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ABSTRACT 

Ph.D. Wllfredo L. Barraqulo Mlcrobloloqy 

NITROGEN FIXATION, HYDROGEN OXIDATIDN, AND NICKEL 
UTILIZATION SV PSEUDOHOHAS SACCHAROPHILA 

PseudOMonas saccharophila could fix N2 under mlcro-

aerobic conditions, heterotrophlcally and chemol1thotrophl-

cally. Uptake hydrogenase actlvity under heterotrophlC 

conditions had no effect on the 02 sen~ltlvlty of 

ni trogenase. H2 i nduced whereas sLicrose ë\nd 02 repressed 

hydrogenase synthesls. Sucrose and 02 dld not lnhlblt 

hydrogenase actlvlty. Hydrogenase and Llrease were located 

in the membrane and soluble fractions, respectl~ely. Nlc~el 

stimulated growth, hydroqenase expression, and nltrogenase 

activity under N-limlted chemolithotrophlc condl tl ons. 

Hydrogenase synthesls speciflcally requ\red nlc~el and lts 

represSlon by 02 was alleviated by incr~aslng the nickel 

t t . 1 t d 63N · 2+ b ... t h h concen ra lon. ncorpora e l was a out ~ lmes lq er 

in the soluble than in the membrane fractlon. The short-

term uptake of nickel was energy-independent and had an 

apparent ~m of 31.7 ~M and Vmax of 3.B nmol 

-1 -1 protei n) mi n 

(mg 

A counting method for heterotrophlc and chemolitho-

trophlc H2-oxidizing bacteria was developed. 

The white bean rhlzosphere soil showed relatlvely hiqh 

numbers of these bacteria. 
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RESUME 

Ph.D. Wilfredo L. Barraqulo MIcrobiologie 

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

L'UTILISATION DU NICKEL PAR PSEUDOHOHAS SACCHAROPHILA 

Pseudo.onas saccharophila a pu fIxer le N2 sous des 

cond i t ions microaéroblques, hétérotrophl qusment et 

chémollthotrophlquement. L'activlté d'absorption de 

l 'hydrogénase SOU5 des conditlons hétérotrophlques n'avaIt 

aucun effet sur la senSIbIlité à l '02 de la nltrogénase. 

H2 a indult, tandis que le sucrose et 1'02 ont réprimé, la 

synthèse de l'hydrogénase. Le sucrose et 1'02 n'ont pas 

inhibé l'actiVIté de l 'hydrogénase. L'hydrogénase et 

l'uréase furent locallsées dans la membrane et dans les 

fractions solubles, respectivement. Le nIckel a stirulé la 

croissance, l'expressIon de l 'hydrogénase, et l'activité de 

la nltrogénase sous des conditIons chémollthotrophlques 

Il mi tées en N. La synthèse de l' hydrogénase a requl S 

$pécifiquement du nickel, s'" sa répreSSion par 1'02 fl.lt 

soulagée en augmentant la concentration de ni ckel. 

L'inco~poration du 63Ni 2+ fut environ trois fOlS plus 

élevée dans la fraction soluble que dans la fractlnn de la 
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membrane. L'absorption du nickel à court-terme était 

indépendante de l'énergie et avait un ~m apparent de 31.7 

uM et un Vmax de 3.8 2+ -1 -1 nmol NI <mg proteln) min • 

Une méthode de décompte des bactéries fixant le NZ et 

oxydant le H2 de façon hétérotrophlque et chémolltho-

trophique fut développé. Le sol provenant de la rhizosphère 

des haricots blancs démontrait une populatlon relativement 

élevée de ces bactéries • 
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· .. CLAtM OF CONTRIBUTION TO KNOWLEDGE~ 

1. The ablilty of Pseudvmonas saccharophlla ATCC 1~q46 

to flx N2 was demonstrated unequlvocally by 

redLlctlon and 15 
N2 lncorporatlon. The organlsm COLII d 

fix N2 under microaeroblc condltlons, hetero-

trophlcally and chemollthotrophlcally. ThIS 15 the 

first report of an approved specles of PSeUd(lm,ITliiS, a 

genLis otherwlse known to contain no dlazotrophs, that 

has the abillty to flX N2' 

2. P. saccharophlla showed an actlve uptake hydrogenase 

under both N2-fixing heterotrophlc and N-llm'l ted 

chemollt~otrophlC condltlons. The former propert~ 

suggests that the organlsm 15 capable of recyc11nq 

the H2 evolved durlng N2 flxation. The ablilty of the 

organlsm to grow and flX N2 Linder N-ll ml ted 

chemollthotrophic ccnditlons suggests that the H2-

uptake sYLtem provldes reduclng power and enerqy for 

fixation of N2 and C02. 

3. Under heterotrophlc conditlons, uptake hydrogenase 

activlty and exogenous H2 had no effect on the 02 

sensitivlty of nltrogenase activlty. 

4. Synthesls of hydrogenase was Induced by H2 and 

repressed by hlgh concentratIons of sucrose and 02' 

Qther utilizable orqanlc sLibstrates repressed 

synthesis and non-utlllzable ones did note 
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Uptal e h~drDqenase actlvlty ~as nct affe~ted bv hlqh 

concentratlons of sucrose and 0:. 

6. Hydroqenase and urease actlvlt1es were found mainly 

7. 

8. 

9. 

10. 

11. 

ln the membrane and soluble fractlons, respectlvely, 

trom cells lncubated under N-llmlted chemolltho-

trophlc condItIons. ThIS is the flrst report of 

urease actlvlty ln P3eud~m~~as saccharophlla. 

Growth, hydrogenase e:·:pressl on, and nltrogenase 

activlty was stlmulated by nIckel under N-limited 

chemollthotrophlc conditions. 

was speclflC ln stlmulat1ng expréss10n of 

hydrogenase act1vlty because ether dlvalent metals 

such as 

effect1 ve. 

C 
2+ 

o ~ Z 2+ M 2+ n , n , and were not as 

Nick~l was requlred for the synthesls of hydrogenase. 

Increaslnq the concentration of nlc~el under N-

Ilm1ted chemol1thotroph1c condit1ons allev1ated the 

represslng effect of 02 on the expressIon of 

hydrogenase actlvlty. 

saccharnphlla progressively inc:orporated 

I.Inder N-llmlted chemollthotrephlc condItIons. The 

soluble fractIon had about 3 t1mes h1qher 

1ncorperated 6- ""+ 
~N1~ than the membrane preparation. 

The relat1vely hlgh percentage of radlolabel ln the 

soluble fract10n lS very ll~ely due to the presence 

of urease, a known nIckel enzyme. 
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.. _::a • .:char Il phll a was l ndependent of th":? pr-esence of 

prefor-med hydrogenase and hydrogendse-d~represslon 

condl t Ions. 

13. The nlc:~el-uptake system followed Mlchaells-Menten 

kinetlcs with an appar-ent Km of 31.7 ~M and a Vma~ of 

-1 -1 
3.8 nmol NI (mg pr-oteln) min 

14. The ni r.: kel-upta~(e system of p" _:;acchar f'lph II a was 

energy-lndependent. 

15. The nickel-upta~e system was relatively speciflc for 

nickel and was not coupled to the energy-dependent 

2+ Mg -trans?ort system. 

16. An enumeratlon method to accommodate bath hetero-

trophlc and chemollthotrophlc free-Ilvlng aeroblc N~-

-fixing, H2-0~idizing bac:teria was developed. It 
.... 

employed C2H2 reduc:tlon and trItIum (H~H)-upta~e 

techniques and a semlsolld heterotrophlc N-Ilmlted 

medium that allowed the expressIon of both nltro-

genase and hydrogenase activltles. By thlS method, P, 

:stutzeY'l JM 300, another approved specl es of 

Pseudomonas, was found pOSItive for- bath actlvltles. 

Among the natural samples tested, the rhlzosphere 

soil from whi te bean showed a rel ~tl vel y 

results and those of other workers suggest that the 

rhizosphere is a good nIche for H2 transformation. 
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1. GENERAL INTRODUCTION 

The ultlmate alm of man y studles lS to Increase 

agrlcultural productivlty through bi 01 Ogl cal nltrogen 

fi xatl on. The dWlndllng fuel resources, the envlronmental 

problems due to chemi~al fertlll:ers, and the Increaslng 

cost of produclng ammonIum fertlllzer Industrlally are sorne 

of the reasons why It IS ImperatIve to turn to blologlcally 

fixed nltrogen. BlologlCé'\l nltrogen fi'tatlon lS the 

nitrogenase-catalyzed conversIon of atmospheric nltrogen to 

ammoni a. The process IS restrlcted to prokaryotes and is 

carrled out under aeroblc, mlcroaeroblc, and anaeroblc 

condItIons CPostgate 1q82). N2-flxlng heterotrophs and 

autotrophs may occur ln the free-livlng state. or ln 

aSSOcIatIve or symblotlc relationships with eU~'aryotes 

(usually plants) <Gallon and ChaplIn The 

contributIon of these groups to the nltrogen economy of 

ecosystems ~arles wlth the symblotlc N2-flxers belng the 

most agrlculturally Important. The ~ther groups, however, 

may be Important especially ln ecosystems that have a high 

C: N rab 0 and that are Llndl stLlrbed (~.nowl es 1 q77; Postgate 

1982) and probably ln habitats ln Whlch there are hlgh 

concentratIons of H2 and C02 and relatlvely low 02 tensIon 

(Watanabe et al. 1982; Dugnanl et al. 1986; Barraqulo et 

al. 1988; Conrad 1988). 

f 
Aside from the fact tha~ the nltrogenaee reactlon 1s 

an energy-demanding process, It 15 obligatorl1y Ilnked to 
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H2 evolution whlch consumes about 25% of the total eJectron 

fI LI>: through nltrogenase (Adams et al. Most 

dlazotrophs possess H2-uptake systems which are capabl~ of 

recycllng 

Sc:hl egel 

1 i nked to 

the H2 evolved durlng N2 flx~tion (Bowlen ~nd 

1981; Ei sbrenner and Evans 1983). H~ \\pta~ ellE' 

the electrcn transport chaln WhlCh generat~s 

energy and/or reduclng power and c:onsume~ 02 (Lh::on l cr/2t 

Adams et al. 1981= Bow1en and Sc:hleg~l 1981). Thp presence 

of the H2-uptake system should therefore increase the 

efficiency of N2 f1x~tlon. Enhanclng H2 uptRke would 

apparently hRve a favorable effect on the eff1c1ency of N2 

fiHatj,on. Nlckel was shown to stlmLllate expresslon of 

hydrogenase actlvlty ln sorne organ1sms (Fr1edrlch et al. 

1981; Takakuwa and Wall 1981= Colbeau and Vlqna1s 198J; 

NakamL\ra et al. 198~~; Stults et al. 1986; Doyle and f~rp 

1988) . 

The pseudomonads are amongst the most Ub1qUltous 

organiscns known (see SectIon 2.1). They are metabcll'lcàLly 

versatlle but no legltimate member was reported te f1X N2 

CPalleroni 1984). In 1983, in the course of testlng several 

Pseudomonas-like rlce root lsolates and known 5peC1~S of 

PseUdl,lmcH,aS for nltrogenase actlvlty, only P. sar:charophlla 

ATCC 15946 among the known spec1es was found pos1t1~e 

(Barraquio and Watanabe, unpubllshed). P. _:;:ar:r:har(lphlla 15 

a well-characterlzed facultat1ve chemol1thotroph (P~lleronl 

1984) 

1(~40) • 

lsolated from the mud of a stagnant pond ( lJoLIdor of f 
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The obJectlves 0+ thlS theSl$ are as follows: 

(1) to conflrm the N2-flxing ablllty of P. saccharvphila 

ana to examIne some factors that affect its 

nltrogena~e actlvlty 

(2) to determine the presence and examine the regulatlon 

of the H2-uptake system of P3eudc.lmortas saccharophll a 

(~) to examIne the role of nickel ln the H2-uptake sy$tem 

of P. saccharophJla 

(4) to develop a counti ng meth~d that WOL\l d accammodate 

bath heteratrophl c and c:hemol i thotrophl c: N2-f 1): 1 ng 

(~ 
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. ., LITERATURE REVIEW 

2.1. The genus Pseudo.onas 

The qenus Ps/?udcl'lt(ln a." 1 s one of the most cClmp 1 eH 

groups of Gram-negatl \Ie bacterla ~ F-' ail r?n:JIî 1 1· ... 04' 

apparentlv due to lncomplete generlc deflnltlon lUe Vos /?t 

al.. 1 q89) • ElItenslve phenotyplc characterl::atlon, polar 

flagellatlon. Rnd DNA base composltlon were orlglnaJ V us~d 

for classlflcatlon of stralns (Palleronl /?t al. 197U). rhlS 

clasSlflcatlon scheme led to accumulatlon 0+ a larqe 

collectlon of stralns of lncomplete descrlptlon but WhlCh 

are aeroblc, polarly flagellated, Gram-negatlve, rod-shaped 

bacterla. Palleronl proposed rlbc,somal 

rlbonuclelc aCld homology grou~s based on competltlve rRNA 

hybrldl~ation studles. Wlthln each rRNA cluster, there was 

nearli 100% rRNA slmllarlty IPallerQnl /?t al. lq73J but the 

1 evels of DNA slm1larlty between specles were low 

<Pail eronl /?t al .. 1972). De Vos and De Lev 

DNA:rRNA hybridlzatlon method showed that the flve rkNA 

groups are remotely lnterrelated and cannot be malntalned 

ln a S1 ngl e genus. They suggested that moc:;t t-J~p.u(J(lmtlTta_=; 

speCles are located on three rRNA branches: ( [ , P. 

fl!JoresceTIS branc:h that lnc:ludes P.. aer'UQHICISa and P. 

stutzer'l and other plgment-produC:lng specles. \ l l 1 

aCldc1vc.1r'aTIS groLlp whll:h c:ontalns most hydroqen-o::ldl::lng 

- pseudomonads lncludlng P. ~accharoph}la, and P. 

.. 
soJanacearum group WhlCh lncludes s~me plant p~thoqenlc 
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pSE'Lldomonadcs. Dr, 1 Y P. fluo~e3c~n3 rRNA branr::h was 

con5ldered the true pseudomonad. and all oth~r speCles were 

qenerlcally mlsnamed (De Vos and De Ley 1983). Recently. a 

nelooJ qenLls CIlmaml'T,a..; (De Vos et al. 1985~ Tamaoka et al. 

1987> was proposed to accommodate certaIn ~p~cles of the 

rRNA homology group III ot Palleronl 's classIfIcatIon. 

Accordlng ta the Woese classIfIcatIon {Wcese et al. 1984~ 

Woese 1987} WhlCh IS based on phylog~netlc relatl0nshlps, 

the specles of P3eudomonas are spread over the alpha to 

gamma subdIVISIon of purple bacterl~, now named 

Pr (ltel,lbae ter l a (Stacyebrandt et al. 1988). De Vos et al. 

(1989) contlnued thelr phylogenetlc studles on unclas5lfled 

speCI es of saprOphytl C p_"(?u,j(,lmOn a_=: and f ound that two-

thlrds of the named Pseudomonas specles have been 

mlsclasCSlfled and are dlstr\buted over at least seven 

qenera aIl through the PY'lltel,IOa,:terla. Wl,llem<: et al. 

(1989) proposed a new generlc name, HydroQenvphaga, tor 

hydrogen-o>:t dl:= 1 nq specl es of Pseudl,'moT/as ,P. ae l ÔIIVOY' an_=: 

rRNA complex) WhlCh lncludes P. ~lava, P. pal,feronl, P. 

pseudl1t"lava. P. carbo)(ydc'lt-lava, and P. taerlll:I_"plY'all_=:. In 

the followlnq dISCUSSIon, 1 WIlL follow the classlflcatJOn 

proposed by Palleronl (1984) untll the phylogenetlc studles 

on PSeUd07rlM,aS are ccmpl eted and aIl the proposed names of 

specles and genera are approved and publlshed by the 

Internatlonal Journal of Systematlc Bacterlology. 

:!.1.~. NutY'ltl(.lTIal ~/e~satlilty 

The members of the genus Pseudomvnas are aeroblc, 
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" havJnq a strictly resplr~tory type of rnetabollErn wlth -

oxyg~n as thp terminRl electron accepter; ln sorne caSP5 

can be ue~d as aJtern~tc Electron 

(Palleroni 1984). Most speCles Cdn grow ln mlneral nmd, a 

WJ th ""mmnnltlm i ons or ni ty-ate Rnd t:"\ ~~1 no! e oro""nl c c.CJnlpOLlI\U 

as the sole ~arbon and pnergy ~ource (Stanler et al. 1966). 

lhey ar~ chœmoorg~notrophs but sorne species can also qrow 

under autotrophic ccmdJ tl0ns LISlno LU and/or- H,.' as 

enerÇJY !30lIr"Ces. Ci:\rbon and E'n~rqy sourC"E?S I~anqe fI' orn Sl nlp 1 e 

to r':DlTlple,: or Llnu~:;uëd r.1rgélnlc. SLlb!:~trates. fr_)r e~:arnple, 

pSf.?I.lc1cJmonads i.~re cc:-q::lable of deqracllnq ::en(::Jb]ot,cs (l:ILI~HH? et 

1989) ; 

- degrad~tive pathway of mRny chlorln~ted aroffidtics, teluE'ne, 

(1-. m-. ':Ind p--toluë1te, m- and p-,(ylenE'. é\rtd other arOlTlëltlt_ 

compounds can bp Utl llzed (WorsE'Y and Willi~m5 197b= 

19139= Sylvestre et aL 1989). f"!::eudcHoonade can cë'lrr-y CHlt 

aSSlInllatclry and dlsslmilatory nlt.r~tp. rp.ductlC'rl (Pr.dJ(i!rC'lIH 

19E34) • 

den] t,'"U yJ nq bë\C"terJ a frC'1Tl both SOl] '5 and aquat] C" SE?cit IIlpntc; 

.:\nd may t-eprE-:!!:'cmt thE' meo~t actlvf:' rlt':?111 tr J il ers) n nnturë:d 

(~nowJes J982bJ. U~spJte their nutrltlonal 

YE.'f sa t i 11 t'/ , the ablJlty of pseudeoffieonauC':; te fI:: rlltroq€'n 

had lr.mCl b<?en dClLlblec1 (Hll] and f-'DC:;tt:l':lt€-? l'i69= [-'ost.C1ilte 

t 981.1 ~ 

-
f 1 H E~r' • 
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shown ln Table 1, ~seudomona$ Eaccharophlia can be 

consldered the f\rst approved specles~ some specIEs falLed 

to f1~ N2 upon reexamlnatlnn~ some were not classl+led as 

and some may need rec:lasslfication or 

renamlng. Undoubtedly, pseudomonads have nIf genes and can 

accommodate and express nIf genes from other sources. 

2. 1 • .::;" E: CI) 1 ('1 g l ': a 1 dl _" tri but l (,l Tt 

Perhaps the catabollc versatillty of Pseudomonas 

contributes to their ublqUlty in nature. They can be found 

ln varlous habltats - ln terrestrlal and aquatlc (marine 

and freshwater) nlches, ln humans, animais, plants. foods, 

etc. (Stol p and Gadkarl 1 qa1 ~ Pail eronl 1984). P$eUdl.)mM,aS 

1S considered as one 0+ the predomlnant organlsms ln soil 

and in marlne habltats (Qulgley and Colwell 1968~ Paul and 

Clark 1989) and in the rhl~osphere ln whlch they are 

capable of fIXIng NZ' produclng growth-promoting substances 

and slderophores, and belng antagonlstlc to soil-borne 

pathogens <Prabha et al. 1978= Barraquio et al, 1983; 

Kleeberger et al. 1983, Haahtela et al. 1983b; Thomas­

Bauzon et al. lqa3~ Burr and Ceaser 1984~ Rahman et al, 

1986~ Llfshit~ et al. 1986~ De Weger et al. lq86~ 

and Werner 1987; Schlppers et al. 1987~ L~lande 

I-:.rot:i: ky 

et al. 

1989). Geographlcally, pseudomonads can be found in the 

tropical, temperate, arctic, and antarctlc regions 

(Haahtela et al. 1983b; Palleronl 1984; Llfshltz et al. 

1986; ShlVë\Jl et al. 1989). 
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TABLE 1. List of putative and non-pl.ltative N2-fuling 

Ps ~ud()/fl(ln as 

Speci.,. 

P. .lfthanJc" 

P. AzotocollJg.ns 

9391 

P. azoto9lfn. 1 S 

V Sc NCIB 9277 

PSlludoaonA. sp. 

P. ."th.nJfrlfJc.ns 

P. A.b.lgUA 

P. gl"thlfl 

P. fluo,,,sclfnil 

P. di ilzotrtlphJ eus 

Pillludoaonas sp. DC 

P. pAucl.obIIJ$ 5AJ 

P'IlfudoaOnils sp. 48 

P. silccharophJliI 

ATCC 1:594b 

P. dlalnutA 

P. ""SI cul Ar Jil 

PSlludoaonas sp. 

