately BO4 of the radioactaive nickel was
located in the soluble fraction and 2074 i1in the particulate
fraction (Friedrich et al. 1982). In this organism, the
soluble fraction contains the NAD-reducing hydrogenase and
the membrane~-bound hydrogenase resides i1n the particulate
traction. In the present study, it was expected that the
membrane fraction would show higher 63N12+ incoarparation
than the soluble fraction because hydrogenase activity was
found 1n the former preparation (see Chapter 4). The fact

X..2
that there was a relatively low percentage o+f 6“Ni *

+ound
in the membrane fraction could possibly be explained by the
high level of urease 1n the soluble fraction. Urease 18 a

known nickel enzyme (Mobley and Hausinger 1989),
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6. A COUNTING METHOD FOR FREE-LIVING AEROBIC No-FIXING

Ho-OXIDIZING BACTERIA

6.1. Introduction

In the No-fixation process, Ny is converted to  NHz,
with the concomitant production of Ho., Most No—fixaing
bacteria have the ability to utilize this H» as an enerqgy
source for growth «&nd other metabolic activities. Ihe
benefits of recycling Hp were proposed and subsequently
demonstrated in some No-fixing bacteria (Dixon 1972: Robson
and Fostgate 1980). In this view, the occurrence of Mo
fixing Ho-ox1dizing bacteria in natural systems,
particularly Ho-rich sites such as legume fields (Conrad
and Sei1ler 19793 Conrad and Seilier 1980), would be of
considerable significance in terms of contribution to the N
economy and conservation of Ho. However, reports on
pop&lat1ons 0f No-fixing Hpo-oxidizing bacteria i1n  natural
systems are few (De Bont and Leijten 19764: Watanabe et al.
19823 Gowda and Watamabe 12853 Dugnanmi et al. 1986).

Faor 1selation and enumeration of No-fixing Hm—~
oxidizing bacteria, the N-deficient autotrophic medium with
Hoy COo, N2 as normalazing gas, and a small amount of O 15
normally used (De Ront and Leijtern 197637 Wiegel and
Schlegel 179763 Aragno and Schlegel 19813 knowles 19782Za:
Watanabe et al. 1982: Gowda and Watanabe 1983). However,
some aerobic No-fixing Hp-oxidizing bacteria such as

Azvspirillum brasilense, Azomonas agilis, Bacillus
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polymyxa, Bei1ierinckia 1ndica, HKlebsiella preumontae,
Azotobacter vinelandir, and Azvtobacter chroocowccum do not
grow chemolithotrophically (Bowien and Schlegel 198l: Malik
and Schlegel 1981: Gowda and Watanabe 1983: Wong and Marer
198%). Furthermore, autotrophbic methods of enumerating
these bacteria involve problems 1n maintaining the desired
atmosphere and monitoring growth and activity. Except for
+*he cyanobacteria and other phototrophic bacteria, all
known aerobic No-fixing Hp-oxidizing bacteria are basically
heterotrophic {Aragno and Schlegel 198{= Bowien and
Schlegel 1981), hence their isolation or enumeration may be
simpler using a heterotrophic medium 1n which both
nitrogenase and hydrogenase activity could be demonstrated.
Although 1n general high concentrations of utiliczable
organic substrates repress formation of hydrogenase,
relatively low levels would allow 1ts expression (Maier et
al. 1978; Rarraguio and knowles 1988).

This section of the thesis reports a most-probable-
number (MFN) enumeration technmique for aerobic No-fixing
Ho—oxidizing bacteria that uses a heterotrophic semisoliad
medium 1n  which both nitrogenase and uptake hydrogenase
activities can be detected. The method was validated with
pure cultures of diazotrophs and then employed to enumerate
No-fixing Ho-oxidizing bacteria in some natural samples.
6.2. Materials and methods
b.2.1. Bacterial strains

The organisms used and their sources are shown in
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Table 6. Enxcept for Azeudomonas saccharophila,
Preudomonas strain 4K, Pseudomonas stutzeri (strain  number
not available), Pseudomonas sztutrery JM J00, Preudomonas
aeruqinosa ATCC 027, Pzeudomonas @a9, and the
azotobacters, all were orpganisms isolated from the roots or
rhizosphere of various plants. Three Pseudomonaz straing,
GRI-5, GRB-8, ard GR12-2, were obtained from plants growing
in the Canadian High Arctic (Laifshitz et al. 1986).
P. aeruginusa served as negative control.
b.2.2. MHedia

The combimed carbon source (sucrose, lactate and
mannitol) medium as described by Renpie (1981) was used
except for the following modifications: the vitamins were
omtted (yeast extract was retained):; 2.0 g l__'1 Difco Noble
agar was added: NaoFeEDTA was replaced with Sequestrere
NaFe (174 Fe, Ciba Geigy Corp., Greenshoro, N.L., U.3.A,.
27400) at 0.062 g L™ ': and NaMoDg.ZHoO was reduced from 25
to S5.9 mg L_l. It was later found that to obtain good
growth o©of some organisms such as P. stutzer:i, malate was
added at A concentration of 2.5 g L_l. The medium was
prepared 1n 250-mll flasks and distributed aseptically
1into pre-sterilized cotton-plugged 14-mL serum bottles =ach
receaving 4 mbk (13 mm depth).
6.2.%. Cultivation and assay of cultures Tor nitrogenase
and uptake hydrogenase activities

The pure cultures were grown 1n SO-mL +lasks

containing 10 mlL liquid sucrose-NHgCl-minerals (Barraquio




TABLE 26. The organisms used in the study

Qrganiam

Original source

Donor

Pseudomonas aeruqQinosa
ATCC 9027

infected ear

P. saccharophila mud from stagnant pond 2
ATCC 13946
P. stutzera JIM 300 s0il 3
P. stutzer: soil 4
(unnumbered strain)
P, stutzer: CMT.9.A Sorghus rhizosphere 5
P. diazotrophicus wetland rice roots 6
HB ATCC 35402
Pseudomonas KLH 76 wetland rice roots b
P. paucimobalis watland rice rhizosphere 7
SAJ & 29AJ
Pseudomonas DC Deschampsia 2
caespirtosa roots
Pseudononas 4B forest soal 2
ATCC 43038
Pseudomonas G359 s0il percolated -]
with mitrate
Pseudomonas GR3I-S Erzophorum 9
angustifolium roots
Pseudomonas GRB-8 Salix sp. roots 9
Pseudononas GR12-2 roots of unidentified 9
grass
Azotobacter soil 10
chroococcum MCD1
A. vinelandii sorl 11
Azospirillum liporerum wheat rhizosphere 12
ATCC 29707
A. lipoferum 34H watland rice roots [
A. amazonense Yé Digitaria roots 12
ATCC 335121
A. brasilense Sp7 Digitaria rhizosphere 12
ATCC 29145
.l. J. Ingram, Department of Microbiolagy, Macdonald
College, Ste. Anne de Bellevue, Quebec, Canada; 2, Y.-K,

Chan, Agriculture Canada, Ottawa, Ontario, Canada; 3,
A. Carlson, University of California, Davis, Calif.,

4, B. A, Bryan, Unaversaty of lowa,
S, D. Werner, Fachbereich Biologire,

Marburg, Federal Republic of Germanyy 6,
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ang knowles 1988) or glucose-NHgCl-mimerals or malate-—
NHaCl-minerals or nutrient broth, as appropriate for the
aorganism, for 24 h at 30°C (25°C for arctic 1solates) on  a
gyratory shaler (250 rpm). This culture was used to
inoculate 10 mL of the same medium to a final concentration
of 9% or 10%, which was then i1ncubated for 12 h under the
same conditions. The cells were harvested by centrifugation
(10,000 ¥ ¢ for 10 min) and washed thrice with saline, then
resuspended in the original volume. One—tenth mL of this
suspension was 1noculated 1nto each of a series o+ the
serum bottles containing the melted (559C) semizolid medium
(no malate added). The serum bottles were i1ncubated ftor =
days at 30°%C (5 days at 20°C for arctic 1isolates) under
stationary conditions, and then the cotton plugs were
carefully replaced with sterilized butyl stoppers. First an
experiment was carried out 1n which one set of cultures was
used for CoHo reduction and the other set for tritium (H=H)
uptake assays. For CoHo reduction assay, 0.1 mL ot cotton-
filtered CoHo (Liguad Carbonic Canada, Ltd) was 1njected
1nto each serum bottle and then the bottles were 1ncubated
for 24 h at =0°C (20°C for arctic 1solates) under
stationary conditions. For H:H uptare assay, 0.3 mL of H:H
(specific -"ctavity, 20.6 uCi per mbL) was 1njected 1nto each
bottle, then the bottles were i1ncubated simlarly. {n other
experiments the cultures used for CoHp reduction assay were