P. sfutzlfrl CMT.9.A 

P. put.l dll MT 20-3 

P. stutz.rJ JM 300 

P. pSlfudofl.". 

Spacies 

in 8MSB" 

+ 

+ 

+ 

... 

+ 

+ 

+ 

+ 

+ 

+ 

Remo!lrks 

not cenfirmed 1 

did net reduce C2H2, 2 

mi Mad cul tur. 

not. PSlfudoaonA. .,. 
-' 

not. cen'hrmed 4 

contami nated by 5 

Hlfthyloillnus 

FTNc b 

di d net reduce C2H2 7 

geneti cal! y constructed 8 

FTN 9 

FTN 10 

FTN Il 

FTN 12 

appreved .traln 13 

FTN 14 

FTN 14 

FTN 15 

FTN lb 

genetlc"lly construct.d 17 

appro".d strain 18 

FTN 19 

-eergey'. Manual of Systellat.lc eac:terl0logy (1984) (s •• 
g.nu. PSlfudoaonils by Palleroni (1984). 

-1, Bohng.n 190b (Dalton, 1980a). 2. Anderson (1955). Hill 
Sc Postg.te U9b9) 1 3, Ve.t. le Oebacher (19~b). Paul ~< 
Newton <1960. O. Ley le Park <19bb) , HIll r. PO'l5tgate 
(1969), Prabhil 1ft AI. (1978), 4. Procter .. Wi lson (1958) 1 
5, Davi. 1ft al. <19b4), 6, Goloyache"a Sc Kallnlnskaya 

(1968), 7, Zolg Sc Ottow (1975), S, Mergeay ~ Gerlts 
(1978) J 9. earraquio .t ill. (1983), Watanab. .t al. 
(1987), 10, Ha.M.I •• t d. (1983a Sc b), 11. Thom •• -
eauzon .t al. (1982), ea1ly 1ft III (198'3),12, Chan.t al. 
<198b) , 13, earrllquio 1ft ill. (1986). 14. Rahman .t al. 
(1986), 13, Llfshltz .t .1. (19Sb), lb, Krotz~y ~ Werner 
<1987>. 17, Postgate Sc Kent (19S7) , 18, S.rraqulo ~t al. 
(1988), 19, Jennl .t .1. (1989). 

-Furth.,r tests n.eded are rRNA homology and other genetic 
and bloch.mie.l t •• t •• 

8 
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flagellated non-pigmented rod which grows v.ry weIl on 

sucrose and other sugars and organlc aClds, IS capable of 

autotrophlc growth with H2 as energy source, does not 

hy'drolyzes 

starch. accLlmLll ates pol y B-hydroll ybut yl~ate. and has a "1. mol 

G + C of 68.9 (Palleronl 1984). Glucose, frLlctose, mannose, 

and D-arabinose are Lltll1zed only after mutatIon. rts 

abllity to fix nitrogen was demonstrated only recently 

CBarraqulo et al. lQ86). It wa5 1501ated bv autotrophlc 

enrlchment ln 1940 From the mud taken from a stagnant pool 

<Doudoroff 1940). 80 far only one straln (strain ArCC 

15946) lS known; a slmllar straln was isolated by Palleronl 

( 1980) but dlffered ln some phenotypic propertles and DNA 

sequence~ some lsolates from surface sedIment of fr.shwater 

lakes asslgned to P • .Eac,:harl'phl1a (Sch1n~' and Zelkl.lS 1984) 

need further c:haracterl::~ation. Ta::onomlcally, lt belonqs to 

the rRNA homology group III ln Whlch other H~-Oxldlzlng 

pseudemonads (P. faclll.E, P. flava. P. pEeudoilava, and P. 

te3to3teronl, and P. delafleldll) are Included (PaIl eron1 

1984). P. zaccharophlla shows many phenotYPlc slmllaritles 

te the members of th1S rRNA group but exhiblts relatlvelv 

lew levels 0+ DNA slml1arity (Ralston et al. 1972~ Johnson 

and Palleronl 1989). 

P. sacchar~phlla has been the obJect of many studles 
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- of pathways and en~ymes of heterotrophic and autotrophic 

metabolism CDoudoroff 194u; BernsteIn 1944= Entner and 

Doudoroff 1952; Palleroni 1956' ~ Palleronl and DoudoroLf 

1956; Markowits et al. 19561 Young and ~leln 1967; Donawa 

et al. 1971~ Ishaque et al. 1971a ~( b, 1973; Dorlawa et al. 

1973; Aleern et al. 1979). Most he~oses and rel ated 

compounds are catabolized by the Entner Doudoroff pathway 

which was discovered in this organism CEntner and Doudoroff 

1952). Of particular interest to this thesl~ are some 

aspects of energy generatlon during growth under 

autotrophic as weil as heterotrophic condItions (Donawa et 

al. 1971; Ishaque ~t al. 1971a ~ b, Ishaque et al. 1973; 

...... Aleem et al. 1979). Under heterotrophic growth condItIons, 

electron flow from NADH to 02 lS med1ated by a complete 

electron transport chaIn with three energy conservatIon 

sites whereas only phosphorylation (proton translocatIon) 

sites 1 and II are lnvolved in the anaeroblc CNO~ as 

electron acceptor) oxidation of NADH. Electrons from 

succinate and ascorbate enter at cyt band cyt c levels. 

respectively, with two and one energy conservatIon sltes. 

Anaerobic oxidation of succinate yields a very low P/N03 

ratio, thus is poorly coupled to sIte II. Under autotroph1c 

gr~wth conditions, only the flrst two proton translocatIon 

sites are functional and the thlrd one is inoperatl~e. 

Electrons from H2 enter at the cyt b level and H2 oXldatlon 

--. and coupl ed phosphorylation appear to lnvolve only 

coupling slte II under aerobic or anaeroblc conditIons. 
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Cytochrome aJ was detected but the third site lacks cyt a 

and was not found functlonal in energy generati on. 

Cytochrome 0 appears to act as the terminal oxidase both 

for NO? -
-' 

and 02-grown cells. Bone ( 1960) reported the 

presence of two H2-activating en~ymes in Pseudo~vnas 

saccharophlla, one ln the soluble fraction + (NAD -dependent 

hydrogen dehydrogenase) and one ln the partlculate fraction 

+ (NAD -1 ndependent hydrogenase). However, Pod~uwei t et al" 

( 1983) and the present author practically did not find 

hydrogenase actlvlty in the soluble fraction. Thus, P. 

saccharophlla has to carry out energy-requlrlng reverse 

electron tral',sfer for NA OH formatior under 

chemolithotrophlc condltions (Gottschalk 1986). 

2.2. Nitrogen fixation by free-living aerobic heterotrophs 

Biological dinltrogen fixation is the nltrogenase-

catalyzed red'~tion of dinitrogen to ammonia according to 

the reaction 

N2 + 8(H+ + e ) + 16MgATP ~ 2NH3 + H2 + 16(MgADP + Pi) 

The first report of the abllity of free-living aerobic 

heterotrophic bacterla such as Azotobacter chroococcu~ and 

Azomonas aqilis to fix N2 was made my BelJerlnck in 1901 

(Burris 1988). In the strict sense, fr'ee-llving aerobic 

heterotrophic N2-flxing bacteria are those that fix 

aeroblcally and not in any association, loose or intlmate, 

with another micro- or macroorganlsm wlth the carbon and 

energy supplied by an organlc substrate. Some of them are 

plant-assoclated and some are not. 
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B1nce most ecosystems are arganlc carbon and enerqy 

Ilml ted, 1t is generally agreed that free-Ilv1nQ aeroblc 

heterotrophlc N2 fixers contrlbute Ilttle ta the tertlllty 

of agrl cul tural systems O.nowl es 1977; Sprent 

F'ostgate 1982). Only ln ecosystems where the C~N ratIo lS 

high could their contrlbutlon to the nltrogen economy be of 

signlflcant value (Postgate 1982). However, they could help 

malntain fert1llty ln undlsturbed ecosystems and ln non-

intensive agr1cultural systems. Other beneflts cculd be the 

growth-promot1ng effects on plants and thelr role ln the 

....... deqradatlon of recalcltrant substances (Postgate 198~) • 

Thelr beneflcial role ln the rh1~osphere has been clalmed 

but the exact mechanlsm has been dlfflcult to understand 

dLle to the compl 8'( 1 ty of the rhl ~ osphere system. rhe 

amounts of f1Hed by thlS qroup of 

natural conditlons are only estimates due to methodologlcal 

problems ln quantIfyIng N2 fixat1on. 

Free-IIvIng aeroblc heterotrophic dlazotrophs are 

ecologlcally dlverse. They can be found ln SOli, root :one 

(terrestr i al and aquat1C). fresh water, freshwater 

sedlment, marIne water, marlne sedlment, phylloplane 

(terrestr 1 al and aquatlc), and anlmals (~nowles 1977; 

Guerinot and Patrtquln 1981). Important ecoloqlcal nlches 

-- ln WhlCh signlflcant amounts of N:;:: cO'_lld be fl>:ed are the 

rhizosphere and unamended forest and agrlcultural S011S 
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CVnowles 1977). Environmental factors that affect the 

natural occurrence 

actlvities include 

of diazotrophs and 

carbon and energy 

their N2-fixing 

supp 1 y , 0>: ygen 

tensIon, combined nitroqen, pH~ water content, and 

avallabillty of trace elements such as iron and molybdenum 

(Mulder and Brotonegoro lq74~ Postgate 1974; I<nowles lq77~ 

Jensen 1979). Geographlcally, they occur in troplcal, 

temperate, and arct1c regions (Knowles lQ77, Haahtela 1995; 

Li fshi tz et al. 1996). 

Free-living aeroblC heterotrophlc diazotrophs are 

generically diverse. At the time o~ this writing, a total 

of 22 unrel ated genera are reported to have the ab111 ty to 

fix N2 heterotrophically under aerobic and m1croaerobic 

conditions (Table 2). AlI species in some genera are 

capable of fixing N2 but ln most cases only a single or few 

specles of a certain genus are dlazotrophs. Our knowledge 

of the range of aerobic and other types of diazotrophs 

has increased rapidly in the last few years due to the use 

of the acetylene reduction technique and semi-enrlchment 

techniques that lnvolve the lnclusion of a certain organic 

carbon source or mi~ture of carbon sources plus sorne 

vltamins or yeast extract ln a nltrogen-deficlent semlsolid 

medium (Rennie 1981; Knowles 1982a= Doberelner 1988). New 

N2-flxing heterotrophs w111 undoubtedly be dlscovered in 

the future for it lS often a matter of employlng the proper 

isolatIon techniques. The use o~ nl~HDK (nltrogenase 

structural genes) hybridlzation method is an excellent 
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TABLE L1St 0+ genera of +ree-!lYlnQ ap.r ob l C 

a he1:erotroph l c N:!-f Ln li CI ba.c ter] ct 

Condl tl on when 

f 1 l(1 ng "'2 

AerobIc 

MicroaeroblC 

Mlcroaerobic to 

anaeroblce 

b GenLIs 

AZt.1tobacter (6), A.;:-(lmr.lT,':u (::;) • 

Azotococcu.;;(l) , BelJerITlt:kla(4\ 

Derxla(1)c, LIgT/(lbacter (1) 

Azv,;;plrlllum(4)c, Aqua,;;plrlllum\4\, 

Campylobacter(1) , ~rthrobacter (1), 
c ~, d c 

Pseudvmvnas(Q) " ,41callqeTle.;;(:!) , 

Xanthobacter(~)c, Herba,;;plrlllum(l). 

Acetobacter(1) 

I\leb';;lella(4) , Enter<lba,:ter (:2). 

Cltrt1bacter(:!>, ErWlrlla\l l , 

f Escherlchla('2.) , BacIIlus (4). 

Vlbrlt)(l) 

·Complled from ~nowles (1977), Sprent (1979), Sal~lnOJa­

Salonen et al. (1979), Dalton (1C;J80a>, Postgate (1981). 
Guerlnot and PatnqL\ln <1981>. Mal d and Schl!?gel (l9:-3 l) • 
Guerl not et al. (198:2), Postgate (1 c,lS:!) , McClLlng et al. 
(1983), Bazyll nskl and BI akemore (1 QS"':;> , Ladha et al. 
(198~), You et al. (1983), Bergey's Manual of Systematlc 
Bactenology (I<.rleg and Holt 1C;JS4) , Seldln et al. (1984), 
Baldani ét al. (1986), Gallon ~nd ChaplIn (1987), Pedrosa 
(1988) , Gl111 s et al. (1989), and all the references 
1 isted ln Table 1. 

bNumerals ln parentheses are the number of dlazotrophlc 
specles reported. 

cSome members have chemollthotrophlc capabllltles. 

dTwo specles are genetlcally constructe~. 

-Some members tested are capable of fIXIng N2 ln semlsol1d 
medium sL\qgestlng that probably all of them can tolerRte 
low o::ygen tenslon when flldng N:z. 

~ One ~pecies lS genetlcally constructed. 
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way of screening for N2-fixlng bacteria which otherwlse 

could be missed by the acetylene reduction test (Postgate 

et al. 1986~ Possot et al. 1986~ Oakley and Murrell 1988). 

Very recently, Jennl et al. (1989) showed the presence of 

nIf genes ln Pseudomonas pseudoflava straln NEU 2252, a 

strain WhlCh dld not reduce C2H2 to C~H4' 

2.2.2. ChemolJthotrophlC H2 fixatIon 

Organisms that use reduced inorganlc compounds as 

source of energy and electrons and C02 as the major or 90le 

source of carbon are called chemollthotrophs (Gottschalk 

1986) or ln 

chemoautotrophs 

the strict sense, chemollthoautotrophs or 

(Wood 1988). Dalton's definition (Dalton 

198c)b) states that a chemoautotroph 1 s an organi sm that l s 

able to obtaln the bulk of ltS blo5ynthetic carbon from 

carbon dio~ide or th~ metabollsm of a one-carbon compound 

using either organic or inorganlc compounds as energy 

source. If the organlsm can utillze N2 as ltS sole nltrogen 

source then lt is called a N2-fixing chemollthotroph or 

chemoautotroph. Under Dalton's deflnltion, the chemoauto­

trophic N2-fixlng organisms lnclude the H2-oxldizing 

Xanthobacter aut~tr~phJcus and Pseudo.onas saccharophlla 

(Berndt and 

ThiobsClllus 

Wolfe 1978; thi5 thesls), 

ferrooxidans (Macklntosh 

the Fe-oXldizlng 

i 978> , 

oMidi~ing H~thylosinus trichosp~rJum and l''ethy l ococcus 

capsulatus (Dalton and Whittenbury 1976; Whlttenbury et al. 

1970), and the CO-utilizlng organisme (Ooyama 1976). This 

section of the thesis 15 concerned mainly wlth HZ-
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dependent chemollthotrophy ln Whlch th~ nltrogen source lS 

N2' the energy and el ectron source 1 s H::. and thf:? carbcln 

source l S C0.:2. rhe process, therefore, l nvol Iles at 1 east ., 
",' 

~ey en~ymes: upta~e hydrogenase, nltrogenase, and rlbulose 

bi sphosphate carbo::ylase (Bo\l'nen and Sch 1 pgel 1981 ; 

Gottsc:haH 1986). Slnce N:: fi>:atlon and C02 fl::atlon are 

both reduclng power- and energy-demandJng process!?s 

(Gottschalk 1986), the hydrogenase reactlon should be able 

to provlde these requlrements ln arder for the organlsm ta 

grow. DaI ton (1980b) llsted ~ reasons why the study of 

chemollthotrophlc N::-flxers (obll gate and facultatlve) 

lagqed much behlnd other free-.llvlng N2-fl::ers: Ca) they 

appeared. lats in the llterature as authentlc dia=otrophs 

(the f 1 rst 2 reports were by Ooyama (1971) and Gogotov and 

Schlegel (1974», (b) thelr relatlve unlmportance 

agrlcultural terms, and (c) the dlff1culty of groWlnq them 

to c:ell densitles sufflclent to obtaln mean 1 nq ~I.,l 

bi ochemi cal and phYSlologlcal data. They coul d be of 

industrlal Importance, however, as blofllters ln the waste 

processlng industry (Dugnanl et al. 1986). Chemollthotrophy 

by free-11vlng aerob1c heterotrophlc dtazotrophs can be a 

means of survlval ln ecosystems where there 1S low O~ 

tenslon and hlgh concentrations of H:: and C02. It was found 

to be Importr.\nt for the surVl val of hydrogenase-posl tl Ile 

(Lambert et al. 1985b= Viterl and Sc:hmidt 1989). The 

importance of trace elements, partlcularly nIckel, ln 

• 
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stlmulatlnq growth has been reported CBartha and Ordal 

1965= Repaske and Repaske 1976. see SectIon 2.4 and Chapter 

5) • 

Of the 22 genera of free-llving aerobic heterotrophlc 

dlazotrophs shown ln Table 2, only 5 so far are known to 

contain members capable of chemollthotrophlc N2 flxation. 

They are as follows: Azospirillum (llpo#eru.) , Pseudomonas 

(sacchaY(.~phll a, dl azotrophicus) , AlcalJgenes 

Xanthobacter (autotrophlCUS) , and Der~la (gummosa) 

(l atus) , 

(Wlegel 

and Schlegel 1976~ Berndt and Wôlfle 1978; Pedrosa et al. 

1980= MalIk and Schlegel 1981= 80wlen and Schlegel 1981 ~ 

Pinkwart et al. 1983= Gowda and Watanabe 1983= RaVI Shankar 

et al. 1986~ Barraquio et al. 1966~ Watanabe et al. 1987). 

Some aerobic dlazotrophs have uptake hydrogenase but lack 

the abillty te grow or fix N2 chemolithotrophically. 

Examples are AzospJrillum brasilense, Azomonas agllis, 

13acillus BeJierinckia indlca, 

pneumoniae 4 and Azotobacter vinelandil (Pedrosa et al. 

1980; Bowien and Schlegel 1961= Gowda and Watanabe 1983= 

Wong and Maler 1985). This i5 why the usual method of 

isolatlng and enumeratlnq N2-flxing H2-oxidlzlng bacterla 

using the N-deficient autotrophic medium with H2' C02' 02' 

and N2 as balance gas (Wiegel and Schlegel 1976= De Bont 

and Leijten lq76= Aragno and Schlegel 1981: ~nowles 1982a) 

ls not aprl1cable. Accordlnqly, a new method to accommodate 

both heterotrophic and chemolithotrophic N2-fixing H2-

oXldlzlng bacteria was developed using a heterotrophic 



-

..,.. 

..... 

18 

semisolld medIum that allows e~pres~ion 0+ both nltrogenase 

and upta~'e hydrc.gellase actlvltles (Bar-raq'_IlD et" al. 

ThlS method 1S further dlscussed ln Chapter 6. 

Three klnds of nltrogenases have been purlfled ~ram 

AZI.lt'.lbacter speeles: molvbdenum (Mo) and vanadlum CV) 

nitrogenases fOLtnd 1 n bath A. ~I l Tt e 1 arl d l l and 4. 

chroococcum, and lron (Fe) n1trogenase so tar found only ln 

A. vlnelandli (Chlsnell et al. 1988~ Robson 1986~ B1Shop et 

al. 1988~ Eady et al. 1988~ Pau 198q~ PremaLum.::\r et al. 

1989). Vana~lum nltrogenase seemed to be present ln o~her 

dlazotrophs (Dllworth et al. 1987; Chan et al. 

Jt:.ennteml seh et al. 1988). The three 'nltrogenases are 

slmilar ln structure and functlon (Pau et al. 1988~ B1Shop 

et al. 1988). They cons1st of two metalloprote1ns: a 2~O-

240 kDa proteln (component 1) called dlnltroqena~e WhlCh 

contalns the act1ve slte for substrate b1nd1ng and lS 

specif1cally redLtCed by the second proteln, a 6(1-62 kDa 

di ni trogenase reductase (component 2) (Fl g. 1). Component 1 

is an a:82 tetramer wlth subun1ts of about 55 ~Da and 59 

kDa, respectlvely. It has 4 <4Fe-4S> clusters and 2 

molecules of cofactors. Component 2 lS a homodlmer wlth 

subunits of about 30-32 kDa with a cluster of (4Fe-4S) 

brldged between the subunlts. The nltrogenases dlffer ln 

thelr cofactor centres: FeMoco for Mo-nltrogenase, FeVco 

for vanadIum nltrogenase, and the putatIve FeFeco for Fe­

nitrogenase (Flg. 1). V and Fe nitrogenases ha~e a small 

-l 
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(a) Molybdenum-nitrogenase 

Dithionite 
Flavodoxin ~ 
Ferredoxin 
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ATP ADP DN 
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(b) Vanadium- or iron-nitrogenase 
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Dithionite l' 0( 

. e- e-Flavodoxln ~ 

f1~ Ferredoxin l' 
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I~ 
N 
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C2H4 
+ 

C2 H6 

Fig.1. Components of the Azotobacter nitrogenases Cslightly 

modified from Pau (1989».DNR, dinitrogenase reductase; UN, 
dinitrogenase. 



20 

-.. 
, ' 

additional subunit ln component 1 wlth molecular mass of 

13.5 kDa and 15.3 kDa. respectively (Pau 1989). The 

functlon of this addltlonal subunlt lS not known yet. Ali 

the nitrogenases can reduce acetylene ta ethylene but the 

MO-lndependent nltrogenases are relatlvel)' lnefflClent (Pau 

1989; Bishop et al. 1988). V and Fe nltrogenases produce a 

small proportion of ethane CC2H6} and greater amounts of H~ 

1988~ Pau 

1989), thus de~ectlon of C2H6 by gas chromatography 

CDilworth et al. 1987) could become a routine procedure for 

measurinq activity of MO-lndependent nltrogenases. 

2.2.4. Requll"emertt$ f,l/" the n.ltl'"oÇ1er,ase reactlc1rt 

The components of the nltrogenase reactlon are qUlte 

simllar for the three klnds of nltrogenases and for the Mc-

nltrogenases from dlfferent N2-flxlng orqanlsms. At least 6 

different components are requlred for the nltrogenase 

reactlon includlng proteins, ATP, a dlvalent metal 

cation, a reductant and electron acceptor n:'ostqate 

1982) (Fig. 1) • The arbltrary sequence of ~teps ln the 

nitrogenase reactlon lS as follows CPostgate 1982; Gdllon 

and Chaplin 1987): 

(a) Reduct10n of Component (Fe protel n) • An 

artific1al reduct~nt of the Fe-protein is sodlum dlthlonlte 

while the natural reductants are flavodoXln and ferredoXln 

(Yates 1972: Yoch et al. 1969; Yoch 1974). Ba5ed on the 

studles of Lowe et al (1984), Gallon and ChaplIn (1987) 

argued that the specles that lS actually reduced lS the 
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complex of the oxidized form of the Fe-protein and MgADP 

(Fe-proteinox (MgADP)2). Eight and twelve electrons are 

requlred for the Mo- and V-nitrogenase reactions, 

respectlvely (Gallon and Chaplin 1987). 

(b) Activatlon of Component 2 by MgATP. It 15 not free 

""-ATP that actlvates the Fe-protein but MgATP- (Thorneley 

2-and Willison 1974). MQATP forms a stable complex wlth Fe-

proteln (Thorneley and Eaa~ 1973). There are two sites in 
1")-

the Fe-protein for MgATp4 binding. Sixteen ATP's are 

renuired for actlvation. 

Cc) Reduction of Component 1 (MoFe-, VFe-, and FeFe-

protein) by Component 2. Component 1 i5 reduced by the 

MgATP-Fe protei n comp 1 e>: based on Mossbauer 5pectr oscopy 

data (Smith and Lang 1974). The transfer of electrons from 

Component 2 to Component 1 i5 rapld and irreverSlble and 15 

'?-
preceded by hydrolysis of MgATp4 

• The electrons wlth1n 

Component 1 are then used for 5ubstrate reduction. The 

Component 2-Component 1 complex dls50ciates followlng 

electron transfer (Lowe et al. 1°84). 

Cd) Reductlon of sub5trate. Aside from N2. nitrogenase 

catalyzes the reduction of C2H2, hydroqen lon 

cyanide, aZ1de • alkyl cyanldes, alkyl isocyan~de, alkynes, 

allene, cyclopropene, dlazirine (Gallon and Chapl1n 1987). 

N2 reductlon Whlch 15 intrinslcally coupled to H2 evolut1on 

takes place at the cofactor (FeMoco, FeVco, or FeFeco> slte 

of Component 1. It is not clear whether N2 blnds to the 

matai of Component 1. 
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(e) Release of products. The products of nltrogenase 

reactlon are NH~. H2' ADP, lnorqanlc phosphate, and 

dissoclated Component 1 and Component 2. 

2.2.5. Hydrvgen evolutinn by nltrngenase 

As shown ln the nltrogen reactlon (Sect. 2.2), H2 lS 

obligatorlly evolved as nltrogenase catalyzes the 

reduction of N2 and protons (see also Section 2.~.4). Mo­

independent nltrogenases evolved more H2 (3 moles H~ per 

mole of N2 flxed as compared to 1 mole H2 per mole of N2 

fixed in Mo-dependent nltrogenase) (Gallon and ChaplIn 

1987). The relatlonshlp between H2 evolutlon and 

nitrogenase in aeroblc N2 flxers was first nottced by Hoch 

et al. (1957). Hydrogen evolutlon ln vltr() was demonstrated 

in nitrogenase preparatIons of AZ(ltobacter ~/lnelandll by 

Burns and Bulen (1965). Under an lnert atmosphere of argon 

or hellum, nltrogenases catalvzes solely the reductlon of 

H+ to H2 (Simpson and Burrls 1984). Ali substrates 0+ 

nitrogenase are known to lnhlblt H2 evolutlon to difterent 

extents. For example, very high pressures of N:O or C2H2 

block H2 evolution completely, whereas ~ery hlgh pressures 

of N2 block evolutlon of H: only pa~tlally (SImpson and 

Burris 1984). Under optimal condItIons for N2 fl::atlon, :5'% 

of the total electron flux and energy requlrement of 

nltrogenase is allocated for formatIon of H2 (SImpson 

1987). In vitro, 100% electron flux to H2 can be obtalned 

even ln the presence of N2 by manlpulatlnq the reactants 

(Yates and Walker 1980). Yates (1988) stated that If the 
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(~ reductant, ATP~ or the reduced Fe proteln are 11mited, the 

effective reductant (the reduced Fe proteln 

complex) lS limited resulting in more H2 productlon. Stam 

et al. (1987) concluded from thelr calculat10ns that the 

nitrogenase-cataly~ed H2 evolution has more Influence on 

the effic1ency of N2 flxation than the presence or absence 

of a H2-uptake system. 

The mechanlsm of H2 evolution IS not yet understood. 

Chatt (1981) postulated that reduc1ng equ1valents supplied 

to the FeMo protein active sIte generate a trihydrlde of 

bound Mo, and that N2 may d1splace two H atoms from the Mo 

trihydride to form a bound Mo-N2 complex and one mole of 

2.2.6. flectron transport to nitrogenase 

Laane et al (1979) and Haaker et al (1974) claimed 

that the productIon of reducing equivalent5 for nltrogenase 

IS the rate-llm1t1ng step ln aeroblc N2-fixat1on. NAD(P)H2 

which 15 generated from the pentose phosphate cycle lS 

generally accepted as the reductant for ferredoxln and 

flavodoXln (Gallon and Chapl1n 1987). The reductants for 

nltrogenase are ferredoxln and flavodoX1n 

Proton motive force, particularly the membrane potential 

component, was reported to be involved ln the provis1on of 

reductant ln Azotobacter (Haaker et al. 1980). 

2.2.7. RegulatIon of nItrogenase 

( Nitrogenase activity in VIVO 15 regulated by 02' 

+ 
NH4' H2' ATP avallab1llty, covalent modIfication, and 
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availabilitv of reduclng equlvalents CEady 1981). Synthesls 

of nitrogenase lS requlated hy 0:, amlr10 aClds, 

nitrate or nitrite, molybdenum, CYC11C nl.ll:! eot l des, 

nitrogen starvatlon, and carbamoyl phosphate. Of these 

factors, 

discl.lSS10n 

+ 
and NH4 are the most studled. 

w111 be lim1ted to these 

The following 

two factors. 

Factors that regulate nltrogenase have been revlewed <Brill 

1979; Robson and Postgate 1980= Eady 1981= Postgate 1982= 

Gallon and Chapl1n 1987= Yates 1988). 

2.2.7. 1. OxygeT/ 

Oxygen is responsible for revers1ble 1nhlb1tlon of 

n1trogenase actlvlty ln VJVO and causes lrrevers1ble damage 

to nitrogenase. Not only both nltrogenase protelns but a!so 

electron carr1ers are sensitive to 02 (Gallon and Chaplln 

1987). Component 2 (Fe-prote1n) is more rap1dly lnact1vnted 

compared with Component 1. The mechanlsms of 

inactivation of nitrogenase are not yet weil understood, In 

most bacterial systems studied, the toxiC1ty of 02 lS 

attribl.lted to the production of superoxlde radlc:als (02' 

(Youngman 1984). More reac:tive 02 specles suc:h as 

perhydroxy and hydroxyl radlcals can aiso be produced from 

sl.lperoxlde and cause a lot of oxidat1ve damage (Robson and 

Postgate 1980: Gallon and Chaplin 1987) , Aerob1C 

diazotrophs have several protectlon mechanisms against 02 

damage: resplratory and conformational protection, 

linked Q2 uptake, 1nvolvement of superox1de dlsmutase, 

catalase, and peroxldase, extracellular gl.lm productlon, and 
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presence of carotenoids (Robson and Postgate 1980; Dlngler 

and Oe1~e 1987; Gallon and Chaplln 1~87~ Pedrosa 1~88~ 

Vates 1988). The most studled mechanlsms are respiratory 

and conf ormat l anal protectlon in a~otobacters. In 

resplratory protectlon, the organlsm can adJust lts 

respiratory rate ln response to increased 02 concentration 

(Robson and Postgate 1980). At high ten!:51 on, 

azotobacters can exhiblt remarkably hlgh rates of 

respiration. This is because electrons flow through ~n 

alternative branch of the respiratory chaln WhlCh is not 

associated wlth the energy coupling site thus Increaslng 

the rate of electron flow ta 02 (Yates 1988). 

Nl trogenase actl vi ty ln azotobacters '''SWl tch off" and 

"SW1 tch on" 1 n response to sl.ldden i ncreases and decreases 

in aerat10n (Robson and Postgate 1980). In the "switch O·ff" 

state, n1trogenase lS conformationally protected. A proteln 

Wh1Ch forms an 02-stable complex with nltrogenase protelns 

ln the presence of Mg2+ . 10ns was found in Azotobacter 

chroococcum and Azotobact~r Ylnelandll CHaaker and Veeger 

1977; Robson 1979>. Veeger et al (1980) reported that both 

nitrogenase components ln Azot~bacter vlnelandll could 

partlally be protected agalnst 02 damage by assoclating 

separately w1th the prote1n but the two proteins dlffered 

in 2+ amounts of Mg requlred. On the other hand, Kuhla and 

Oelze (1988) demonstrated that the "sw1 tch 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. Conformatlonal protectlon was 

also observed ln Xanthobacter flavu3 (Yate. 1977). Der~la 

gummosa (HIll 1971), and AznspIrIllum bra311en3e <Hartmann 

and BurrlS 1987). 

Oxygen represses nltrogenase synthes1s ln a number of 

diazotrop~~. The most understood system concerning 

regulation of nitrogenase synthesls at the molecular level 

is that of ~lebslella pneumvnIae. RepressIon of nltrogenase 

synthesis by 02 at the level of transcrlptlon and the nIfL 

gene product is 1nvolved (Hill 1988). The current model of 

nIf regulat,on ln Kiebslella pneumonlae lS shown ln FIg. 2. 

At 60 ~M, 02 lnhlbits derepress10n of nIf LA; at 0.1 ~M, 

02 1nhlb1ts derepression of other nIf operons V1a the nIfL 

product= and at 6 ~M, 02 inhiblts nltrogenase actlvlty 

WhlCh, through N deprivation, indirectly prevents nltro-

qenase synthesis. 

2.2.7.3. AmmonIum 

The s~~rt-term inhibitlon of nitrogenase actlv1ty by 

NH4+ (NH4+-switch off) was observed ln Azotobacter specles 

CEady 1981), Azospirillum species (Hartmann et al. 1986), 

and HerbaspIrIllum seropedlcae (Fu and Burrls lQS9) but not 

ln Kiebslella pneumonlae (Tubb and Postgate 1973). The 

lnhibition lS reverslble, the recovery tlme dependlng on 

the amount of NH4+ added. Different mechanlsms of NH4+ 

inhlbitlon seem to operate ln dlfferent dla~otrophs. In 

some N2-f1x1ng bacteria, the inhlb1tlon lnvolves covalent 

modlf1cation of the Fe proteln by ADP-rlbosylat10n of a 
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Fig. 2. The current model for ni~ regulation in Klebsiella 

pn~u.onJae (Hill 1988). The two-tier regulation by high 

(hi) and intermediate (int) levels of fixed N (N) are 

shawn, together with 3 apparent interactions of 02-
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specific arglnlne resldue (Pope et al. 1985~ HArtmann et 

al. 1986). ln AZI,ltl,lbacter ~/1TielaTldll, the tcdloWlr"lq +Ac:tors 

affect Inhibit10n of nltroqenase actlV'Lty b'y NH4 + (I<,J Ll{~~ lst 

and Haaker 1984): (a) di<:ssolved ollygen concentratlon 

when cells are lncubated wlth low concentratlons of oxygen, 

nitrogenase activlty lS low and ammonla inh1blts stronglv, 

but with more oHygen, nltrogenase actlvltv 15 1-11 gh and 

lnhib1ts weakly, (b) pH at 11~w pH, NH4 
+ ammon1a - a 

inhiblts more strongly than at higher pH and (c) 

respiration rate - when cells are grown wlth excess oxygen 

the resplration rate 1S h1gh and 1nh1bltlon 1S small, but 

wlth oxygen-lim1ted condltlons. respiratIon rate lS low and 

inhibit10n 1S stronq. Laane et al. (198(1) showed that ammo­

nIum spec1fically sWltches off the flow of reduclng equlva­

lents to nltrogenase by lowerlng the membrane potent1al. 

Nitrogenase svnthesls + lS repressed by NH4 ln all 

free-llv1ng dla=otrophs. Ll~e 02 regulatlon 0+ nltroqenase 

synthesis, repress10n by NH4+ occurs at the transcrlpt10nal 

level in ~lebslella pneumonlae (Hlii 1988~ Cannon et al. 

1985). It involves the nltL gene product whlch responds 

qUl ckl y te the presence of e}{ces= f 1 ):ed nl trc.gen ,:\nd 

apparently lnactlvates the TlltA proteln thus preventlng 

further transcrlption of Tilt genes (FIg. 2). It aIse 

involves the gene products of nltrogen regulatlon 

genes A and C WhlCh act on the promoter reg10n of TlltLA 

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

gene Titre 1S subJect to regulatlon by the product of TltrB. 
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Ihe ntr~ oene product functions as the 6-factor ct the RNA 

PQJvmer~se requlred tor lnltl.tion of transcr\pt\nn at 

promoters of ntr genes and nIT genes (Cannon et al. 1985). 

The nlf genes of Klebslella pneumonJae are the most 

studied among dlazotrophs. Its ~if regulon occLlrs as a 

slnqle cluster of 21 genes extending over 23 kb next to the 

hlstldlne operon ln the chromosome (Cannon et al 1985~ 

l'1errick 1988; Di):on 1988). The nit- ger.es and thelr products 

and function of the products are shown in Flg. ~ and Table 

3. The structural genes are nlf~DH and these genes are 

Sàld to be hlqhly conserved in dlazotrophs that possess Mo-

nitrogenase. Mutatlon ln any of these genes rend~rs the 

organlsm lncapable of acetylene reductlon (nltrogen 

fIxatIon). Newly discovered genes are nife, T, Z, and U and 

these together wlth nJfY',X, U, and 8, have a~ vet no known 

functlon. nlfV was suggested to be Involved ln FeMoco 

synthesis but recently it was reported to encode for 

homocitrate synthase (Hoover et al. 1987). The relatlon of 

homocitrate synthase to FeMoco synthesis lS not known. 

Relatlvelv fewer studles have been done on the 

qenetlcs of n1trogenase ln Azosplrlilum and Azotobacter 

compared w1th those on Klebslella. However, the data 

available show some Evidence that the Tllf gene organlzatlon 

ln Azotob~cter and Azosplrlilum dlffer from that of 

Klebslella ln some slgnlflcant aspects (Cannon et al. 1985= 

~ennedy and Toukdarlan 1987: Merric~ 1988; Elmerich et al. 
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Fig. 3. Organization of Klebsiella pneu.onlae nif genes. 

Vertical columns indicate gene functions and horizontal 

arrows indicate gene transcripts (Cannon et al 1985_ 

Merrick 1988~ Dixon 1988) • 



( 

, 
1 
:' , 

( 

( 

31 

TABLE 

ri i l' 

gene 

Q 

B 

A 

L 

F 

M 

Z 

W 

V 

S 

U 

X 

N 

E 

T 

Y 

t< 

0 

H 

C 

J 

-.. ,_1. Mo-nltrQgena~e genes and 

~leb3zella pneumvniae a 
their produc:ts 

Mol ecul ar 

mass (kOa) 

NOb 

49 

57 

45 

19 

28 

ND 

ND 

42 

45 
~C' ","w 

18 

50 

40 

ND 

24 

60 

56 

35 

ND 

120 

Function 

Mo uptake 

FeMoc:o synthesis 

Transcription activation 

Transcrlption represslon 

Flavodoxin subunlt 

Fe-protein processing 

Unknown 

Unknown 

FeMoc:o synthesis 

MoFe-proteln proc:esslng 

MoFe-proteln proc:esslng 

Unknown 

FeMoc:o synthesis 

FeMoc:o synthesis 

Uny,nown 

Unknown 

MoFe-proteln 8-subunit 

MoFe-proteln a-subunlt 

Fe-protein subunlt 

Unknown 

Pyruvate-flavodoxin 

OXldoreductase subunlt 

11, 

a 
After Cannon et al 1985~ Gallon and Chaplin 1987~ Merrlck 

1988= Dixon 1988. 

b 
Not deterffil ned. 
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Dixon 1988). For example (a) presence of tl~ABC 

genes ln AZOSplYlllum and Azotobacter, (bl occurrence of 5 

open-reading-frames: 2 between nl~Y and nl1E, " .... between 

rt111i and rti1ï4, and one I.Ipstream of TIJ1U in AZe1tc1bacter, (c) 

presence of larger spacer regions between rtJ1X and rtJ1U and 

between rtl1M and nliF ln Azotobacter, and Cd) absence of 

rtifJ in Azotobacter. Otherwise, the relatIve organl:~tlon 

and regulation of the rtlf genes have conSI der ab 1 e 

similarity in Klebsiella and Azotobacter. 

2.3. Hydrogen o>cidation by free-living aerobic 

heterotrophic diazotrophs 

The ablilty to oXldlze H2 is a unIque property of 

hydrogen (~nallgas) bacterla and was flrst observed ln 1905 

(Schlegel 1976). The relatlonship between N2 fIxatIon and 

H2 oxidation was first noted ln 1941 by Phelps and WIlson 

in the nodules of Pl~um satlvum formed by Rhlzoblum 

legumin~saru~ straln 311. Hydrogenase actlvlty of whole 

cells and cell-free extracts of Azot~bacteY vJnelandll was 

observed to increase when the organism was flxlng N: 

(Wilson et al. 1942= Lee et al. 1942~ Lee and WIlson 1q43= 

Green and WIlson 1953). DiMon (1967, 1968, 1972) showed 

that the H2 produced durlng N2 fIxation by pee nodules was 

utilized by an H2 oXldatlon system. H" evolutlon was .... 

observed ln N2-flxlng Azotobacter chr~vcoccum ln the 

presence of CO and C2H2' lnhlbitors of uptake hydrogenase 

(Smith et al. 1976) • 

The above observations led to more intenSIve studles 
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( cn the H:-recycllnq system of aerobtc dta~otrophs, both 

symblotlc and free-llvlng. Many data are avallable on the 

different aspects of H2 oxidatlon in non-dla=otrophlc 

hydrogen bacteria <e.g. eutrophu:.::: and 

ParacI.)CC<lU.5 der, l tr i"f 1 ,:ar,s) (Schlegel and Eberhardt 1972~ 

Probst 1980; Bowien and Schlegel 1981; Adams et al. 1981~ 

Vlgnals et al. 1981; Schlegel 1989; Friedrlch 1989) and ln 

dlazotrophs (a.g. Bradyrhlzobium japo~i~um and Rh(ld(lbacter 

capsulatus) (Adams et al. 1981; Eisbrenner and Evans 1983; 

Vignais et al. 1985; Maier 1986; Evans et al. 1987= Stam et 

al. 1987; Q'Brian and Maier 1988 and 1989). ThlS ~ectlon 

will focus on the hydrogen-oxldatlon system 0+ Azvtvbacter 

and other aerobic free-Ilving dlazotrophs and reference to 

other systems WIll be made when necessary. ThlS subject was 

recently revlewed by Yates (1988) and Pedrosa CIQ88). 