then subjected to HbH uptake assay. After 0.2 ml gas

samples were taken for CoHg analysis, 0.3 mh of H'H was
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1njected. The bottles were incubated for another 24 h
under the same conditions as above, after which they were
vortexed vigorously to homogenize. Then Q.1 mL samples were
taken and transferred into scintillation vials containing 4
ol of Beckman Ready-Solvy MP scaintillation liguid.
Triplicate bottles were used throughout the experiment.
6.2.4. Analyses

CoHg was analyzed by FID gas chromatography as
described previously (Tibelius and Knowles i9g3).
Radioactivity was determined using a Beckman LB 7500 liquid
scintillation counter with 3H—galactose as the standard.
6.2.59. Environmental samples

All the samples were taken between the months of June
and September 1987. The plant samples, namely corn (hybrid
Coop 6S259), wheat (cv. Frankenmuth), oat (cv. taurent),
barley (cv. Cadette), soybean (cyv. Maple Arrow), and white
bean (cv. Exrico 23), were obtained from the experimental
plots of the Plant Science Department of Macdonald College.
The plots were on a St. Bernard sandy loam and were either
unfertilized or fertilized with ammonium mPi1trate. The
litter samples were taken from under beech and pine i1n the
Morgan Arboretum of McGill Unmiversity, and the sediment
samples came from a freshwater lake i1n Ontario, Lake 6&t.

George.



-

A R

8 T A

s o M

-

151

6.2.6. Enumeration of Np-Tixing Ho—oxidizing bacteria
I natural samples

Samples were taken from the field and transported as
soon as paossible 1n plastic bags to the laboratory +or
processing. The lake sediment samples were kept overnight
at 4°c. Samples of litters, roots, rhizosphere soi1ls, and
lake sediments were homogenized with saline +or 20 min
using a Virtis homogenizer. Soil from roots or nodules was
sampled by shaking the material i1n S mL of saline. Ten—
fold dilutions of the samples were made 1n saline and «.1
mL of each dilution was 1noculated i1nto each serum bottle
containing melted semisolid medium. Four serum bottles
were inoculated for each dilution. All other conditions of
incubation and assay were similar to those used for pure
cultures. The cultures used for CoHo reduction assay were
also used for HBH uptake assay. The cultures considered
positive had CoHg concentrations and 3H uptake greater than
those in uninoculated controls plus three times the control
standard deviation. An MPN table for 4 tubes per dilution
was constructed based on the formula of Halvorson and
Ziegler (1933).
6.3. Results and discussion
b6.3.1. Pure cultures

The semisolid heterotrophic medium with a small
amount of vyeast extract i1n combination with the MPN method
15 an established procedure to grow and enumerate aerobic

diazotrophs (knowles 1982a). In the present study, 1ts use
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wWas extended by 1ncorporating the assay for uptake
hydrogenase, The present technigue combines two sensitive
assay methods: the acetylene reduction and the Oz-dependent
HEH uptake. The semisclid medium allows the microaerophilic
and aerobic diazotrophs to grow at the subsurface and
surface of the medaium, respectively. Thus 1i1f the (0=
gsensitive nitrogenase is expressed under this condition,
hydrogenase, which 1s often equally Os-sensitive (Robson
and Fostgate 1980), may be expected to be expressed too.
Furthermore, although the medium contains a relatavely hiagh
level of the organic substrates, 1t is expected that the
level decreases during growth to allow expression of
bydrogenase.