2."3 .. 1. Chemolithotrvphic and heterotr clphl C hydrogen 

()'Vidatlorl 

Chemollthotrophy 1 S defi ned in Section 

Bacteria that have the abillty to oXldl~e H2 with 02 as the 

electron acceptor (N03 may serve as an alternate electron 

acceptor for some) may be arbitrarily claSSlfled according 

to nutrltlonal capabllltles. Those that can utlllze H2 (a) 

only under autotrophlc condItions are chemollthotrophic 

(or obllgate) H2 oxidlzers~ <b> heterwtrophlcally and 

autotrophl ca' 1 y are facultative chemolithotrophlc 

( oXldlzers; and Cc) only under heterotrophlc condltlons are 

heterotroph~c H2 oXldlzers. The ablilty to OX\dlZe H2 and 



....... 

34 

grow chemollthotrophlcally is dependent on the ablllty to 

synthesize C02-flxing en~ymes (Bowlen and Schleqel lqS1), 

So far there are only two reports of obllgate chemolltho­

trophic non-dia~otrophlc H2 oXldizers (~awasuml et al. 

1980; Nlshihara et al. 1999). Most hvdrogen bacterla are 

facultative chemollthotrophlc H2 oXldlZerg (Araqno and 

Schlegel 1981~ Bowien and Schlegel 1981> • Pseudc.17ltc'lTI ëiS 

saccharophlla, ~anthobacter autotrophicus, and DeY' ... ·la 

gum_osa are examples of N2-fi~ing facultatIve chemolltho­

trophlc H20xidizers (Berndt and Wolfe 1978~ Pedrosa et al. 

1990= RaVI Shankar et al. 1996~ Barraqulo et al. 1986= 

Barraq,-uo 

Azospirlllu711 

and knowles 1999). Azotobacter 

bY'asilense, A2:I.wna.s agllls, 

v lnel andl i , 

Bacll1u3 

polymyxa. Belje~lnckla indica, and Kleb.slella pneum~nlae 

are N2-flxlng heterotrophlC H2 OXldl~ers WhlCh do not have 

the abllity to grow chemollthotrophlcally (Pedrosa et al. 

1980= Bowlen and Schlegel 1981; Malik and Schleqel 

Gowda and Watanabe 1983; Wang and Maler 1985), 

L 981 = 

Sorne 

hydrogen bacteria hav~ mixotrophlc capabl11tles (Bowlen and 

Schlegel 1981). Azotobacter vlneldndil was reported to have 

mlxotrophlc capablllty ln WhlCh H= serves as the energy 

source rCir uptake of mannose wtlich lS eventually utlllzed 

(Wong a"d Maler 1995; Maier and Prosser 1988), 

Fig. 4 shows some of the appare,t advantages of the 

presence of uptake hydrogenase ln aeroblc dlazotrophs. 

Theoretically, nitrogen flxatlon efflciency WIll lncrease 

• 
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%02 "20 
2H+ ______________ ~.~ 

----.--.-~~------------------~~~----
H 2e-. 

1 ___ ... ____ 11. ____ • ___ __ .1 
UH 

RC 

n n FVred Fvox 
Fdred Fdox 

ATP ADP + Pi 
C ls2+ 1 DNR • DN 

2NH3 

"2 

Fig. 4. Scheme ~or nitrogenase-hydrogenase relationship in 

aerobic diazotrophs (modified ~rom Adams ~t al. 1981). DNR, 

dinitrogenase reductasep ON, dlnltroqenase; UH, uptake 

hydrogenase; 

(oxidlzed or 

Re, respiratory chain~ 

reduced>; Fv, flavodoxin 

red\.\ced); C, cytoplasm; M, membrane. 

Fd, ferredoxin 

(oxidlzed or 
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ln the presence of an actlve H2-recycllng system. In 

Azotobacter ChFOOCO':':IJm, H2 OHldatlon 15 beneflcl al for 

growth under sucrose-llmit~d N2-flxlng chemostat culture 

(Aguilar et al. 1985= Yates and Campbell 198q) • lhe 

proposed benef1ts to dlazotrophs of recyclinq H2 are as 

follows (Dixon 1972: Robson and Postgate 1980': 

(a) Protecting nitrogenase from 02 InactIvatIon 

H2 o~:idatl0n via hydrogenase 1S coupled te the 

electron transport chaIn wlth 02 as the elec:tron slnk thus 

keeping 02 away from the vlcinity of nltrogenase. The 

experimental test for thlS IS the shlftlng of the optimum 

nitrogenase actlvlty from lower to hlgher 02 tenslon 

(Rebsen and Postgate 1980). ThIS phenomenen was observed 'ln 

A. chroococcum under carbon-Ilmited condItIons (Walker and 

Yates 1978), Bradyrhlzobiu. JaponJCu. and I?hlzobzum 

legumlnosarum bacterolds (EmerlC~ et al. 1979= RU1~-Argueso 

et al. 1979; Nelson and Salmlnen 1982), 

capsulatus (Meyer et al. 1978) but net in AZI'splrJl1um 

brasllense (Pedresa et al. 1982). In VJVO experlmental data 

en legumes do not support this mechanlsm (Mlnchln et al. 

1985) • 

(b) Generation of ATP and lor reduclng power for 

nitrogenase reactlon 

The electrons generated by the uptake hydrogenase 

reactlon pass through the electron transport chaIn and 

produce ATP (by oXldative phosphorylation) and redL\Clng 

power (Adams et al. 1981= see SectIon 2.3.~). ThIS ATP may 

l 
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be utill~ed for th~ nitrogenase reaction. Wal~er and Yatcs 

(1978) reported utlll~ation of H~ as hydrogen donor but no 

H2-S l.lpported ATP generat 1 on in Azotobacter chI" O,ICOCCU11I. 

However, Laane et al. (1979) speculated that H2 recycllng 

only recovers ATP and is less coupled to generation of 

reducIng power in Azotobacter vlnelandii. Both ATP and 

reducing power were provided by H2 via hydrogenase ln 

Sr ady r hl z,'lb l UM JaponlCUIlt and Rhizobium leÇlU11IITlo:,:::arua 

bacterolds (Ruu:-Argüeso et al. 1979; Emerich et al. 1979; 

Nelson and Salminen 1982; Salmlnen and Nelson 1984). The 

ability of Xanthobacter autotrophlcuS, Derwla gummosa, 

PseudomoTlas strain H8 CP. dlazotrophicus), and Pseudo.~nas 

saccharophlla to grow under N2-fixing chemollthotrophlc 

conditlons suggests that H2 Vla hydrogenase and the 

electron transport chain generates reducing power and ATP 

not only for N2 fixation but also for C02 fixatIon (Berndt 

and Wtilfe 1978= Ravi Shankar et al. 1986= Barraqulo et al. 

1986; Barraqulo and knowles 1989; see also Section 2.2.2). 

(c) Protection of nltrogenase from H2 inhibitIon 

The nitrogenase reaction evolves H2 WhlCh ironically, 

is a competItIve Inhlbltor of N2 reductlon (Hwang et al. 

1973). ThIS proposed protective mechanism is consldered by 

Mortenson (1978> as a prIme function of hydrogenase. Berndt 

and Wtilfe (1978) showed evidence of thlS protectl ve 

mechanism of hydrogenase in Xanthobacter autotrophlcuS but 

only when H2 was added in the headspace suggesting that the 

concentrati on of H2 evolved by nltrogenase is not 
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1 
inhibitory. In Azotobacter, Wal~er and Yates 

suggested that the lntracellular H~ concentratIon would not 

increase sufflclently to lnhibit N2 reductlon. On the other 

hand, DiHon et al. ( 1981> concluded that wlthout 

hydrogenase te recycle the evolved H2' the H2 concentratIon 

in pea and lupine nodules could inhiblt ni trogenase 

activity. 

2.3.3. Hydrogen oxidation and the respJratory chaln 

Many studies on the H2-exidation-related electren 

transport chain have been done on diazotrophs (e. g. 

Bradyrhizoblum }apOniCuM and Rhodobacter capsulatus) and 

hydrogen bacterla (e. g. Alcallgenes and 

- Paracoccus denltrificans) and several e~cell~nt reVlews on 

the subject are available (Bowlen and Schlegel 1Q81; Probst 

1980; Vignals et al. 1981, 1985= Eisbrenner and Evans 198~~ 

Maier 1986; Evans et al. 1987; a'Brlan and Maler 1988, 

1989). Relatively few studies, however, have been done on 

free-living aeroblc heterotrophic dlazotrophs (Donawa et 

al. 1971; Ishaque et al. 1971a &< b, 1973; Laane et al. 

1979: Wong and Maler 1984: Podzuwelt and Arp 1987). It 15 

generally accepted that ail dlazotrophs so far studled have 

a membrane-bound hydrogenase which couples H~ to the 

electron transport chaIn. However, the questIon at what 

site ln the respiratory chaIn the electrons from H2 enter 

is not yet resolved. There are suggestIons that the entry 

site is at the ublqulnone level ln sorne H2-oxld121ng 

diazotrophs (Wong and Maler 1984: Vlgnais et al. 1985~ 
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Ma\er 1986) ~nd hydrogen bacteria CProbst 1QaO). 

Fi g. 5 shows the respi ratory chal n of PseUdllmOTt a_" 

saccharophlla, Azotobacter vi~elaTtdll, and Bradyrhizvblum 

j apor, l CUlt. In autotrophlcally grown cells of P. 

saccharophila the electrons from H2 were reported to 

at cyt b bypassing NADH dehydrogenase CDonawa et al. 

Ishaque et al. 1971a 8< b, 1973; Aleem et al. 1979) 

enter 

1971= 

(FI 9 

5a). Because Site 1 specific inhibitors Crotenone and 

atebrin) did not ellminate phosphorylation linked to .H2 but 

did eliminate the NADH assoclated ATP generation, lt was 

concluded that only coupling Site II Cbetween cyt band cyt 

c) was lnvolved ln H2 oXldatlon. It is surprlsing that SIte 

III was found to be non-functional. Donawa et al. (1971) 

suspected however, the eXIstence of a phosphorylatlon 

(proton translocation) site between H2 and cyt b to account 

for the ATP formed. The absence of soluble NAD-dependent 

hydrogenase 

th15 thesl s) 

ln P. sacch.rophlla 

suggests that the 

(Podzuwelt et al. 

organlsm growing 

1983; 

under 

chemol1thotroph1c cond1tions has to generate NADH by 

reverse electron f10w (Gottschalk 1986). 

In A. vinela~dil, cytochromes b, c, and d wlth cyt d 

as the terminal oX1dase were found to be 1nvolved in H2 

oxidation (Laane et al. 1979, Wong and Maier 1984) (Fi g. 

Sb). Cytochrome 0 was also found but d1d not seem to be 

1nvolved ln H2 oX1dat10n. The pathway to cyt d is not 

proton translocatlng. The speclflc sequence shown ln Fig. 

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

112 

+ lf2asc 

1 + II 
NADU -. Fp -'O,cyt b -. cyt 

III 
c-,cyt o,(a)-'02 

(b) Azotobacter vinelandii 

(c) Bradyrhizobium japonicum 

40 

Fig. 5. Hydrogen-o~id~tion-coupl~d Electron trDn~port chaJn 

in Pseudc.lmoT/ ël;: ::acChclY ('pln 1 a (Dona"'~ et cll. 19,1 = 

lshaquf?etal. 1971= lshaqueetal. 197"3)= (b) 

"l Tte.li;mdl l (Laane et al. 1979= \;Jcmg and l'laH~r i.1ntl 

(c) 13yadyYhlZclOlum Jé1pc l TtlCUm (El~",brenner and E:.vcln~ 19t.1L: 

Eisb~-enner- E't al. 1982: lI'Brlan ë'1nd t-1ë'1ier 1982, 198~a~, b: 

Maier 1986). Roman nLlmerals repr-E:>sent proton-h"al1s1m:at\ng 

or energy cDupling sites. Fp, fl~vcproteln= FDR, tlevodoxin 

redLlctase = o or ua, qUlnonp or 

hydrogenase: qLtEst 1 on ffië'1r ~:s 1 ndl cate hypathet 1 c,:cl 

carriers or pë'1thways. 

I?tp.ctr"l)n 

1 
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( couplinq ~lte at the Leve! of hydrogenas~ as the ~lt~ cf 

errtrv of rh ev SU9Ç.1ested that 

hydroqenase ln the proper orlentatlon wlthln the membrane 

can act as a proton pump. Wong and Maler (1984) suggested 

the lnvolvement of ublqulnone as an electron carrler from 

H2' Flavoproteln3 were found not to be lnvolved ln the P. 

Eaccharvphlla and A. vxnelandll electron transport chalns 

lndlC:atlng that the flow of electrons in H:! o::tdatl.on 15 

not the same as that ln NADH O~:ldatl0n. 

In BradyrhizoblU~ JapOnlCum (Flg 5c), electrons from 

H2 enter at the ublqulnone level (D'BrIan and Maler 1985b). 

However, Elsbrenner and Evans (1982) and Elsbrenner et al. 

( 
(1982) suggested the presence of component-559 slmllar to 

b-type cytochrome as the electron carrler from H'ï .... to 

Llbl qLll none. However, O'Brian and Maier (1985a ~ b= 1988) 

provlded evidence agalnst the eXIstence of component-55Q • 

It appears +rom FIg. 5 that at most 2 energy coupllng 

sites are lnvolved ln H2 oXldation as compared to NADH 

o:<i dation WhlCh lS generally accepted to h~ve --' (Jones 

1982). Stam et al. (1984) concluded from thelr chemostat 

studles ln RhlzoblU~ ORS 571 that H2 oXldatlon lS less 

energy Yleldlng than the oXldatlon of endogenous 

substrates. 

2.3.4. Types~ localizatlon and propertles v~ hydr~genase 

Hydrogenase, the class of enzymes that activate H2' 

( was dlscovered about 60 years aga by Stephenson and 

Stlckland (!Q31). The types of hydrogenases accordlng to 
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metai components are Fe, NiFe, and NiFeSe CTeixeira et al. 

1987; Moura et al. 1988a= Fauque et al. 1988). The three 

types of hydrogenases according to the reaction they 

cata1yze can be found ln diazotrophs Caerobic and 

anaerobic) (Vates and Robson 1985): 

Ca) reversible hydrogenase 

This enzyme cata1yzes the reaetlon ln the dlreetlon 

of H2 evo1ution (reactlon 1). The reaetion lS sensitlve to 

inhibitlon by C2H2 (Smlth et al. 1976). It is found ln 

facu1tatlve and ob1igate anaerobes, diazotrophlc as well 

as non-dlazotrophlc. The physi01ogiea1 role of thlS 

hydrogenase ln bath groups of organlsms 15 to dispose of 

exeess reductant (Adams et al. 1981). 

(b) unldireetlona1 uptake type of hydrogenase 

ThlS enzyme cata1yzes the reaetlon ln the directlon 

of proton and e1ectron separatlon (reactlon ~). It 1S 

+ --... ~ 2H + 2e (.2 ) 

al. 1976; Tibe11LIs and l<now1es 1984. Hyman and Arp 1987). 

It 1s present ln aerobic N2-flxlng bacterla as well as non-

diazotrophlc hydrogen bacterla. The phYSloiog1cal role of 

uptake hydrogenase ln N2-flxlnq bacterla lS to recycle the 
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H2 produced by the nitrogenase reaction. In hydrogen 

bacteri a. there are two types of uptake hydrogenase 

according to its localizatlon in the cell: membrane-bound 

(NAD-independent) and soluble (NAD-dependent) (Adams et al. 

1981> • It 1 $ generall y ac:cepted that ail aeroblc 

dl azotrophs have membrane-bound hydrogenase. Wang and Watt 

(1984) reported uptake hydrogenase actlvlty assoclated with 

the purlfled and crystaillzed MoFe protein (dl ni troggnase) 

of Azotobacter vl~ela~dil. Chen et al. (1986) reported 

stralns wlth nitrogenase-dependent 

actlvlty ln the dark. Further studles are needed to ~erlty 

these lnteresting reports. 

Cc) ATP-dependent H2 evolution 

Nltrogenase acts as a hydrogenase by cataly~ing che 

the ATP-dependent H2 evolution (see also Section 2.2.5) 

Creaction 3), This reactlon i6 insensltlve to InhIbitIon by 

+ ATP + 2(H + e ) ~ ADP + Pi + H2 (3) 

CO (SmIth et al. 1976). 

Hydrogenases from diazotrophs can b~ found ln the 

membrane and/or perlplasm, and/or cytoplasm (Bowien and 

Schlegel 1981; Moura et al. 1988b) and ln sorne cases they 

can eXIst ln multIple forms CMoura et al. 1988a). Except 

for the hydrogenases of Rhodnbacter cap_::ul atus and 

( DesulfoVlbrlO desulfurlcans which have only one subunlt 

(Colbeau et al. 1983; Moura et al. 1988b), ail hydrogenases 
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ha"e 2 s\.\buni t s Wl th mol ecul ar mass of appro>1 i matel y 60 and 

30 kDa <Bowien and Schlegel 1981; Moura et al. 1q88b). Many 

hydrogenases contain nlc~,el, aIl have lron ln the form of 

iron-sulfur centres, and some have selenlum CTelXe\ra et 

al. 1987; Fauque et al. 1988; Moura et al lq88b; BourSIer 

et al. 1988). Cammac~( et al. (1988) noted that nlckel-

containing hydrogenases are more tolerant to 02 than those 

without nIckel. It also appears from the reVlew of Evans et 

al. (1987) that nickel content 15 correlated wlth stabl11ty 

Antlsera agalnst hydrogenase from Bradyrhlzuhlum 

japOrtlCUm cross-react purI fl. ed membrane-bound 

hydrogenase of (in decreaslng order of cross-reactlvlty): 

B. Japonlcum - Alcallgenes latus - Alcallgenes eutrnphus 

Azotobacter vlnelandll (Arp et al. 1985). 

The membrane-bound hydrogenase of A. vlnelandll has 

0.68 mol Nl and 6.6 mol Fe per mole of en:yme, a speCIfIe 

-1 -1 activlty of 124 I.\mol H2 oXldlzed (mg protein) mIn wlth 

methylene blue as electron acceptor, a K~ of 0.86 ~M, an 

isoelectric p01nt of 6.1, a pH optimum of 6 ta 8.5 for 

activlty. and a half-l1fe of 20 mln under 0:2 (\<·ow and 

Burris 1984, Seefeldt and Arp 1986). Other aerobic 

heterotrophlC dlazotrophs such as A. 1 atu_~, 

saccharnphila, Azosplrl11um llpoferum, AzosplrllJum braSl-

1er/se, Xardhobactel" autotl"(lphl':US, Del">(la gumll(l~a, and Azo-

tobacter ch,..(.Iucoccu~ have membrane-bound hvdrogenases WhlCh 

mlght contain nickel based on thelr nlckel requlrement for 

chemollthotrophlc growth and/or hydrogenase synthesls 
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CTablllion et al. 19801 Bowien and Schlegel lq81= Partridge 

and Yates 1982= Pedrosa and Yates 1983; Podzuwelt et al. 

1983; 

and 

Nakamura et al. 1985; Doyle and Arp 1987; 

~nowles 1989= see also Section 2.4.~). 

Barraqulo 

AlI these 

hydrogenases await pur1f1cat1on and characteri:at1on. 

2.3.5. Regulation ~~ hydrogena~e 

Generally, synthesis of hydrogenase ln aeroblc 

diazotrophs (includ1ng free-living rhizob1a) and hydrogen 

bacteria lS regulated by 02' H2' carbon substrates, 

ni trogen sources, and n1ckel. DNA topology was sugqested to 

regulate hydrogenase synthesls (D'Brian and Maler 1989) 

based on the repression of hydrogenase expression when DNA 

gyrase 

(Novak 

1nh1bltors 

and Maler 

were added to the derepre5S1on medium 

1987). Nothlnq 15 known about the 

regulation of hydrogenase at the molecular level. 

Oxygen represses hydrogenase synthesis ln Aquaspl-

rlilum autotrophlcum, Sr adyrhl zob l urlt 

Az~splrlllu. braSllense, Pseudo mon as saccharophlla, and 

Alcallgenes latus (Aragno and Schlegel lq78= Maler et al. 

1979= Pedrosa et al. 1982= Tibellus and ~nowle5 198~1 Fu 

and knowles 1986~ Doyle and Arp 1987= Barraqulo and ~nowles 

1988; Van Berkum 1Q87). Mutants of B. japonlcum and 

Alcallqenes eutrophus WhlCh expressed hydrogenase actlvlty 

at relatively high 02 tension were lsolated (Merberg et al. 

1983= Cangelosl and Wheelis 1984) indicatlng that 02 

regulatlon of hydrogenase is geneticatlly lin~ed. 
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Hvd,"'ogenase ,!lct l V1 t l es of Azo_':.: pl r 1. Il um br a:."ll eTl _;e and )01;:-0$­

pzrll.Lum lzoorerum are sensltlve te 02 (F-'edrosa et al. 

1982; Tll:.ellLls and ~'no\l'Iles 198:'~~ Fu and I-nowles 1986. 198q) 

whereas those of Aqua5plrlllu71t autl.)trr'phlcum. Alca1Igerle_::: 

eutrophu.s, AZOSPU'lllum amazor, er, se. Br ady d'Il zrlb l um 

}apOTlICUm and lts bacterolds. and PseudrlmoTla_::: _::accharr.lphlla 

are not (Aragno and Schlegel lq78~ Maler et al. j979~ RU1~­

Argüeso et al. 1979; Wllde and Schlegel 1q82; Fu and 

~nowles 1986; Barraqulo and ~nowles 1988). 

2.3.5.2. Hydrogen 

H2 lnduces synthesls of hydrogenase ln Xanthobacter 

autotrophlCUS CBerndt and W61fe 1q78) , 

(Aragne and Schlegel 1978), 8" JapoTllcum (Maler et al • 

1979), Paracoccus denltrlflcans strain Stanler 381 (Nekhal 

and Schlegel 1980), Azotobacter chroococcum (Partrldge et 

al. 1980), A. eutrvphu.s H16 (Frledrlch et al. 

Rhod(lba,:ter 

Alcall geT,e_=: 

,:apsul atus (Col beau and 

hydroger,ophllus (Friedrich 

Vignals 

et al. 

1'~81) , 

198:') , 

1984) , 

RhizoblU1t ORS 571 (De Vries et al. 198ft) AlcallQeTles latu_::: 

(Doyle and Arp 1987), P. sa.:charc'lphlla (Barraqulcl and 

.'.nowles 1988), and Azotobacter IIlnelandll (F'ro~=er et al. 

1988). In A. eutrophus, however, H~ appeared not to be a 

true inducer because hydroqenase actlvlty ln glycero1, a 

peor s\lbstrate for the organlsm, was hlgher than that LInder 

autotrophlc condltlons (Friedrlch et al. 1981). Graham et 

al. (1984) conclLlded that H2 elther exoqenoLlsly added or 

nltroqenase-produced ~s not needed for derepresslon of 
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hydl"'(')qf..,m~sa i Il of Br ady rh i Zl"b l UIII 

';apor/lcum. Hydrogenases of AzospJrillum 

(Tibelius .nd ~nowLes 1983) and most str~ins of ParaCOCCU$ 

denltrJficans (No~hal and Schlegel 1980) ~re nol Inducible. 

2.3.5.3. Organle ~ubstrates 

Hlgh conc~ntratlons of organlc substratum rcpress 

synthesl s of hydrogenase ln B. J apc'lr/ J curn ( t'la i el'" e t al. 

1979), P5eud~m~nas saceharophila (Barraqulo and knowles 

1988), Azc1tobacter eh/"ooec.lecum (F'artridge et al. 198(1) , 

Alcallpenes latus (Doyle and Arp 1988), and ln cowpea 

rhi:obli:\ (rhimmaiah et al. 1986). Jn 8. japoTlJ<_u7Il, cyclic 

i~t1P rQv!f?rs[~d hydrogenase repl"'essi on by mal ate sugqai:1ti nq a 

catabol i te 

McGet.rjck 

repreSSlon phenomenon (Lim and Shanmugam 

et al. 1985). However, Graham et al. 

1979; 

(1984) 

ob t,.d.l1l?d hi gh 1 aval s of bath ni trogenase and hydrogenase 

acljvlty in a carbon-containing medIum. Van Ber~um (198~) 

and Van Ber~um and Maier (1988) found no repr~ssion of 

hydrogenase by carbon sLlbstrates ln 8. }riipcITllC.U'll. They 

concludŒd that acidlflcation and 02 limItation were the 

fQclors responsible fol'" repress10n. Merberg et al. ( 1983) 

suqqested that a common Element lS involved in the 

requl~tion of hydrogenAse by 02 and carbon substrates. In 

Alcal1genes eutr~phus and A. chroocoecum, cAMP had no 

eff~ct on hydl"'ogenase expreSS10n (Friedrich 1982~ Yates and 

1984) . In AM eutrl'phu.!, Fr iedr'l ch ( 1982) 

t::l:)\ .... c: l L\dE'd thai- the l'-edo>: state of the CE'll rathet- than the 

crqanlc substrate pey se regulates hydrogenase synlhesis. 
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Thl$ flnding WélS in agreement wlth that of Yates and 

F'artridge (1984) who observed a close correlatlon oetween 

the NAD/NADH ratIo and hydrogenase actlvlty ln a continuous 

culture of sucrose-Ilmlt~d Azotobacte~ chrovcvccum. 

2.3.5.4. Nit~ogen 30urces 

Higher hydrogenase actlvlty from N2-flxlng cells and 

cell-free e>:tracts than from ammonl um-grown cell cs of AZI,tll-

bac ter was observed by Lee ~t al. (1942), Lee and W1lson 

(1943), and Green and Wilson (1953). ft was later conflrmed 

by Partridge et al. (1980) and Prosser et al. (1988) ln A~ 

chroococcu~ and Azotobacter vinelandll, respectlvely. In 

Xanthobacter autotrvphlcuS, hydrogenase actlvlty waS higher 

with N2 as niLrogen source than wlth NH4C1 (Berndt ë-\nd 

Wôlfe 1978). Cowpea rhlzobla hydrogenase was also shawn ta 

be repressed by flxed N sources (Thlmmalah et al. 1986) . 

and NQ3 repre$sed synthesls of the 1 ndLlcl bl e 

1987) • However, nltrogenase and hydrogenase were 

independently synthesl :zed 1 n Bradyrhl ;:Ilbl Uli }apOrtlCum 

latus (Colbeau et al. 1Q80) , Anabaena cyl1nd~lca (Lambert 

and SmIth 1981), A. chroocvccum (Partrldge et al. 1980) , 

(Doyle and Arp 1987), Pseud('lmonas 

(Barraqulo and ~nowles 1988). and A. 

vlrlelandll (Prosser et al. 1989). ln these organlsms, 

+ hydroqenase was expressed ln NH4 -contaln1ng medIum ln the 

+ presence of H2 suggestlng that NH4 per se does not 1nhlblt 
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( hydrogenase actlvity. The H2 evolved durinq N2 fixation is 

most likely responsible for stimulating hydrogenase 

expression (Colbeau and Vignais 1981= Barraqulo and ~nowles 

1988= Prosser et al. 1988). Berndt and Wblfe (1978) 

suggested that the lnduction of membrane-bound hydrogenase 

mlght be due ta a hlgher degree of energlzatlon of the 

membrane WhlCh takes place under N2-fixinq condlt1ons. 

AZIISpll'"lIIWI brasllense and Azotobacter chroocPccu7ll could 

synthesize hydrogenase ln NH4+-containlng medlum wlth no H2 

present (Tlbellus and Knowles 1983= Partridge et al. 1980). 

'2.3.5.5. Hl ckel 

Nickel was shown to be lnvolved in the synthesis of 

( 
hydrogenases ln Alcallgenes eutrophus, Xanthobacter auto-

trc>phl eus, Rhl',J(lbacter capsul atus ,Br adyr h l ZOI:'l u. .1 apon l cum, 

Alc~ligenes latus, and Pseudomonas saccharophlla, (Frled-

rlch et al. 1q a1; Takakuwa and Wall 1981, Colbeau and 

Vignals 1983= Nakamura et al. 1985, Stults et al. 

Doyle and Arp 1988= Barraqulo and ~nowles 1989>. Stults et 

al. (lq86\ claimed that nlC:kel regulatlon of B. Japl.IT11CUm 

hydrogenase occurs at the transcrlptlonal level. However, 

Dovle and Arp (lQ88) argued that nlckel mlght be lnvolved 

in the stablllzatlon of newly formed apohydrogenase. Nlcv.el 

lS only requlred for activlty ln Hc>cardléi opaca lb (Schnel-

der et al. 1984) and Hethyloslnus trlchosporlum OB3b (Chen 

and Yoch 198/). Nlckel was suqqested te brlng the subunlt 

1( dlmers of H. Ilpaca hydragenase to assoClatlon or to prevent 

dlSSoc1atlon (SchneIder et al. 1984). The raie of nlckel ln 
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hydroqenase is further discussed in Chapter 6. 

2.3.6. Hydrogen vXldatlon genes 

Information on the genetics of hydroqen oXldatlon ln 

Bradyrhlzoblum japor'lcum, Azotclbacter chr(lvcc1cCUJft. and ln 

Alcallgenes eutrophus has been obt~lned only recently. 

Recent reVlews <Maier 1986~ Evans et al. 1987~ ~ennedy et 

al. 1987; D'Brian and Maler 1988, Yates 1c,11::18~ 

Friedr'l.ch 1989) covered thlS subject. fhe fol101l'0I111g 

discusslon wlll reV1ew tne progress of the stud1es on the 

hydrogen uptaket Chup) genes of A. chI" C,IOCOCCUII a5> weIl as 

B, japonlCUJft, the latter be1ng the model system and the 

source of a hup-speci f lC: DNA probe. hup and hcH" genes are 

synonymous, the former quite often used for d1a~otrophs and 

the latter for non-d1azotrophic hydrogen bacterla. 

The hup genes of 13. j aporl l ':UII and A. chf' 11C,lCc1CCUllt are 

most probably ln the chromosome (Cantrell et al. 198:.; 

Robson et al. 1984) but of RhlZobJu11t lequ7lHII1_:,arullt ancj 

Alcaligenes eutrophus H16 on a plasmld (BreWln et al. 

1980~ Frledrlch et al. 1986). In B. )aponlCUII, cosmlds 

contalnlng hup genes were lsolated from gene ban~s 0+ DNA 

+ of a Hup straln (Cantrell et al. 1q83). A cosmld pHUl was 

then lsolated and was shown to ~ontaln around 15 kb of 

hydrogenase-speclflC DNA organ1zed 1nto at least two 

transcrlptlonal unlts (Haugland et al. 1984). Hom et al. 

(1985) lsolated a recomblnant cosmld that apparently 

contains a gene lnvolved ln both nltrogenase and 

hydrogenase actlvltles and wlth a restrlctlon pattern 
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Slmllar to that of pHUl. A cosmid CpHU52) wlth restrlction 

map slmilar to that of pHU1 but containing an extra 5.5-kb 

EcoRl fragment was then lsolated <Lambert et al. 1985a). 

Unllke pHU1. pHU52 was found to confer hydroqen 

actlvlty and ablilty to grow chemollthotrophlcally on 

Bradyrh1Z(I01Um JapOnlcum mutants, free-llving Hup 

l.lptake 

Hup 

field 

lsolates of B. japonJcum, and other rhlzobla. These obser­

vatlons suggest that all the essentlal Hup determlnants are 

present ln pHU52 <Lambert et al. 1985a) • SLlbseqLlentl y, 

pHU52 was found to confer on Hup stri'ilnS the ablilty to 

syntheslze the 60- and 30-kDa subunlts of the uptake 

hydrogenase, lndlcatlng that the genes for hydrogenase 

synthesis are present ln pHU52. Further eVldence for the 

presence of hydrogenase structural genes ln pHU52 was 

obtalned when 2 subclones of pHU52, 5.Q- and 2.9-kb 

fraqments generated by plasmld expresslon vector pMZ545 ln 

E_':.:cherJchJa Cl'I11 "maHl cells", dlrected the s'Inthesls o·r-

60- and 30-~Da protelns Cluber et al. 198b). These protelns 

cross-reacted wlth antlbodles of the respectlve hydrogenase 

subunlts. However, the cross reactlon of the JO-kDa proteln 

from E. c~ll wlth the 30-kDa hydrogenase was later found 

non-speclfic and the gene or genes encodlng for the two 

subunlts was found only ln the 5.9-kb fragment ln pHU52 

(Sayavedra-Soto et al. 1988>. 

In AZlltc.1oacter chrc.I(lcoccum, Yates and Robson ( 1985) 

lsolated Hup mutants which were classlfied phenotyplcally 

lnto 4 types: A - no H2 uptake or H2-evolvlng actlvlty= B -
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no H2 upta~e but with low level of H2-evolvlnq dCtl~lty, 

C - low but slgnlficant levels of both actlvitles; and D -

high hydrogenase activitles but the enzyme was ln the 

cytoplasm. Plasmid pHUl from 8radyrhJzoblU. )apOnlcu. 

restored hydrogenase actlvity only to type A ~nd C mutants 

(Yates and Robson 1985; TibellLls and Yates 1989). TlbellLls 

et al. (1987) showed by DNA hybrldlzatlon that the genomlc 

DNA of Azotobact~r chroococcum contalned sequences homolo-

gous te B. JapOnlcum hup genes carrled on pHU1. They 

further lsolated recomblnant cosmlds (pACD101 and pACD10~) 

WhlCh hybrldlzed te a restrlctlon fragment from pHU1. A 15-

kb region ln these pACD cosmlds was shown to correspond ta 

the amount of hup-speclflc DNA ln pHU1. Subcloned fragments 

CpKHT22, pkHTJO, p~HT32, p~HT40) from pACDt02 complemented 

mutant types A, B, and C but not D. Speclflc ollgonucleo­

tide probes were constructed based on the N-termlnal amlno 

acid sE'quences of the subunl t protel ns of AZe1te,lba,= ter v lT,e­

landll hydrogenase (Ford et al. 1988). A J.b-~b Sail 

fragment of the p~HT30 hybrldlzed to both 011qenuc1eotlde 

probes and eventually the preclse locatlon of the reoglorl 

encodlng for the small and large subunlts was ldentlfled. 

2.4. Nickel utilization by diazatraphs 

Nlckel was ~nown only for ltS tOX1Clty (Bablch and 

Stoz~y lq83) untll Bartha and Ordal (1965) demonstrated 

that nlc~el was requlred for chemollthotrophlc grawth of 

4lcalJgenes eutrophus. Before 1965 however, nIckel was 

observed to stlmulate growth of certaln plants <An~el-Fuchs 

l 
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( and Thauer 1988). Subsequently, nlckel was shown to be a 

component of at least four enzymes found in microorqanisms 

and plants (Welch 1981; Hausinger 1987). Now nickel lS weil 

recogn1zed as an essential element ln prokaryotes and 

eukaryotes (Hauslnger 1987; Mobley and Hausinger 1988= 

Ankel-Fuchs and Thauer 1988). In sorne N2-f1:nng bacterla i 

plays an lmportant role not only ln hydroQen 

hydrogenase) but also in nltrogen metabollsm (Vla ureese). 

2.4.1. Nickel and nltrogen ~lxatlon 

Nickel has probably no direct role ln N2 fixatlon. 

Its benef1clal effects observed ln sorne nltrogen-fix1ng 

systems are presumably ln lncreaslng the efflclency of N2 

( 
flxatlon through the stimulatlon of the H2-uptake system. 

The effects could p05Slbly be signlflcant upon addltlon of 

nlckel to ecosystems that are nlckel--deflclent, carbon-

tens1on. Bertrand (1974) and Bertrand and DeWoiff ( 197'3> 

reported the stlmulatory effect of nlc~el on sOlI 

nltroqenase activity and on yleld of soybean plants, 

respectlvely. J. J. Slater and D. G. Capone (unpubl1shed, 

clted by Duxbury 1985) observed that, ln general, 1UOO ppm 

of Hg, Pb, Zn, Cr. Mo, ~nd Cd ail caused lnhlbitlon of C2H~ 

reductlon actlvlty ln saltmarsh sedlments, whereas Nl 

caused a st1mulatlon at concentrat1ons of 100 and 1000 ppm. 

In pure cultures, additlon of n1c~el to heterotroph1c 

semlsolld cultures of AznsplYlilum byaSllen3e Sp7 dld not 

have any effect on dla:otrophic growth (Pedrosa and Yates 
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198:') • Pederson et al. (1986) tound that the vlgoreus 

0': yhvdr oge>n reac:t l on 1 n the presenc:e 01 nlc:~el dld net 

conter any slgnlt1c:ant addltlonal protect1on 0+ nltrogenase 

elther under aeroblc c:ondltlons or at elevated O~ Level for 

In 

Anabaena Inaequalls, photosynthesls and ac:etylene reduct10n 

were compl etel y inhlblted by 170 and 34u I..\M 

respectl vel y (Stratton and Corke 1 q79) , both rel at l "el v 

concentratlons. The exponentl al growth rate of 

N2-fixlng A. cyllndYICa was found to be unaffected bv 

omlsSlon of nlckel from the growth medlum (Dadav et al. 

1985). However, nlc~el was recently shown te facl11tate the 

transltlon of A. cyllndrlca from a metabellc state ln WhlCh 

nltrogenase actlvlty lS repressed to one of actlve nltrogen 

flxatlon (Daday et al. 1988) suggestlng that the 

1nvolvement of nlc~el 15 not V1a hydrogenase. 

2.4.2. NIckel fvr gYo~th and enzyme synthesls 

Generally, nlckel 15 requlred for growth by N2-fu:lng 

organ1sms that have the abl1ity to grow chemollthotrophl-

cally (Table 4). Examples are facultatlve c:hemollthotrophs 

and photoautotrophs. Nlckel 15 also lnvolved ln the 

synthesls of hydrogenases, urease, carbon monoxlde dehydro-

genase and factor F430 (Table 4; see also '':;ec:tlon 

2.3.5.5.). It 15 not lnvolved ln hydroqenase synthesls but 

ln actlvlty ln ffethyloslnus tYlchvspnYlU~ OB3b (Chen and 

Yoch 1987) and NocaYdla opaca lb (Schnelder et al. lQ84). 

• 
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H.t.rotroph. 

Alcallg.n •• latu. 

AzosplrlJJu. bra"l.n •• 
Azo.p,rlllu. Ilpof.rua 

Azotobact.r chroococcu. 

Azotobact.r ~ln.Jand,j 

Bradyrhlzoblu. Japonlcu. 
Clostridlu. past.urlanu. 
O.r ,u a gu •• o.a 
O •• Ul~D~lbrlo d •• uI1urlcan. 

D •• ul~o~lbrlo glga. 
D •• uI10~I.rlo .al.xlg.n. 
Ps.udoaona. saccharophl1a 
Xanthobact.r autotrophlcu. 

Phototr-oph. 

Anab •• na cyl,ndr,ca 

Anaba.na varlabllls 
Chro.atlu. ~inosu. 

Ha.t,gocladus la.,"o.u. 
O.clllatorla .p. 
Phodobact.r capsule tus 

Phodo.plr,llu. rubru. 

ThlocMp.a ros.op.relne 

l"I.thane-oMidizlH" 

H.thylo.lnus trlcho.porlu. 

Archa.abactllriuM 

H.thanosarclna bark.rl 

HS,HCCO.S4'c 

HS 

HS 

HS 

HCCO.7) 

G,HS,HCCO.&' 

CMDS,CMDC 

HS 

HeU.QI 

HS,HCCl.OI 

He Cl.CII 

S,Ha,US? 

G,H5,U5? 

HS 

G,HS 

HS,HCCl.QI 

HS 

S 

G,HS.HCCO.2',US? 

HC,CI"IDA 

HS,HCCl.O' 

HA 

riC 

1 

2 

2 

:5 

4 

:i 

& 

2 

7 

7 

7 

8 

9 

10 

11 

12 

13 

14 

15 

1& 

17 

lB 

19 

AG, gr-owth, HS, hydroQ.na.. .ynth •• I'1 HA, hydrogen •• e 
activity, He, hydroqen ••• co~onentl CMDS, carbon monoxld. 
dehydroQ.na.. .ynth •• ls, CHOC, carbon ~OKld. dehydro­
o.na.. co.ponent, CI'IDA, c.rbon monoMld. d.hydroq.na.e 
activity, US, ur ••••• ynth •••• , que.tion •• rk. indic.te 
furth.r- clarification i. requir-ed. 

b 1 , Pink",.rt .t al. <1983', Dovl. and Arp (l9B8', 2, 
P.dro.. and Vat •• (1983), 3. Partrido. and Vate. (1982), 
4, S •• f.ldt and Arp (198&), S, Klucil •• t al. (1983), 
Stult. .t.l. (1984,. H.rk ..... t .1. (1984', Stul t •• t al. 
Cl9B&1J 6, Diek.rt.t al. <1979,. Drak. (1982), 7, LeGall 
.t al. <1982,. Ri.d ..... t al. (19B4). T.iKalr. .t al. 
C1986', Mour •• t al. C198Bbl, B, 8.rr.quio and Knowl •• 
(198911 thi. th •• I., 9, rabillion .t al. <198011 N.llamura 
.t al. (l'lBS" 10, Dadav and SlIIlth (1983) Ped.r.on.t .1. 
(1986IJ 11, AI",on and 800.r <19841J 12, Albracht .t .1. 
(1982), Van der ZWllan.t al. (1985),13, P.c:Iar.on .t Ill. 
(1986), 14, V.n 9 •• l.n and O'Donn.l1 (1978,,1:5, Tak"ltuw. 
and Wall (1991), Colb •• u .nd V19n.1s <19831, Takakuwa 
<l9B7). 16, Adam. and Hall (1979), 80n.",.t al. 1988' 17, 
GOQotov (1986), 18, Chen .nd Voch (1987), 19, Fauqu •• t 
al. (19841. 