All of the organisms listed 1n Table 26 showed
nitrogenase activity, as well as hydrogenase activity 1in
the presence and absence of 1 kPa CoHz, with the exception
of Pseudomonas aerugineza, Pseudomonas paucimobilis 29A”J,
and Pseudomonas GE?2 which were negative for all three
activities. Thus, all the diazotrophs that were reported
previously to possess uwuptake hydrogenase {Bowien and
Schlegel 1981; Malik and Schlegel 1981; Barraguio et al.
19837 Gowda and Watanabe 198253 Chan et al. 198637 Fu  and
hnowles 1986: Watamabe et al. 1987: Barraquio and Fnowles
1988) exhibited positive activities. The results showed for
the first time the presence of nitrogenase and hydrogenase
activities 1n Pseudomonas stutzer:i JM 300 and Pseudomornas

stutzer: (unnumbered strain), and hydrogenase activity ain
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Pseudomonas stutzer: CMT.2.A (nitrogenase activity in this
strain was reported by krotzky and Werner (1987)),
Pseudomonas strain 4B, Pseudomonas paucimobilis SAJ, and
the arctic Pseudomonas strains BR3-5, GR8-8, and OGR1Z-2.
All these pseudomonads except CMT.9.A and the three arctic
isolates showed variable hydrogenase activities at least as
high as, and some much higher than, the uninoculated
control plus three times the control standard deviation.
The inoculum size seemed to affect the activaity, as large
inocula gave well-developed pellicles that showed higher
ntrogenase and ‘hydrogenase activities. In earlaier
experiments 1n which a different medium was used, strains
4R and SAJ had the same 3H counts as the control (Rarraquio
and Knowles, Abstracts of the 87th Ann. Meeting of the
Amer. Soc. Microbiol. p. 207, 1987). In the case of strains
CMT.2.A, OGR3I-5, GR8-8, and GR12-2, several attempts to
detect hydrogenase activity in the combined carbon source
medium failed although nitrogenase activaity was positive.
Low hydrogenase activity was detected 1n these strains when
malate was added to the medium and a large inoculum was
used.

The fact that Pseudomonas saccharophila has
hydrogenase which is expressed significantly only 1n the
presence of Hop (Rarraquio and Knowles 1988) does not
present a problem for the technique. The hydrogen evolved
during No fixation most likely 1nduces the formation of the

enzyme. Under autotrophic No-fixing conditions, exogenous
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COo and Ho are absolutely necessary to support
chemoautotrophic growth. Under heterotrophic No-fixaing or
non-No—fixing (1n the presence of exogenous Hp) conditions,
CO> 13 not needed for expression of hydrogenase (Tibelius
and Knowles 1983:; Rarraguio and knowles 1988),

Hydrogenase-positive organisms exhibited activity
even i1n the presence of CoHo., CoHo 18 a known inhibitor of
uptake hydrogenase of some diazotrophs (Smith et al. 19763
Chan et al. 19803 Tibelius and knowles 1983%: Hyman and Arp
1987). Hydrogenases of some diazotrophs like Pseudomonas
saccharophila, Azospirallium amazonense, Azozpiri1llum
lipoterum, Derxia qummosa, Xanthobacter autotrophicus, and
Bradyrhizobriunm Japonicum <(bacternids) are -not very .
sensitive to CoHo (Berndt and Wolfle 1978; Ruiz-Argieso et
al. 19793y Rav:i Shankar et al. 19863 this thesis: Fu and
Knowles 1988). One kPa CoHop used 1n this study may exert
some partial ainhibxitory effects on some CoHo—-sensitive
hydrogenases but 1t 1s much less than the S kFa used by
Smith et al. (1976) and the 10 kPa used by Chan et al.
(1980) who obtained a 31 and 81% inhibition, respectively.
6.3.2. Environmental samples

Examination of the natural samples showad that the
technique can be used to enumerate and possibly 1solate
No-fixing Hpo-oxidizing bacteria. The medium, however, could
be modified by the addition of malate to i1nclude those
organisms that do not utilize, or utilize weakly, the three

original carbon sources. Nickel may also be included based
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on the results presented i1n Chapter 3 of this thesis. The
results of enumeration (Table 2/7) suggest that there were
thiree types of natural systems i1n which (a) No-t1.01n9
bacteria were all Ho-oxidizing, (b) No—-fixing bacteria were
fewer than He-oxi1dizing bacteria, and (c) Ho-oxidizang
bacteria were fewer than No-fi.ing bacteria. The first two
systems may have a greater ability than the third to
recover most of the hydrogen evolved during No fixataion.
In the second system, 1t must be noted that some H--
oxidizing bacteria in highly-diluted MFN cultures did not
reduce CoHo. The medium could no doubt support a slight
growth of non-No-fixing heterotrophs because of the small
amount of vyeast extract present. It may be concluded
eirther that their hydrogenases are constitutive or that the
24-h exposure to HGH might have stimulated bhydrogenase
expression.