CNum.ral. ln p.~entha.a. indlcat. gram atom p.r mal. of 
hydrog."a ••• 
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2.4.:'. 

Nlckel 15 a component of most hvdroqenases, urease, 

factor F430, and carbon monoHlde dehydrogenase (Table 4; 

see also Hauslnger 1987; Ankel-Fuchs and lhauer lQ88). 

Hydrogenases that do not contaln nlckel are those of 

CI(lstrldlum pa_~teuriarlum and DesulicH'lbrll' ~/uIQarL" <Adams 

and Mortenson 1984; Huynh et al. 1984). Nlc~el content ln 

hydrogenase ranges from about 0.5 to 1.0 unlts (Table 4). 

Studles have been and are belng done to elucldate the 

lnvolvement of nlc~el ln H2 actlvation by hydroqenase u~lng 

the enzyme of De5ul~0vlbrln gigas as a model system 

et al. 1988a ~ b; Cammack et al. 1988= Fauque et al. lQ88l. 

Electron paramagnetlc resonance (EPR) and Mossbauer 

spectroscopy have been very useful tools ln understandlng 

the metal envlronment ln hydrogenase. Nlc~el e~lsts ln 4 

ol{ldatlon states: Nl (III), Nl (II), NI (1), and NJ. (0) wlth 

the flrst 3 as the most Interest1ng for b1ologlcal systems 

(Fauque et al. 1988). EPR spectra have been recorded of D. 

919a5 hvdrogenase ln varloLls states of act1Vë'\tlon: (a) 

unready state - correlated wlth the presence of slgnal Nl-A 

and the en~yme 15 con51dered ln 1nactive hlgh oXldatlon 

state and Incorrect conformatlon, (b) ready state wIth 

signal N1-B and the enzyme lS ln Inact1ve hIgher oXldatlon 

state but correct conformatlon, and Cc) actIve state - wlth 

slgnal Ni-C and the enzyme lS ln lt5 reduced form and 

correct NI-B conformatlon (Cammack et al. 1988). Slgnais 
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corf"f::!spond l rtg 1- Co I\Il-A and Ni -8 represent 0): 1 d~t l on <:itate 

l'Il < III) • Nl-C spec1es lS most 11~ely reduced te ~l (lll bv 

H2 (Scott et al. j984). A Ni (III) hydride cemp!ex was 

suspected ~e be an lntermedlate (Teixelra et al. 1985). 

2.4.4. Nlckel uptake 

Upta~e of nlckel is the prerequlslte for ltS 

utlllzatlon. The N2-fi~lng organlsms shown ln Table 4 

must ln one way or another take up nlckel from the 

enVlronment. Relatlvely few studies have been done on 

nlckel uptake by elther diazotrophs or non-dla~otrophs (see 

reVlews by ~altwasser and Frlngs 1980; Hauslnger 1987; 

Drake 1QSS). Nlckel transport by mlcroorganlsms may be 

(~ 
classlfled accordlng to dependence'on energy (chemlcal or 

electrochemlcal) <Table 5). Energy-dependent nickel 

transport may further be classlfied accordlng to the 

presence or absence 
.... + 

of a Mg~ -transport system to WhlCh 

nickel upta~e 1S coupled. With regard te the energy-

lndependent uptake system, only those of Azotobacter 

chroocvccum (Partrldge and Yates 1982), Bradyrhlzoblum 

JapoTd':Wft (Stults et al. 1987), and ~'ethaTIf.)thrn:· C!ITICllll 

(Baudet et al. 1988) are ~nown. The upta~e system of 

Pseudo~oTlas saccharophlla may also be of thlS type 

(Chapter 5). Transport of nlckel exhiblts Mlchaells-Menten 

k1netics. The klnetlc parameters of the known n1c~el-upta~e 

systems are shown in Table 6. The affinlty of the uptake 

( system towards nlckel seems to be h1gher ln prokaryotes 

than eukaryotes. The klnetlc values dlffer greatly among 
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TABLE 5. Mechanlsms of nIckel uptake by mlcroorganlsms 

Mechanlsm 

Energy-dependent 
2+ a. Mg -transport 

system 

2+ b. Mg -lndependent 

transport system 

i. Phosphate-stimulated 

ii. Cltrate-eomplex 

111. High afflnity, 

hiqhly speclfie 

iv. earrler-facilitated 

Energy-lndependent 

Organlsm 

Saccharo.yc~~ c~reVlslael, 
,"\ "l" 

Escher1chia COI1-'~ 

En ter obac ter aer l'gen e.s-' 

Baclilus megaterlum3 

4 Neuro_::pora ':ras_::c1 
5 Rhodobacter capsulatus 

6 Alcal1genes eutrophus 
7 Clo3trldlum pasteurlanum 

8 Phaeodacty1um tY1COrnutum 

B'ac 111 us .subt 111 S 
9 

6 ln Alcal1genes eutrophus ' . 

Clostrid1u. thermoacetJcu. 11 

12 Hethanobacterlum bryantll 
1 .... 

AcetogenluM klVUl ~ 
14 Anabaena Ctllndrlca 

1'5 Azotobacter chrvvcnccum • 
16 BradyrhJzoblUm }apnnlCu~ 

HethanothrlX concllll 17 

18 Pseudn.onas saccharophlla 

(1) Fuhrmann and Rothsteln (1968); (2) Jasper and Sllver 
(1977); (3) Webb (1970); (4) Mohan et al. (1984)1 (5) 
fakakuwa (1987) = (6) Lohmeyer and FrIedrIch 1987; (7) 
Bryson and Drake (1988); (8) Skaar et al. 1974; (9) 
Wlllec:ke et al. (197:3); (10) Tabllllon and ~altwasser 

(1977); (11) Lundle et al. (1988); (12) Jarell and Sprott 
(1982); (13) Yang et al. (1989). (14) Campbell and SmIth 
(1986H (15) Partrldge and Yates (1982); (16) Stults et al. 
(1987); (17) Baudet et al. (1988); (18) this theS1S. 

1 
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TABLE 6. Summary of klnetic parameters for nickel-upta~e 

systems in mlcroorganismsa 

Organlsm 

Sacc h ar ().yces cerevis1.ae 

Heur ()s p()r a crassa 

Hethanobacter1.u. bl"yantli 

Anabaena cylin,:Jrlca 

81" adyr h i ZOIH U'lt .Japonicu. 

Clostl"ldlli. ther.oaceticurlt 

Alcallgenes eutl"ophus 

Rhodobacter capsulatus 

Hetharlothl" lX co,.,,:ilii 

Acetogeniurlt kivu1. 

Clostl"ldiu. pasteuriaTtu. 

Pseudo'ltonas saccharoph~la 

"­(uM) 

500 

290 

3.1 

(1.017 

26-50 

3.2 

17 

5.5 

91 

2.3 

85 

31.7 

Vmax 
(pmol Ni mi n- 1 

-1 mg dry wt ) 

0.5 

15 

24 

0.4 

2723-13146b 

400 

201Sc 

330 

23000 

670 

1400 

2470 

aReferences are those shown in Table 5. 

bAssuming 108 cells per mL a 0.1065 mg dry wt. 

c Assumlng 1 mg proteln = 1.5385 mg dry wt. 
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bacteria poss1bly 1nd1catlng 1nvo!vement of dl fferent 

mechan1sms of uptake. 

Not much lS known about the genet1cs of the nlc~el-

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

mutants of absorbed 

readily as the parent stra1n. Stults et al. (1987) reported 

however, c that a Hup (hydrogenase constltutlve) mutant 0+ 

BradyrhlzobiuM Japonicum accumulated almost 10-fold more 

6 7 '"'+ ~N14 than the wild type strain. Eberz et al. 

reported that nlckel-def1Clent <NIC ) mutants 0+ 

Alcaligenes eutrophus carrled defined d~!etlons ln the 

hydrogenase gene cluster of the pHG megaplasm\d. They 

..... showed that nIckel def1clency correlated w1th a Idw level 

of the nic~el-conta1ning hydrogenase act1vity, a slow rate 

of nickel transport, and reduced actlv1ty of urease. The 

+ NIc phenotype ~as restored by a cloned DNA sequence ~hoxN. 

a part of the hydrogenase gene cluster) of a meqaplasmld 

pHGl DNA llbrary of A. eutrophus. 

-
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3. HETEROTROPHIC AND CHEMOLITHOTROPHIC NITROGEN FIXATION av 

PSEUDOHOHAS SACCHAROPHILA 

3.1. Introduction 

Despite their metabolic versatility (heterotrophlc 

and autotrophlc) and wlde distrIbutIon ln nature, the 

abillty of members of the genus Pseudomonas to flX N2 had 

long been doubted. This view no longer holds because of the 

recent dlscovery of authentic species of Pseudomonas 

capable of N2 fixat~on (see Table 1, SectIon 2.1). 

ln the cou~se of ldentlfying the specles of N2-fl':ing 

Pseudomonas-Ilke organlsms from wetland rlce roots 

(Barraqulo and Watanabe 1981: Barraqulo et al; lq83) , the 

followlng known refe~ence cultures were used and also 

tested for N2-flxlng (acetylene reductlon) actlvlty ln 

semlsolld glucose + yeast extract medlum eWatanabe and 

Barraquio 1979): P3eudo~unas saccharnphlla ATCC 15Q 46, 

P!.eudoTlonas facills ATCC 17695, PseudoTltonas ruhlandli 

(AlcalJge-:-,c-s ruhlandli> DSM 653, Pseud<F/ftOrlaS 1"lava DSM 619, 

Pseudo.'nas pseudoflava DSM 1034, and PseudoTlonas palleroni 

ATCC 

found 

17724. Of these cultures, only P. 

to reduce acetylene (Barraqulo 

unpub 1 i shed) • 

3accharophlla was 

and Watanabe, 

This study was conducted to demonstrate the abllity 

of P. sacchayophlla to fix N2 heterotrophlcally and 

chemolithotrophlcally and examine sorne factors that affect 

lts nitrogenase activlty. 
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3.2 Materials and methods 

3.2.1. Organisms and cultlvation c~ndltlons 

Pseudomonas sacchar~phlla (ATCC 1~946) used ln the 

i ncorporati on experlment (done at the 5011 

Microblology Dept., International Rlce Research Instltute) 

was obtained from the American Type Culture Collectlon, 

Rockville, Md., USA. Ali other experlments wlth P. 

saccharophila were performed on a P. sacch~rophlla strain 

carrying the same ATCC d~~~gnation (15946) but WhlCh was a 

gift from Dr. Y. -K. Chan, Chemlstry and B10logy Research 

Institute, Agricult\.\re Canada. PseudMIHntaS diazc1trl1phlcUS 

strain H8 was a glft from Dr. I. Wat~nabe. Upon recelpt of 

the cultures, single colony lsolates were ~ade and maln-

tained on slants contalning 0.1% Difco tryptic soy broth 

solidlfied with 1.5% (w/v) Dlfco Noble agar and on half-

strength nutrient broth supplemented with 10% glycerol and 

~(ept at -80°C. 

Unless otherwise stated, the lnoculum was prepared ln 

+ 10 mL sucrose + NH4 + minerai salts + yeast eMtrac:t medium 

(Section 3.2.2) contained ln a 50-mL Erlenmever flask The 

culture was grown for 20-24 h then transferred to 100 mL of 

the same medium contalned ln a 250-mL Erlenmeyer flas~. T'le 

culture w,~s incl.lbated for another 1(1-12 h Unless othE'rW1Se 

stated, aIl the incubations in thlS thesis were done at 

300C~ shaki ng was at 250 l'"pm. The cell s were harvested by 

centrIfugation (10000 M g) at 4°C for 10 min, washed thrlce 

with the test medlum and then resuspended ln tO-20 ml of 
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the same medium. 

Open batch cultivatlon was carried out ln al-litre 

flask containlnq 950 mL medium WhlCh was lnoculated wlth 

mL of the washed cells. The culture was contl nuou51 y 

sparqed at 450 

chemollthotrophlc 

cotton-flltered 

-1 and 200 mL mln for heterotrophic 

cultivations, respectlvelv, wlth 

gas mlxture. The gas mlxture 

and 

a 

for 

heterotrophlC culture was 0.71 co 1 kPa 02 in N2 and for 

chernollthotrophlc culture, 0.95 kPa 02' 5.2 kPa H2' 5.9 kPa 

C02' and balance N2' Mlxlng of gases was done by uSlng 

flowmet~rs. The culture was continuously stlrred by a 

Teflcn-coated magnetlc bar. Culture samples were wlthdrawn 

from the flask through a Suba-seal-plugged bottom port 

uSlng ~terlle 5- or IO-mL syrlnges. 

In the closed batch cultlvation, 125-mL slde-arm 

flasks each contalning 15 mL of medlum were used. After 

lnoculation, the flasks were plugged wlth rubber stoppers 

fltted with ~ut 5-mL plastlc syrlnges contalnlnq a cotton 

fllter. The syrlnges were stoppered wlth Suba-seals (w. R. 

Freeman and Co, Ltd., Barnsley, England). A headspace of 

0.8 kPa O~ and balance N2 was used. The flas~s were 

evacuated (15 mln each tlme) and backfliled 3 tlmes wlth N2 

and then evacuated one more tlme and bac~fliled wlth agas 

mlxture of 0.8 ~Pa 02 and balance N2' The flas~s were 

Where deslred, the flasks were 

dlrectly used for acetylene reductlon assay. 

For semlsolld cultures, 14-mL serum bottles e~ch 
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contalnlng 4 mL of semlsolld medlum were used. rhe 

cultures were Incubated statlcally for 3 days. For 

reductlon assays, the foam plugs were replaced wlth butvl 

stoppers. 

3.2.2. 11edlii 

The basal medIum conslsted of the followlng (g L- 1
l: 

0.20= 

MnCI2.4H20, 0.004. The pH of the medIum was 6.8. 

-1 extract was suppiled at 100 mg L . Sucrose and NH4C1 

both added at 1.0 
-1 

For semIsolld medl Llm, Dlfco 9 L • 

agar (0.5 9 L -1) was added. The medl a and addItIons 

0.10; 

were 

Noble 

were 

1e:; 
prepared ln glass-dlstilled water e>:cept ln the --N,.., and 

"-

chemollthotrophlc e~perlments for WhlCh delonl:ed dlstllied 

water was used. The medIum for the 15N2 experlment was that 

of Watanabe and Barraqulo (1979) e}: cept the 

-1 
concentration of phosphates was 2.U 9 L ~H2PU4 ~nd ~.U q 

L- 1 K2HP04 and trehalo-se (5.0 9 L- 1
) was used as the carbon 

source. The basal medlum was later modlfled as follows (q 

0.02. ThIS modlfled medlum was used ln the experlments done 

under Sectlons 3.-::.3. -::.-::.4, and :'.: .. 5 (only for Flg. 81, 

":'.3.6, and ln the subsequent Chapters. For chemolltho-

trophlc N:2-fi:llng cultLlre, sucrase and NH4C1 wene nct a-dded 

but yeast extract was retalned. Because of the presence of 
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ve.ast e':tr~ct. the Cliiture c:onlütlons are referr!?d to sc: N-

11mLted Ch~ffiollthotropnlC:. 

.;P ,.~ .,. 
_1 • .L.. Il .. 1. 

1~ 
ON.; lTlCc)l"p"'ratlc.1TI 

Erlenmever flasks (50 mL) each contalnlng 2u mL 

of trehalose + yeast extract semlsolld medlum were 

Inoculated wlth 0.2 mL samples of a statlonarv phase 

culture (grown statlcally ln the ~ame medIum at 30
oC). The 

cotton plugs were then qUlckly replaced wlth rubber 

stoppers. After evacLlatlon and fl Llshl ng 5 times wlth Ar, a 

ml )<tLlre of :'t) yPa 15 (99.89 atom 71.; Monsanto Research gas N2 

Corp. , USA) • 1 kPa °2' and 69 ~·Pa Ar was 1 ntrodLlced . 

Another set of fI asks was en:?osed te '3(1 kPa N2/ 1 kPa °2/6Q 

~. Pa Ar, The f 1 asJ..s were 1 nCLlbated at 28 + lOC wlth 

reclprocal sha~lng (about 120 stro~es per mIn) for 24 h. 

The content of each flash was subJected to ~Jeldahl 

dlQestlon and total N was analv=ed by steam dlstlll~tJcn 

dnd potentlometrlc tltratlon. The 151~ content the 

samples was measured uSlng an emlSSlon spectrometer (JASeO. 

N-150, Japan). 

Nltrogenase (C2H2 reductlonJ assav of batch culture 

samples was done uSlng 2-mL culture aliquots contained ln 

14-mL serum bottles. The serum bottles l~ thlS assay and ln 

other assays were capped wlth slilcore-relnforced butvl 

stoppers and then gas-tlghtened wlth alumlnum caps. The 

assay condItIons were as follows: for heterotrophlc culture 

the head~pace was 5 ~p~' C~H~, O~ as Indlcated, and balance 
.L..L. .... 
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Ye and the tlme was 1 h wlth shaklng~ tor chemcl1tho-

trophlC culture, the headspace was 1 or 5 kPa C2H2' 0.75 

and balance He and the tlme was 1 h 

unless otherwise stated. C2H2 reductlon assay of the 

semlsolld cultures was carrled out by removlng 5 hPa 0+ the 

headspace (air) and replaclng lt wlth C~H2' The cultures 

were lncubated statlcally for 24 h. BOlled cultures were 

lncluded as controls. Gas samples (0.2 ml) from ail the 

above as say vessels were taken by syringe. Ethylene 

formed ~as measured by FID gas chromatography as descr\bed 

by Tlbellus and ~nowles (lQ83). 

Uptake hvdrogenase assay was done by the ü~-dependent 

H3
H uptake method as descrlbed by Tlbellus and knowles 

(1983). Two-mL culture samples were transferred lnto 14-ml 

serum bottles and then H3H (speclflc actlvlty ot 

20.6 ~Cl mL- 1 or 736 to 762 ~Bq mL- 1 , was added to a tlnal 

partial pressure of kPa. Elther or as 

indicated) or methylene blue (MS) at 5 mM were used a~ 

Electron acceptors in thlS theslS (see Chapter 4). 1he MB 

(J. T. Baker Chemlcals), dlssolved ln phosphate bu •• er (pH 

6.8) was ~ept in serum bottles WhlCh w~re e~acuated and 

backfilled thrice wlth N~, and was added by N:-flushed 

syringe lnto N2-prefllled bottles contalnlng the culture 

sampi es. ThlS technIque was later modlfled by havlng the 

sample bottles prefilled wlth MB and N2 before the culture 

samples were inJected. The assay bottl~s were lncubated 

with shaklng for 20-30 min (see Chapter 4 for the ~lnetlcs 
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of H2 uptake). BOlled cells were used as control. 

Rlbulose blSphosphate carboxylase ln who!e cells 

permeabllized wlth toluene was determlned by 

lncorporat10n lnto aCld-stable products (Lepo et al. 1980; 

Tablta et al. 1978). The cells were prepared for assay by 

centrlfuglng and then resuspendlng ln TEMS buffer pH 8.0 

CMcFadden et al. 1975). The cells were stored frozen untll 

analysis. The cells were thawed, centrlfuged and then 

resuspended in 100 mM Trls-HCl pH 9.0. The following 

reagents were m1Med ln 10 x 40 mm test tubes: 20 uL of 125 

mM 

cell 

MgCI2.6H20, 100 ~L of 100 mM Tris-HCI pH 8.0, 80 uL of 

14 suspenslon, and 20 ~L of 85.33 mM NaH C03 (speciflc 

-1 actlvity, 2.0 mCi mmol ). The tubes wer~ stoppered then 10 

uL of toluene was lnJected. The contents were mixed 

thoroughly then the tubes were pre-incubated for 10 min at 

30°C on a water bath shaker. Ribulose blSph~sphate (20 uL 

of 12.5 mM) was lnJected. The reactlon mlxture was 

incubated for 5 mln at 30°C then stopped by addlnq 150 uL 

of 4 N HCI. A 0.2-mL allquat was evaparated ta dryness ln a 

scintillation vlal, resuspended in 1 mL dlstliled water and 

then 10 mL of Beckman MP sClntillation fluld was added. Two 

contrais, one lacklng RuBP and the other wlthout cel!s, 

were used. Radioactlvlty was measured wlth a Beckman LS 

7500 liquid scintlilatian counter. 

3.2.5. Analyses 

H2 and 02 were measured by gas chromatography as 

descrlbed by Chan et al. (1980). COz was analyzed using the 
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same system as for 02" Optlcal denslty was measured at 430 ...... 
nm wlth a Bausch and Lomb Spectronl c 20. Other 

spectrophotometrlc measurements were done uSlng 8eckman DU-

7 spectrophotometer (Beckman Instruments Inc •• CalltornlaJ. 

Protein of washed cells was estlmated by the Lowry method 

(Lowry et al. 1951> and later by the modlfled Lowry method 

(Markwell et al. 1978) uSlng bovIne serum albumln as the 

standard and sodlum cltrate ln place of sodlum tartrate 

(Eggsteln and Kreutz 1955). Dissolved C2H4 was calculate~ 

uSlng the approprlate Ostwald coefflclents {Wllhelm et aJ. 

1977). 

3.2.6. Chemlcals and gases 

Ali the chemlcals used were 0+ reagent grade. All 

qases were of hlgh purlty and most of them were obtalned 

from Llnde (Unlon Carblde? Canada). Sorne o -\/N-~ ml ~:tures 
.... .t-

-. 
were purchased from Llquld Carbonlc Canada. H~H was trom 

Gollob Analytlcal Servlce, Berkeley Helghts, N. J. J)-

rlbulose-l,5-blSphosphate (tetrasodlum salt) was trom 

Calbloc:hem. NaH 14CO_ was obtalned from ICN Blomedlcals -' 

Canada. 

3. 3 Resul ts 

The organlsm lncorporated 3.74 to 8.87 atom % excess 

(6.29 ~ 1.Q4 atom 'la excess, mean of 7 repllcates ~ SD> lnto 

c:ellular nltrogen. E::creted fu:ed nltroqen was not derected 

in the medIum. The cells exposed to N2 had a 
15 

I\J content of 

0.503 + 0.050 atom 'la (mean of 4 repllcates + SD). 
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The organlsm grew weIl on many sugars, organlc aClds 

and amlno acids ln the presence and absence of NH4CI (Table 

7). Of the 30 carbon sources tested, 8 dld not support any 

growth. Four amlno aClds supported good growth ln the 

absence of NH4CI, suggestlng that they served as sources of 

both carbon and nltrogen. In the absence of a carbon 

source, there was very little growth observed w\th and 

wlthout yeast e~tract. With glucose, fructose, and 

celloblose as carbon sources, there was Sllght growth wlth 

yeast e>:tract but none wlth NH4CI. The carbon utlll~atlon 

pattern generall y agreed with the dat'a reported by 

( 
Palleronl (1984) • 

The bacterlum reduced C2H2 Wl th many of the sLlgars 

and organlc aClds tested (Table 8). Sucrose and arablnose 

supported the hlghest rates. It is noteworthy that ail the 

amlno aCIde CL-alanIne, L-aspartate, L-glutamate, and L-

prollne) that sustained growth ln the absence of NH4C1 did 

not support C2H2 reduction. 

3.J.~. Eiiect of yeast e~tract. casamlTIO aClds. and 

MlcroaerophlllC heterotrophlc growth ln a N-deficlent 

medium was st!mulated by additIon of small amounts of yeast 

extract, casamlno aClds, and NH4CI but not by vitamins 

( (Fig. 6). Nltrogenase actlvity was much hlgher ln cultures 

supplemented wlth yeast extract and casamlno acide than 
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TABLE 7. Growth of Ps.udo.o"as saccharophJllI on VllrlOU. 

carbon sources· 

Optical d.nsl ty et 430 nlll 

Carbon .ourc.b 

+ NH4C1 - NH4C1 

y.a.t ."tract + yeast I!lCtract 

Nane 0.014 :!: 0.00 0.007 :!: 0.010 

L-Arabino •• 0.700 :!: 0.046 0.433 :!: 0.076 

D-Xylo •• 0.0~8 :!: 0.017 0.345 :!: 0.020 

D-Bluco •• OC 0.312 :!: 0.079 

B-D-Fructose 0.004 :t 0.012 0.082 :!: 0.009 

D-Galactos. 0.848 :!: 0.027 0.~01 :!: 0.06~ 
Sucra •• 1.006 :!: 0.098 0.~57 :t 0.076 

DC+' Trllh.la •• 0.873 :!: 0.08 0.617 :!: 0.037 

"'alto •• 0.697 :!: 0.057 0.579 :t 0.050 

B-DC+' C.llobias. 0.008 :t 0.OO5c 0.034 :!: 0.021 

Starch 0.749 :!: 0.055 0.~23 :!: 0.032 

Acetat. 0.063 :!: 0.008 0.264 :!: 0.037 

Succln.te 0.539 :!: 0.125 0.612 :!: 0.030 

Citrat. 0.600 :!: 0.072 0.544 :!: 0.009 

FUllarate 0.608 :!: O. 110 0.557 :!: 0.034 

Pyruvat. 0.419 :!: 0.016 0.402 :!: 0.021 

L-Halat. 0.607 :!: 0.075 0.564 :!: 0.01;:; 

D-Gluconat. 1.006 :t 0.082 0.588 :!: 0.012 

D-Qulmat. 0.618 :!: 0.059 0.454 :!: 0.045 

L-Alanln. 0.157 :!: 0.022 0.852 :!: 0.032 

L-A!lpartat. 0.117 :!: 0.015 0.660 :!: 0.026 

L-Glut ••• t. 0.677 :!: 0.019 1.084 :!: 0.019 

L-Pral1n. 0.046 :!: 0.020 0.B91 :!: 0.010 

aGro~th of semlsolid cultures ~fter ] days Incubation lS 
presented. The culhlres werl! vortexed and th!," allowed to 
stand for about "5 mln before 00 determlnatlon. The organlsm 
did not qrow with the followlnq carbon sources, c(-L­
rhamnose. D-mannose, 0(+) lactose, ethanol. mannitol, L(+) 
tartrate, DL~-E.-dlamlnoJ:l1melate. ",nd DL-phenylalan1l1B. 
Data are average!5 of ::; replicates :!: 50. 

bAil the carboll 50llrces (1 t\ L- 1 ) were -t=llter-sterl11zed 
(0.45 wm pore 51~e, Mlillpore HA fllter). The ~cids were 
suppl i ad as thel r SOdl um sai t!l. 

CA smal1 amount of growth was observed \f a larger lnoculum 
was used. 

70 
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rABLE 8. C,~H,..\ 
~ .... red\..\ctlon by Pseud(.lmorr as sacchar(.'phlla wlth 

varlOLiS carbon sources a 

Carbon b nmol C2H4 (mg -1. -1 
source proteln) ,-. 

L-Arablnose 82 + 12 

D-)(ylose 11 + 2 

O-Glucose 8 + 1 

D-GaJ.actose 10 1- 2 

Sucrose 95 1- 4 

D(+) Treha10se 13 + 1",\ 
~ 

Maltose 20 1- 0.6 

Starch 25 1- '3 

Acetate 47 1- 2 

SUCClnate -..-
"':"-' 1- 2 

Cl trate 15 1- ""\ 
J,. 

Fumarate 17 1- 1 

Pyruvate 6 1- 5 

L-Malate 13 + 0.6 

0-81 L1conate 50 1- 5 

D-Qulmate 12 1- 0.6 

-rhree-day old semlsolld cultures were used ln the ~ssay. 

Speclflc actlvltles were calculated between 6 and B h or 
between 7 and 9 h cf 1 nCLlbat 1 on. The .f 011 OWl nq carbon 
sources dld not sLlpport C2 H2 reduc.:tlon: ~-D-frt.lctose, 0(­

L-rhamnose, D-mannose, D(+) lactose. ~-D(+) celloblDse, 
ethanol, O-mannltol, L(+) tartrate (Na), DL-«-(­
dlamlnoplmelate (Na), L-alanlne, L-asparta'te (Ni,,), L­
glutamate (Na), L-prallne, and DL-phenylalanlne. Data are 
averages of 3 repllcates ~ SEM. 

bAil the carbon sOLlrces Cl g L-1) were .fllter-ster11l~ed 
(0.45 ~m pore Sl~e, Millipore HA fllter). The aClds were 
sLlpplled as their sodlum salts. 
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Fi g. ô. Effect of addi ti on of yeast ex tract, c:a!!aml no 

acids, vitamins, and NH4C1 on growth of PseudOmtHl aJ 

saccharophlla under microaeroblc c:ondltlon (0.8 kPa 02 in 

N2). Cultivation was carried out ln 125-mL slde-arm flasks 

with 15 mL of medium. Difco yeast extract and NH4C1 were 

supplied at 11 mg N L-1 and Difco c:asamlno aClds at 9 mg N 

L-1 • The vitamlns were added at 100 ~g L- 1 • Except tor 

NH4C1, ~ll additions were filter-sterllized (0.45 ~m pore 

91.Ze, Mlilipore HA flltel~). fhe treatment~ were as 

follows: none ("V), NH4C1 (.), yeast eHtrac:t (À), 

casamino aClds (.), biotin ('f), vltamin 812 (6.), 
pantothenic aCl.d (0), and rlboflavln (0). Data are 

averages of 2 repl i cates. 
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( those non-supp!emented or 9upplemented wlth vitamlns and 

<Table 9). The low nltrogenase actlvlty with NH4CI 

may be due to ammonlum-lnduced lnhlbition of nitroqenase. 

headspace partlal pressures of 0.25 to 0.5 kPa dependlng on 

the growth phase (Fig. 7). Nltrogenase actlvitv was 

observed at ail growth phases tested wlth the late 

exponential phase cells showing the hlghest nltrogenase 

actlvity. 

To detect nltrogenase actlvlty under strlctly anaero-

blC condltlons, N2-fixlng cells (5 mL) were transferred 

lnto pre-evacuated He-fliled Pankhurst tubes. C~H2 (5 kPa) 

and ~lkallne pyrogallol <1 mL) were then lnJected lnto each 

respectlve port. No nltrogenase actlvlty was detected. 

PseUd07flOT,aS _=:acchal'"llphll a ""as tested fl rst for the 

ablilty ta flX N2 chemollthotrophlcally ln a closed batch 

cL,1 ture (see footnote of Table 10 for e>:perimental 

detalls). A reference culture, P:seudn7/toTlas diazotrophlCuS 

straln H8 (Gowda and Watanabe 1985; Watanabe et al. 1987) 

served as posltlve control. P. saccharophlla grown 

autotrophlcally showed nltrogenase actlvlty and an increase 

ln proteln content. Llhewlse, P, dlazotYI'phlCU_:: straln H8, 

WhlCh was prevlouslv shown to grow chemollthotrophically 

( 
and to reduce C~H~ (Gowda and Watanabe 1985) .... .... also showed 

qrowth and nltrogenase actlvity at the expense of H2. 
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TABLE 9. Effect of yeast extract, casamlno acids, NH4C1, 

and vitamins on C2H2 reduction by Pseudomonas 

saccnaroph i Laa 

Addition 

None 

Biotin 

Riboflavin 

Vitamin 912 

Pantotnenic acid 

NH4C1 

Ca.amino acids 

Veast extract 

nmol C2H4 (mg 

6.4 

2.7 

3.7 

5.0 

12.4 

1.8 

696 

1842 

-1 -1 protei n) h 

+ 1.2 

+ O.b 

+ 0.6 

+ 1.4 

::!:. 3.0 

+ CI. OS 

+ 126 

+ 138 

aTwenty-hour l~quid 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. Effec:t of Q2 on nitrogenase ac:tivity of 

heterotrophic:ally-grown Pseudomonas saccharophlla. Samples 

used for the assay were taken from a c:ontinuously-sparged 

batch culture. The different growth stages used were early 

exponentlal <0>, mid-exponentlal <.>, late-e>tponential 

(~), and early stationary (~). Data are average5 of 3 

replicat~s. Bars lndicate ~ SEM. 
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Tf4BLE 10. C:H2 redLlc:tlon bv tl.<JO pseudomonads qrown lmder 1'1-

limlted chemollthotrophlc conditions ln a closed 
a system 

Cul tLtre 

nmol C2H4 
-1 -1 (mg proteln) h 

Pseudomonas saccharophlla 

grown Linder 

H2/ C02/02/ N2 

Ar/COZ/OZ 

4 + 0.5 
(1 

Pseudomonas dJazotrophlcuS 

grown under 

HZ/C02/02/ N2 

Ar/CO·..,/O .... .... .... 

25 + 1 

3 + (I.Z 

Total protell"\ 

.:\f·ter assay 
b ("'tg per fI ask) 

133 + ~ ... 
..,.. .... + -_ ....... . .... 

147 + .:. 

7(1 + 5 

-The organlsms were grown ln 125-mL flasks each contalnlng 
10 mL of N-llmlted autotrophlc medium (wlth 50 mq L-L yeast 
extract). The flasks were plLlgged as descrlbed ln the 
Materlals and methods (Section 3.2.1). Une set 0+ flas~s 
recelved 4.6 ~Pa CO::!, 0.73 kPa O2 , 10 kPa H2. and bRlance 
N2~ ~he other set had 5.1 ~Pa CO::!, 0.81 ~Pd 02? anJ 
balance Ar. The flasks were sha~en .or 7 dp s after WhlCh 
they were assayed for C2 H2 reductlon actlvlcy uSlnq the 
qas mu<ture C2 H::;! (J.20 kPa) ~ O2 (0.35 kF-'aJ: H::! <5. () ~'I-'a): 

Ar (Q4.45 "'Pa). Incubation per 1 od was 1~ h. Uni nocl.l1.a ted 
medium served as negatlve control. Data are averages 0+ 3 
repllcates ± SEM. 

bThe Initial proteln content for P. sacchay~phlla was 5 ~q 

and for P. dlazotyophlCUS, 10 ug per flask. 
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The abi llty of P_::eud(lm(lrra_::: 5ac,:harophl.'a te qr'ow and 

f 1): N:: c:hemol l thlJtrClph l (:a11 V wacs f llrther" el: am\ ned 1 n :\ 

c:ontlnuously-sparaed batc:h c:ulture. Samples ta~en trom thlS 

culture were analyzed for OD430, nltroqenase. hvdr IJgenase. 

and rlblliose blSphosphate carbo::vlase (FIg. 8). A f-~ster 

rate of growth was observed ln the flrst few hours (6 h> of 

incubr:\tion, pO'3slbly due to vaast e"tract utll1=atlon, 

followed by a slower rate untl1 about 80 h 8a) • 

Hydrogenase and rl bul ose bl sphosphate c:arbo):yl ase seemed to 

be derepressed at the same tlme at the earlv stages of 

growth (Flg. 8b). Detec:table nltrogenase actlvltv was 

observed only after about 40 h of lncubatJcn~ actlYltv 

peaked at about 140 h and then déc: 11 ned al most abruptl '1 

thereafter. 

3.3.6. Effect of hydrogerr on acetylerre reductzvrr actlvlt1 

rhi s e::perl ment was condw:ted to determl ne the 

optImum partlal pressure of H: for C~H2 reductlon actlYlty 

under N-llmlted c:hemolithotrophlc c:ondltions. MaXImum 

activity was obtalned at 2 ~Pa H2 and above (Table 11). 

3.4. Discussion 

The lncorporat\on 0+ 15N lnto c:ellular nltrogen 

undoubtedly c:onflrms the N2-fi).(lng ablilty of P$e IJd<)1TH,'T/a_::: 

saccharophlla. Nltrogenase actlvlty by thlS crganlsm has 

al so been observed by Y. -~,. Chan, Agrlc:ulture Canada 

Cunpublished). Varlous sugars and organlC: aClds supported 

ltS growth and N2 fixatIon. Nltrogenase ~ctlvlty was 

expressed only under low oxygen partlal pressure lndlcatlng 

-
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Fig. 8. Ca) Typical growth curve of Pseudomor,as 

saccharophila under N-limited chemolithotrophic conditions: 

(b) Uptake hydregenase eUH), ribulose bisphosphate 

carboxylase (RUBe), and acetylene reduction (ARA) 

activities at varieus stages of growth. Methylene blue was 

used as the electron acceptor in the hydrogenase essaye 

Data. fer the 3 enzymes are averages of 3 replicates. Bars 

indicate :t SEM. 
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TABLE 11. Effect of H2 headspace partial pressure on C2H2 

reduction activity of chemollthotrophlcally­
a grown Pseudom~nas saccharvphlla 

H2 (kPa) nmol C2H4 (mg -1 -lb protei n) h 

0 7 + 1 

1 15 + ('.2 

2 17 + 0.5 

5 17 + 0.4 

10 19 + 1.6 

20 18 + 0.4 

40 18 + 0.1 

aSamples used for the as say were taken from a contlnuously­
sparged batch culture (88-h) as shown in FIg. 8. 

b Data are averages of 3 replicates ~ SEM. 
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th,ü the organlsm ] s a fTllcroaerophlllc N2-fl,:er. 

A!thouqh the amlno aClds alone sustelned better 

gr'owth of P.::eU'-}e1me.lna.s .::acchal" e,lphll a, thel r tall ure to 

support nltroqenase actlvlty lS nQt surprlslng. Some amlno 

aClds have been known to regulate actlvlty and synthesls of 

nltroqenase pneUme1n 1 ae , Azpte1bacter 

vlnelandll and Rhlzobzum .pecles (WIlson et al. 

Shanmugam ~ MorandI 197 b; Ranga Rao 1982). The catabollsm 

of amlno aCld ylelds ammonlB WhlCh rapldly and reverslbly 

Il SWl tches-off Il nI trogenase actl vi. t y' (F'ostgate 198:2) or may 

NH4+ lit increase the Interna! poo of the cel hus represslng 

the svnthesls of nltrogenase (Brlll, 1979). 

Yeast e~: tract and, casamlno aClds added ln small 

amol..tnts stlmulated growth of P. .saccharophlla I.lnder 

heterotrophlC N2-fu:lng condItIons. The vltamlns dld not 

stlmulat~ qrowth. These results suggest that lt 15 the 

amlno aCld component of yeast extract that lS responsible 

for growth and N2 fl~atlon. 

The ablilty of P. saccharophlla to grow and fl~ N2 

Linder N-Ilmlted chemolithotrophlc conditIons was 

demon~trated unequlyocally by growth and the presence of -.,. 
-' 

kev en~ymes: hydrogenase, blSphosphate 

carbo:: yi ase, and nltrogenase. through 

hydrogenase provide$ reduclng power and ATP for both CO: 

fIxatIon and N: fIxation (see also Chapters 4 and 5). 

Organlsms that are 50 far ~, nown to 

chemol1thotrophlcally are ~artthobar.:tel" 
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-
Berndt and Wélfle 1978; Pedrosa et al. Mall~ and 

!3c:hl egel 1981= Bow1en and Schleqel 1981= P1n~wart et al. 

1983= Gowda and Watanabe 1983= Ravl Shankar et al. 1986= 

Barraquio et al. 1986= Watanabe et al. 1987). Slnc:e the 

taNonom1C status of P. r:llazotrl 1phlcUS lS unc:ertaln (see 

Table 1, Chapter 2), this makes PseUd07l0Tla_" _"accharl'phlla 

the first approved specles of Pseud<.HTlllTla.s to fl}( N~ bot.h ..:. 

heterotrophic:ally and chem~llthotrophic:ally. 

"""", 
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4. HETEROTROPHIC AND CHEMOLITHOTROPHIC HVDROBEN OXIDATION SV 

PSEUDOHOHAS SACCHAROPHILA 

4.1. Introduction 

Nltrogenase cataly=es not only N2 reductl0n but also 

AfP-dependent H2 evolutlon. The oXldatlon of evolved H2 bv 

a N2-flxing culture may recover Gome of the enerqy lost 

throLigh prodLlctlon, may prevent ~f 

nltrogenase by hydrogen, and may provlde protectIon to 

nltrogenase by removal of eMcess oxygen (Dlxon 1972). Such 

H2 recycll ng occurs 1 n Azotobacter ChrM)CI.)Ccum (WaH~er and 

Vates 1q78) , RhlZ(lblUflt Japl.lr/lcu. (Emerlch et al. 1979), and 

Rhlz~blum lequmlnvsarum bacterOlds CSalmlnen and Nelson 

( 
1984) •. Uptake hydrogenase, the en::yme responslble for the 

unldlrectlonal conversIon of molecular H2 to protons, lS 

found several ether dlazotrophlc genera Ce.g. 

AZI,lsplrllluJ/l, 41.:aligene~, Der'l<la, Xanthobacter) (BOWlen 8~ 

Schleqel, 1981). The hydrogenase system of these organlsms, 

however, IS regulated dlfferently by 02' H2' a~ld carbon arld 

nltroqen ~ources. 

Slnce Pseudofltonas saccharophlla can utlllze H2 as 

electron donor durlng chemolithotrophl!: N2-fl~(atlen (see 

Chapter 3), lt may have the abillty to utllize the evolved 

H2 durl ng heterotrophlc N2-fixatlon. This study was 

conduc:ted to demonstrate the presence of an ac:tlve uptak~ 

hydrogenase ln P. saccharophila durlng heterotrophl c 

fIxation, and to examIne th~ regulation of ItS actlvlty and 

synthesls by H~, sucrose and 02. 