The results showed that the soi1l attached to whaite
bean nodules contained numbers of N-—fixing Hn-od1diz1ng
bacteria which were considerably higher than the other
natural samples tested (Table 27). It should be noted,
however, that the determinations were done only at one
particular time thus making 1t difficult to draw a general
observation. Enrichment of Ho—oxidizing bacteria 1n the
rhizosphere of the nodules of hydrogen-evolving alfalfa,
pigeon peas, and soybean was reported (LaFavre and Focht
19833 Cunningham et al. 19863 Wong et al. 1986). In the

case of the alfalfa, all the 1solates were negative for
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TABLE 27. Populations of No-fixing Ho-oxidizing bacteria
associated with some natural systems®

MPN (10? bacteriasg dry wt)

of the follaowing bactcria:c

B.npl.b
Hpox Nofax Hpox
Nofin
Rhizosphere
Corn? roots + R8 0 o 122
wheat? roots + RS o 107 32
Oltd roots + RS (140 kg of N/ha) 49 402 130
Barley® RS (0 kg of N/ha) 0 o a2
Barley 9 roots (0 kg of N/ha) o 5 16
Bariey? RS (150 kg of N/ha) o 9 10
Barley? roots (150 kg of N/ha) 372 o 66
So1l1 from loybnnn' nodul es (4] 0 63
Soyboln. roots + RS 11 7 13
white bwan ¥ + RS 563 0 37
Soil from white benn‘ nodules withs
Mycorrhiza (0 Pp0sx) 0o o 29350
No mycorrhiza (0 Pa0s) o 0 1283
No mycorrhiza (35 kg of P20s/ha) 579 189 361
No mycorrhiza (70 kg of P20s/ha) o 373 S16
Soil
Humisol 41 (o) 49
St. Bernard sandy loam 0 342 45
Maple forest brown soil 0 36 10
Litter
Pine 0 69 7
Beech 3 1189 4
Freshwater 1lake sediment
Epilimnetic (3-m depth) 13 o] 3
Hypolimnetic (14-m depth) S1 0 37

“Enumeration was done in semisolid combined carbon source
medium without malate.

®RS. rhizosphere spil.

“Habox = Ha-oxidizing (not Na-fi1xinglt Nafix = N2-f1%1ng
(not Ha-oxaidizing)t Haon Nafix = Ha-ox1dizing Na-~fixing.

“Samples were taken from plants 60 days after planting.
“Samples were taken from plants S8 days after planting.

‘Samples were taken from plants 65 days after planting.
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CrHn reduction (Cunningham et al. 1986) but for the others
ther= was no indication whether they were Np—fixing or not.
No—fixing Ho-oxidizing bacteria were predominant 1n  the
histosphere of wetland rice (Watanabe et al. 1982). These
observations suggest that the rhizosphere may be an

important ecological mache for Ho transformation.




158

7. GENERAL DISCUSSION AND CONCLUSIONS

7.1. Nitrogen fixation by Pseudomonas saccharophila

Feseudomonads are amongst the most ubiquitous and
metabolically versatile organisms known (Section 2.1). No
legi timate member, however, was reported to fix No
(Falleronmx 1984). P, saccharephila 15 a well-characterized
facul tative chemolithotroph (Falleroni 1984) but its
ability to fixu No was not critically examined. In thas
thesis, its ability to fix N was demonstrated by QQHQ
reduction and then confirmed by 15N2 incorporation. A.
saccharophi1la could fix Np under mcroaerobic conditions
both heterotrophically and chemolithotrophically. Hence, 1t
15 the first (reported by BRarraquio et al. 1986) approved
species oOf Pseudomonas to exhibait such property (see also
Sertion 2.1). The fact that 1t can fix No under chemoli-
thowrophic conditions suggests that Ho via hydrogenase can
provide ATF and reducing power for No fixation and COo
fixation.
7.2. Hydrogen oxidation by Pseudomonas saccharophila

H2 15 evolved during No fixation (see Section 2.2).
Most diazotrophs are equipped with uptake hydrogenase to
recycle this Ho and such property has at least 3 beneficial
effects (see Section 2.3). Theoretically, the presence of
uptake hydrogenase will 1ncrease the efficiency of No

fixation. In this thesis, the presence of an active Ho-

uptake system i1in P. saccharophila under both heterotrophi.
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and chemolithotrophic conditions was demonstrated. The H-
recycling 1n Pseudomonaz saccharephila uwider heterotrophbac
conditions may be for protection of No fixation against Ho
inhibaition and /or production of ATP and/or reducing power
because exogenous Hp and uptake hydrogenase activaty had no
effect on 0o sensitivaity of mitrogenase. This could also be
the effect of Ho recycling 1n azosparilla (Fedrosa et al.
19823 Fu and knowles 1988). NHa —-grown cultures of P.
saccharophila showed hydrogenase only when H2 was present
in the headspace. Subsequently, Hno was found to 1nduce
hydrogenase synthesis. Other induciole H-o-uptake systems
have been reported 1n diazotrophs and non-diazotrophic
hydrogen bacteria (Berndt and Wolfe 19787 Aragno and
Schlegel 19783 Maier et al. 19793 Colbeau and Vignais 1987
Friedrich et al. 19845 De Vries et al. 1984; Van ERerhkum
19873 Doyle and Arp 1987: Prosser et al., 1988)., It 1s
caonceivable that the Ho evolved during N fixation 1s
responsible for stimulating hydrogenase expression as was
thought for Rhodobacter capsulatus (Colbeau and Vignais
1983) and most probably for the ainducible hydrogenase
systems of other diazotrophs. NH4+ per ze, therefore, dces
not 1nhatit hydrogenase expression.

Hydrogznase activity of P. zaccharophila was tolerant
to 0. Ox-toler 't Hpo-uptake systems (Aragno and Schlegel
19783 Fu and knowles 1986: Wilde and Schlegel 1981) and Op-
sensitive ones (Maier et al. 19793 Ruiz-Argueso et al.

19793 Pedrosa et al 1982: Tibelius and Knowlesz 1987; Fu and
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Knowles 1986) were reported. High concentrations of 0On,
hawever, repressed formation of hydrogenase i1n  Prseudomonas
Faccharophils. Synthesis of other hydrogenases are
repressed by high 0O, level (Aragno and Schlegel 1978
Tibelius and knowles 19873 Fu and knowles 19863 Doyle and
Arp 1987: Van Rerkum 1987). Isolation oy mutants that are
tolerant to relatively high Oy concentration (Merberg et
al. 19877 Cangelosi and Wheelis 1984) suggests that 0o
regulation of hydrogenase formation is genetically linked.
Sucrose at 1S mM repressed- the synthesis of hydrogenase 1n
Pseudomenas saccharephila but had no effect on the activaty
of preformed hydrogenase. There are Ho-uptake systems that
are eirther repressible (Maier et al. 19793 Fartridge et al.
19803 Dovle and Arp 1987) or not repressible (Graham et al.
1984: Van Berkum 1987:; Van Berkum and Maier 1988) by
organic substrates. The mechanism of hydrogenase repression
by organic substrates 1s not vyet clear and probably
different -, mechanisms operate 1in 0Op—tolerant and Qo=
sensitive Ho—-uptake systems. In Bradyrhizobium japonicum,
cyclic AMP reversed hydrogenase repression by malate
suggesting a catabolite repression phenomenon (Lim and
Shanmugam 19793 McGetrick et al. 1985). However, cAMP had
no effect on hydrogenase expression in Alcaligenes
eutrophus and Azotobacter chroococcum (Friedrich 1982;
Yates and FPartridge 1984). In these organisms, the redox
state of the cell was the Facto} that regqulated hydrogenase

gsynthes1s (Friedrich 1982; Yates and Partridge).
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Acidification of the medium and limiting Op rather than the
organic substrate per se were claimed as responsible +or
decreased hydrogenase activity (Van Berkum 1987; Van Berkum
and Maier 1988).

Hydrogenase activity of Pseudomornas saccharophila was
found mainly in the membrane fraction. This agrees with the
results of Fodzuweit et al. (1983) and the general
observation that aerobic diazotrophs have membrane-bound
hydrogenase (Rowien and Schlegel 19813 Eisbrenner and Evans
1983) . The absence of NAD-dependent soluble hydrogenase 1n
P. saccharmphxla_lndlcates that 1t has to generate NADH by
reverse electron flow (Gottschalk 1986) when growing
chemolithotrophically.

7.3%. Nickel utilization by Pseudomonas saccharophila

Nickel was known for its toxicity (reviewed by Rabich
and Stozky 1983) until Bartha and Ordal (1965) demonstrated
that it was required for chemolithotrophic growth of
Alcaligenes eutrophus. Now nickel 15 recognized as a very
important metal i1n biclogical systems since 1t 1s a
component of at least 4 enzymes (see Section 2.4). In this
thesis, nickel stimulated growth, hydrogenase expression,
and nitrogenase activity of P, =accharophila under N-
limited chemolithotrophic conditions., The staimulation of
mtrogenase activity by nickel 1s presumably through the
enhancement of the Ho—uptake system. Reports on the effect
of nickel on No fixation are very few. In pure cultures,

addition of nickel to heterotropbic semisolid cultures of
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Azonzprrellum  brasrlense 8p7 did not have any effect on
diazotrophic growth (Fedrosa and Yates 1283). In Anabaena
1naequails, photosynthesis and acetylene reduction were
complecely i1nhibited by 170 and 340 uwM nickel, respectaively
(Stratton and Corke 1979) , both relatively high
concentrations. Nickel stimulated N2 fixation i1n  Anabaena
cylindrica but the effect was neither on nitrogenase nor
hydrogenase but on cyanophycin metabolism (Daday et al.
1988) . In natural systems, nickel stimulated nitrogenase
activity of saltmarsh sediments and soi1l and vield of
soybean plants (Bertrand 19743 Bertrand and DelWolf+ 1974y
Duxbury 19835). Staimulation of hydrogenase expression by
nickel 1n Pseudomonas saccharophila was specific because
other divalent metals and selenium were not as effective as
nickel. Nickel-stimulated Ho-uptake systems were aleo
reported 1n diazotrophs and non—-diazotrophic hydrogen
bacteria (Friedrich et al. 1981; Takakuwa and Wall 19613
Partridge and Yates 1982: FPedrosa and Yates 1987; S5tults et
al. 1984 Nalamura et alf. 1985). The non—-stimulatory et+fect
of selenium on hydrogenase expression by P. zaccharephila
may 1ndicate that the @nzvme does not contain seleniwn 1n
contrast to that of Bradyrhizobium japonicum (Boursier et
al. 1988). Subsequently. nickel was found to be required
tor hydrogenase synthesis in P, saccharophila. The exact
mechanism of 1ts 1nvolvement, however, 1s not clear. 5tultbs
et al. (1986) showed that nichkel reqgulates hydrogenase

synthesi1s at the transcriptional level in 5. Japonicum but
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Dovlie and Arp (1988) proposed that nicltel acts as  a
stabilizer of newly formed apohydrogenase 1n  Alcaligernes
latus. Increasing the concentration of nichel decreased the
sensitivity of hydrogenase formation to UGp 1n Pseudomonas
zaccharophila. This finding seems to be related to the
proposal of Doyle and Arp (1988) on the stabilizing effect

of nmickel on apohydrogenase.

T 2t
N1 < was progressively incorporated under
hydrogenase-derepression condaitions suggesting that
bydrogenase may act as a sink for nickel. However, the

incorporated 63N12+ was about I times higher 1n the saluble
fraction than 1i1n the membrane preparation. This Was
unexpected because the hydrogenase of P, saccharophila 1s
membrane-bound as shown 1n this thesis and by Fodzuweirt et
al. (19837). The results may be explained by the
lacalization of urease 1n the soluble fraction. Urease 15
a known nickel enzyme (Mobley and Hausinger 1989). This 13
the first report of urease activity in P. saccharophilia.
Urease activity was not detected i1n heterotrophic NH4+—
grown cells ot P. saccharophila, and presumably NH4+
repressed wease synthesis as reported i1n other organisms
(Mobley and Hausinger 1989). It 1s possible that under N-
limited chemolithotrophic conditions, bydrogenase and
urease act as sinks for niclel.

Short-term nickel uptake by resting cells o+ £,
saccharophila followed Michaelis-Menten kinetics with an

-
apparent hkp of 31.7 wM and Vpay of .8 nmol N1 ° (mg
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Drot91n)—lm1n-1. it appears to be i1ndependent ot eneray.,
chemcal or electrochemical, because pretormed hydrogenase
plus H» 1n the headspace, sucrose, and metabolic inhibitors
had no e+tect on nickel uptake rate. The nmickeli-uptate
system of Fseudomonas saccharophila, theretore, 18 similar
to that of 8radvrhizobium 1aponicum \Stults et as. 1987

Methanothrix conci1l11 (Raudet et al. 1988), and Hdrotobacter

chroococcum  (Fartridae and yvates 1982). It 18 relatively
N
specific since no other cation other than Co at
S 2+
concentration 100 times higher than b‘N1“ . Showed more

~
than S0% inhibition. Mg“+ (200 wWM) i1nhibited nmictel uptaie

by only 394 and 1n combination with nickel did not aftect
hydroaenase synthesis. These observations plus the +act
that nickel uptale does not appear to be dependent on
enerqy suggest that the nmickel-uptake system ot A,
Faccharophila 15 not coupled to the Mq2+—transport system
reported in  some other organisms (Webb 19703 Jasper and
Si1lver 1977: Tal akuwa 198/7: Lohmever and Friedrich 1987
Bryson and Drale 1988: Nies and Silver 1989).

The present study does not preciude the existence o+
two forms of nichkel ~uptate svstem in P. saccharawphila. The
major uptake system 1s described above. 1he second minor
uptake system appears to be eneragy-dependent and to be
coupled to the Mq2+—tran5port system.

7.4. A counting method for Np-fixing Ho-oxidizaing bacteria

The N-deticient autotrophic medium with H-, COy,  No

as normalizing gas. and a small amount of O~ 135 usually
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used for 1solation and enumeration of N-o-fiuing Ho~-
oxidizing bacteria ( DeBont and Leirjten 19763 Wiegel and
Schlegel 19763 Aragno and Schlegel 1981 knowles 1982
Watanabe et al. 1982: Gowda and Watanabe 1987). However ,
some aerobic No—-fixing Ho-oxidizing bacteria do not qgrow
chemolithotrophically (Fedrosa et al. 19803: KRowien and
Bchlegel 1981y Malik and Schlegel 1981: Gowda and Watanabe
1983532 Wong and Maier 1985). In this thesis, an enumeration
method to accommodate both heterotrophic and chemolitho-~
trophic No—fixing Ho—oxidizing bacteria was developed. it
employed a semiscolid N-limited heterotrophic medium that
al lowed expression of both mitrogenasz and uptake hydroge-
nase activities which were detected by the sensitive C(_H:z
reduction and HBH uptake techniques. respectively. Fure
culture studies resulted i1n the discovery o+ nitrogenase
and uptake hydrogenase activities 1n Pseudomonas stutzer:
JM 300, an approved species of Pseudomonas. OFf the natural
samples tested, the soil surrounding nodules o+ white beans
showed relatively high numbers cof N-o-fistang Ho—oxui1dizing
bacteria. This finding 1s caonsistent with reports (Watanabe
et al. 1982y LaFavre and Focht 19833 Cunningham et al.
1986: Wong et al. 1986) that the rhizosphere may be an
important ecoleogical niche for H> transtormation.

In conclusion, the i1nvolvement of pseudomonads 1n
many 1mportant ecoloaical processes makes them one ot the
most important and commonly studied organi sins. The

discovery of No fixation in Pseudomonas saccharophila and
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recently i1n other strains and known species has ecological
implications because of the ubiquity of pseudomonads. The
presence o0+ uptake hydrogenase in P, saccharophila under
heterotrophic No-fixing conditions may help 1ncrease the
efficiency of Nz fixation., Its beneficial effect, however,
may be more significant under chemolithotrophic Nio—-faisxing

conditions. The stimul atory effect of nickel on hydrogenase

enpression and nitrogenase activity and the possible
1nvol vement of nickel in urease uwnder N-1imited
chemolithotrophic conditions imply that ecosystems

limited 1n N and organic C but rich in nickel, Ho and COo
with relatively low O2 concentration may be amportant

ecological sites for Hp and No transformations.
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