1 

i 
J 

1 
l 
l 
,l' 
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4.~. Materials and methods 

The bëlcterlal straln Ltsed ln thlS stLldy, 

sac,:har()phzla ATCC 15946, was the same cLIlture as used ln 

Chapter 3. I.Jlcallqene_::: eutr(lphus H16 was a gl+t trom Dr. B. 

"1-
Friedrich. The media (NH4 -contalnlnq Dr N-Ilmlted + 

sucrose), 1 nocul Llm prepar at Ion, method of cultlvatlon 

(contlnuously-sparged batch cul ture or closed batch 

culture), and Incubation conditions were aIl the same as 

those in Chapter 3. Further detalls of the experlments are 

glven ln the Table or Figure legends. 

4.2.2. ir,tracellular dlstrlbutHITf oi hydrogeTlase ,",ctllllty 

Cells were grown for 12 h under N-llmlted chemolltho-

trophic conditions wlth 10 '"lM N1CI:;::" Cells were harves.ted 

and washed tWlce wlth 67 mM potassium phospha~e (~~HP04 + 

buffer (pH 7.0) at 10000 x g for 10 min at 4°C. 

Cells were resuspended ln 10 mL of the. same bLlffer and then 

100 ~L of 100 mM phenylmethylsulfonyl-fluorlde \~MSF) wa~ 

added. Cells at the start of the sonlcatlon and fractions 

were handled aeroblcally or anaeroblcallv (und~r 02-free H2 

durlng sonlcatlon a~d then subsequently under 02-free 

02-free gases were obtalned by passlng them through a 

BTS catalyst-fllled column. Cells ..,ere sonlcated 

Dlsruptor model W-~~OF, Heat Systems-Ultrasonlcs, 

N.,) • ..... 

BASF 

(Cell 

l I""JC •• 

Plalnvlew. New Yor~) 20 tlmes wlth 1 min burst and 1 min 

o coollng ln a ClrcLIlatlng lce bath (apprO)(lmate.1y 4 C). fhe 

sünlcator was equlpped wlth a cup horn and ' .. as operclted .:\t 
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a power outpl.lt of about 95 watts. Cell s were cen tr 1 fuqed at 

100uO x Q at 4 0 C for lu mln. The supernatant was the cell-

free e>~ tract. The cell-free e>:tract was centrlfuqed at 

o 
180000 A q for 1 h at 5 C. The supernatant was the soluble 

fractlon and the pellet was the membrane fractlon. Allquots 

(0.9 mL) of the fractlons were assayed for H3H-uPta~e 

actlvlty. 

NAD-dependent hydrogenase (soluble hydrogenase l 

actlvlty Was also determined ln cells grown LInder N-llmited 

chemollthotrophlc condltions uSlng the method of Frledrlch 

et al. (1981). Alcallgenes eutrvphus H16 grown under chemo-

llthotrophlc conditIons (with NH4C1) was used as the 

posltlve reference organlsm. 

4.2.3. Assays 

Hydrogenase act 1 VI ty was measured by the 

method (Ti bell us and knowles 1983) uSlng or MB a~ 

electron acceptors (see Chapter 3). Nltrogenase actlV\ty 

was measured by the C2H2 reductlon method (see Chapter 3). 

4. ::2. 4. An a lys e s 

were aIl done as 1 n Chapter RedL\Clng sugar was 

determlned by the phenol method (Herbert et al. 1971> uSlng 

'Sucrose as the standard. All spectrooh:)tometr 1 C 

determl nat 1 ons; were done Llslng the Becvman DU-7 

spectrophotometer. Dlssolved H2 and C2H4 were calculated 

uSlng the ~pproprlate Ostwald coefflclents (Wllhelm et al. 

1977> • 
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4.3. Results 

4.3.1. fur,etlcs o"f hydrogen uptake 

The apparent ~m for H2 of hydrogenase was determlned 

whole cells of a statlonary phase 

heterotrophlc culture. From an Eadle-Hofstee plot, the 

apparent ~m for H2 in the 02- and MB-dependent assays was 

4.3 "'lM and 1.82 IolM ln SOlL\tlon, respectl vely. In the gas 

phase, these values correspond to 0.56 kPa and 0.24 kPa for 

02- and MB-dependent actlvltles, respectlvelv. These values 

are lower than that for Azosplrlilum bra$llense wnlch was 

1.2 ~(Pa to :3 kPa (Pedrosa et" al. 1982, TlbellUS and \<nowles 

1983). The value for MB-dependent actlvlty lS slmllar to 

that for RhlZ(lblUa .rap(lr,lCUm WhlCh was 0.23 kP"" <Llm and 

-Shanmugan 1979). The 3 kPa H~H used ln thlS study was 

sufficlent to saturate the 02- and MB-dependent components 

of the hydroqenase system and ln both cases the upta~e of 

H3H was llnear wlth tlme Llp te about 90 mln <Flg. 9). 

The growth rates ln beth N2-fbllng and 
+ NH4 -grown 

mlcroaeroblC cultures were practlcally the same ln the 

fI rst 6 h <F3. g. 10a) no doubt due te the 

ut3.l1zatl0n of the yeast extract. Thereafter, the N2-flxlng 

cul ture grew rel ah vel y sl owl y, but dur l nq thl s perlod a 

mar~~ed 1 ncrease 3. n hydrogenase actl VI ty was observed (Fu;) • 

lOb). Hydrogenase actl Vl ty was very much hlgher 1 n the 

+ 
flxlng culture than ln the NH4 -grown culture. 
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Fig. 9. Time course of H3H uptake 

saccharophila. Late stationary N2-fixing 

sampi es) from a heterotrophic batch culture 

by P~eud(.l'f1wTt as 

cells (2-mL 

(conti nuoLlsl y-

sparged) were transferred into 14-mL serum bottles and then ... 
assayed for H ... ·H Llptake acti Vl ty wi th 2 kPa 02 (0) and 5mM 

methylene bille (.) as electron acceptors. Data are 

averages of 3 replicates. 
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Fig. 10. Growth and hydrogenase activity of Ps~~domonas 

saccharophila under N2-fixing (open symbols) and NH4+-grOWn 

(closed symbols) heterotrophic conditions. Both cultures 

were grown under 0.71 kPa 02 in N2- (a) Growth cLlrve. (b) 

Hydrogenase activity. Methylene blue was used as the 

electron acceptor in the hydrogenase aSSay. Data are 

averages of 3 replicates for hydrogenase actlvlty. Bars 

indi c:ate + SEM. 

--
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rh€? resLllts of the above e):perlment could lndlcate 

that the H2 evol ved durl nq N2 f l:e atl on Stl mul a ted S}'n thesl S 

of hydrogenase. Therefore, an experlment was done to 

determll1e 1 f SLICh syntheslS coul d be 1 ndLlced by eHogenous 

H~. Indeed, the level of hydrogenas~ under non-N:-fl~lng 

autotrophlc condltlons Increased qreatly ln the presence of 

11). Addltlon of chloramphenlcol prevented the 

Increase. The results suggest that H~ dld net actlvate 

preforfT\ed en=yme but rather caused derepreSSlon of 

syntheslS of hydrogenase. Cultures supplled wlth Ar Instead 

of H2 had very low or negllglble actlvlty (Flg. Il). 

( 
,:ulture under alr plus hydrl1qen 

Thls experlment was ccnducted to determlne If 

synthesl s of hydrogenase could be Induced by H: under 

+ aeroblc heterotrophlc condltlons. NH4 -grown batch cultures 

were contlnuously sparged wlth alr alone or wlth alr 

contalnlng 2.2 ~Pa H2. The growth and sucrose utlli=atlon 

patterns were nearly Identlcal for both cultures (Fl g. 

l::a). HO\"Jever, the hydrogenase actlvlty rernalned negllglble 

ln the absence of exogenous H2 <FIg. 12b). In contrast. the 

H2-sparged culture had much hlgher hydrogenase actlvlt~ and 

the male l '1lLlm act 1 Vl t y was reached whe,,'1'") the 1 evel of sucrose 

ln the medlum was relatlvely Iow. In thlS ex~erlment, MB-

( de>pendent hydrogenase was compared wlth °2-dependent 

actlvlty at dlfferent growth stages of the H2-sparged 
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Fig. 11. Effect of H2 on hydrogenase synthesis in 
+ 

NH4 -grown Pseudomonas saccharoph~la. A mld-exponential 

heterctrcphic culture was washed, then resuspended ln a 

small quantity of the same medium but without sucrose. 

Samples <5 ml, 00430 = 18 as determlned by dilutlon, 1.5 mg 

proteln ml- 1 , were inoculated lnto 500-mL vacuum flasks 

each conta~nlng 150 ml cf the same medlum. Zero-h s~mples 

were taken, then the flasks were evacuated and backfliled 

Twenty per cent of the headspace w~s wlthdrawn 

then repl aced 

kPa H2 or Ar. 

as indicated 

samples were 

indlvidually with 5 

Ch 1 oramphenlcol (Cm) 

(arrow) . The flas"-s 

taken each haur. 

kPa C02' 5 

at 100 \.Ig 

were sha"'en 

Hydrogenase 

'"'Pa °2' and 10 
-1 

added mL was 

at ~_oC _,U , and 

aS"5ays were 

carried out under alr. The treatments were as follows: 

plus H2 (0), plus H2 and Cm <.), plus Ar <l::::.), plus Ar 

and Cm <~). Data are averages of tripllcate samples. Bars 

i ndicate + SEM. 
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Fig. 12. Growth and hydrogenase activity af Pseudvmvnas 

saccharophila with (closed symbols) and without (open 

symbols) H2 (2.2 kPa) under non-N2-fixing heterotrophic 

conditions (aerobically with NH4C1). (a) Growth <0,.) 
and resi dual reduci ng sugar as sucrose (~,~) • (b) 

Hydragenase activity. Activity was measured using 2 kPa 02 

as the electron acceptor. Data are averages of 3 replicates 

for residual sucrase and hydrogenase activitt. SEM ranged 

from 1 to Ôh for hydrogenase activity and 4 to 7h for 

residual sucrase. 
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culture. MB-dependent hydrogenase actlv1ty was hlgher than 

the 02-dependent actlvlty by 1.6 + 0.18 tlmes ~averaqe + 

SEM of determ1nations from 9 t1me 1ntervals). A slmllar 

ratio was obtalned by Berndt and Wolfle (1978) 

Xanthobacter autotr~phlcuS. The results mlght suggest that 

in the 02-dependent assay, sorne components of the electron 

transport chaln were 11mlting. The O~- and MB-dependent 

hydrogenase activities at dlfferent growth stages were 

proportional wlth a correlation coefflclent of 0.94. Of the 

5 MS concentratlons tested, 5 mM showed the hlqhest 

hydrogenase actlvity (Fig. 13). 

4.3.5. E1-1-ect lIT 02 on h'ldrogeTlase actilllty and _"ynthe_:tl,S 

Ni trogen-f 1 ~< 1 ng contl nLiousl y-spargetl batch cul tures 

showed maximum hydrogenase activity in the statlonary phase 

(Fig. 14). The hydrogenase showed wide tolerance to 02' 

maXlmum activlty being observed from p02 0.9 to 20 kPa. 

Early-exponentlal cultures dld not show hydrogenase 

activity. Low 02 l~vels became llmlting in late exponentlal 

and early stationary phases but not ln mld e~ponential 

phase, probably because of the low hydrogenase actlvlty and 

low populatlon density resultlng ln lower O~ upta~e rate ln 

the 1 atter. 

It 1S poss1ble that 02 may become Ilmitlng when 

sucrose is aVë\llable ln the medIum, thus causing a low 

levRl of hydrogenase ~ynthes1s <Van Berkum and Maler 1988). 

To test thlS hypothesls, hydrogenase formatlon was 1nduced 

under m1croaeroblc and aeroblc condltlons in the presence 
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1 2 .3 ·4 5 6 
Methylene blue (mM) 

cf methylene blue concentration on hydro­

of PseudQ.onas $~ccharophlla. Stationary 

cells (2-mL samples> from a heterotrophic 

batch culture (continuously-sparged) were trans.f:errad into 

14-mL sarum bottla. and then assayed for hydrogenase 

activity. Data .re averages of 3 replicates. Bars indicate 

± SEM. 
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Fig. 14. 02 optima for hydrogenase activity of P3eudvmvnas 

saccharophila. Activity was measured using early 

exponential <0>, mid-exponential (e>, late e>:ponentlal 

(~) and early stationary (~) N2-fixing cells from a 

heterotrophic batch culture (continuously-sparqed). Data 

are averages of 3 replicates. SEM ranged from 0.2 to 7%. 
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and absence of sucrose. In the absence of sucrose. 

hydrogenase formatlon was partlally repressed by 18 kPa 02' 

the activlty being 80% lower than that under 2.8 kPa 02 

(Table 12). In the presence of sucrose, much lower actlvity 

developed. 02 may have been Ilmltlng ln the 2.8 kPa 02 plus 

sucrose treatment. but Slnce 5.8 kPa 02 remalned ln the 18 

kPa 02 treatment wlth llttle appearance of activity, lt is 

probable that sucrose and not 02 avallability was the 

important factor. 

4.3.6. [f~ect vf carbon sources on hydrogenase actlvlty and 

~ynthesis 

The results of the prevlous experlments suggested 

that the concentration of sucrose may affect hydrogenase 

formatlon. Carbon substrates WhlCh are used to different 

extents for growth of Pseudo~onas saccharophlla (Section 

3.3.2) were therefore examlned for thelr effects on 

hydrogenase formatlon. Carbon sources which are utlllzed 

only slightly or not at aIl, such as mannose, fructose, 

xylose, and glucose, repressed hydrogenase formatlon elthe r 

not at ail or at the most by 40% <Table 13). Pyruvate, a 

better substrate, showed 80% represslon. Those carbon 

sources WhlCh support vlgorous growth of the organlsm 

exhiblted Q7-1UO% represslon. In the absence of carbon 

source. and wlth C02 replaced by Ar, there was about a 20% 

reductlon ln hydrogenase expresslon. 

The kinetics of repreSSlon of hydrogenase synthesis 

and of inhlbltlon of preformed enzyme by sucrose was then 
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TABLE 12. Effect of 02 on formation of hydrogenase ln 
a 

PseudllmoTlas saccharophll a 

- SL\CrOSe 

2.8 2107 + 288 (2.4 + 0.2) 

18.26 443 + 32 <15.8 + 0.05) 

-1 -1 
(mg proteln) h 

+ SLlcrose 

12 + 2 (0.21 + 0.05) 

22 + 1 <5.8 + 0.2) 

-A mid-exponential phase NH 4 +-grown aeroblc heterotrophlc 
culture was washed with NH4 CI-contalning (ml nus sucrose) 
medium and then resuspended i~ a small quantlty of the same 
medium. Samples <0.2 mL, OD430 = 6 as determlned by 
dllut1on, 0.50 mg proteln mL-1) were dlspensed lnto vlals 
conta1ning 1.8 mL of the same medium wlthout or wlth 
sucrose (15 mM). One set of vlals received 10 kPa H2 • 5 
kPa CO2 , 2.8 kPa O2 , and balance N2 J the other set 
received 10 kPa H2 and 5 kPa CO 2 ln a1r. The cultures 
were shaken for 8 h, after WhlCh they were analy=ed for 
O2 , then evacuated and backfllied wlth N2 • The H2 -uptake 
assay was carried out with MB as electron acceptor. 
Values ln parentheses are kPa 02 at the end of the 
derepression period. Data are averages of 4 repllcates + 
SEM. 
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TABLE 13. Effect of different carbon sources on formation 

of hydrogenase in Pseudomona~ saccharophlla 

prevlously grown under N2-fixing conditl0nsa 

Carbon source 

None (control) 

O(+)-Fructose 

O(+)-Mannose 

O(+)-Xylose 

0(+)-G1ucose 

Na-Pyruvate 

Na-Citrate 

L(+)-Arablnose 

Suc rose 

Na-Acetate 

Na-Succinate 

O(+)-Galactose 

Na-Malate 

Hydrogena~e activityb 
-1 -1 (nmol H2 (mg proteln) h ) 

7414 + 1891 

9589 + 828 

8477 + 790 

4939 + 569 

4630 + 568 

1489 + 106 

223 + 44 

133 + 10 

89 + 26 

53 + 

20 + 

4 + 

o 

5 

20 

1.4 

None (no COZ, plus Ar) 6063 + 1450 

Relati.ve 

activity 

100 

129 

114 

67 

62 

20 

1.8 

1.2 

'0.7 

0.2 

0.05 

o 
82 

-A mld-exponential phase N2 -flxing heterotrophlc culture 
was washed thrlce wlth N-free medium lacklng carbon 
source. The pellet was resuspended ln the same medlum, 
then O.2-mL samples of the concentrated cell suspenslon 
(00430 ~ 8 as det~rmined by dilutIon, 0.56 mg proteln 
ml-~) were dispensed lnto 14-mL VIals contalnlng 1.8 mL of 
the same medlum plus or mlnus carbon source (15 mM). The 
VIals were stoppered then evacuated and bac~fliled thrlce 
with N2 • Zero-h samples were then assayed for hydrogena5e 
actlvlty uSlng 2 kPa O2 as the electron acceptor. The 
gas phase of the remalnlng vials contained: 5 kPa O2 , 5 kPa 
CO2 , 10 kPa H2' and balance N2 . The vlal5 were shaken for 
13 h at 30a C after which the cultures were assayed for 
hydrogenase activlty. Data are averaqes of 2 repllcates 
(except control and no CO2 treatments WhlCh had 4 
replicates each) ± SEM. 

bDifference between 13-h and O-h actlvltles. 
activlty ln aIl treatments ranged from 22 to 81 
(mg proteln)-~h-~ with an average of 44 ~ 6. 

Zero-tlme 
nmol H,2 
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studied. In the presence of sucr0ge, preformed hvdroqenase 

activity was not affected but synthesls was almost 

completely repressed throughout the 8-h experlment (FIg. 

15'. Hydrogenase formation was greatly stlmulated ln the 

absence of ~ucrose. In the absence of sucrose but wlth 

chloramphenir.ol there was a rapld decllne ln actlvlty. 

Sodium aZld~ prevented this decllne whereas PMSF did sa 

only partlally. 

4.3.7. Effect of acettlene on hydrogenase actlvlty 

This experiment was done Slnce C2H2 was reported ta 

lnhibit hydrogenase actlvlty in N2-flxing bacterla (Smith 

et al. 1976). Thlrty-mln expo5ure to C2H2 (0.1 to 50 kPa) 

did not lnhlbit hydrogenase activlty of 

saccharophila (Table 14). 

4.3.8. Effect of hydrog~nase actlvlty on 02 sensltlvlty of 

nltrogenase 

ThlS experlment was done to determlne If hydrogenase 

would provide some protectIon to nitrogenase actlV\ty 

against 02 lnactivation. The presence or absence of H2 and 

the 02-dependent H2 uptake had no effect on the 02 

sensitivity of nltrogenase at dlfferent growth stages 

(Fig. 

(from 

16). Perhaps hydrogenase actlvlty 19 stIll too low 

-1 -1 
about 0.5 to 2.0 ~mol H2 (mg protein) h ) to be 

able to perform a vlgorous oxyhydrogen reactlon. 

4.3.8. Effect of ~edlum pH on &XpreSSlon ~f hydrogenase 

actlvity 

Of the 5 pH levels tested for hydrogenase expresslon 
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Fig. 15. Effect of suer ose on prefermed activity and 

synthesis of hydrogenase in PseudOM~nas saccharophila. A 

late-exponential phase N2-fixing heteretrophic culture was 

washed, then resuspended in a small quantity of NH4C1-

containing (minus sucrase) medium. Samples (5 mL, OD4~O ~ 

12.4 as determined by dilution, 0.86 mg pratein ml- l ) were 

inoculated into 500-mL. vacuum flasks each containlng 150 

mL of the same medium. Zero-time samples were taken, then 

sucrese (15 mM), sodium azide (1 mM), phenylmethylsulfo­

nylfluoride (PMSF, 1 mM), and chleramphenicel (Cm; 100 ug 

ml-1) were injected immediat.ly as desired. The flasks were 

.evacuated and backfilled with N2' then 20h ef the 

headspace was withdrawn and replaced individually with 10 

kPa H2' 5 kPa C02, and 5 kPa 02' The flasks were shaken at 
a 30 C, and samples were taken each hour. Methylene blue was 

used as the el ectron accepter in t;.e hydrogenase assay. The 

treatments warl! as fellowsl minus sucrose (0), plus 

sucrese (.), mi nus sucrase pl us Cm ( 0 ) , plus SLlcrese 

and Cm (.>, minus sucrose plus Cm and sodium a:zide (6.), 
mi nus sucrose pl us Cm and PMSF (.). Data are averi:\qes of 

triplicate samples. Bars indicate ~ SEM. 

. , 
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TABLE 14. Effect of C2H2 on hydrogenase actlvlty of 
a Pseudomonas saccharophlla 

C2H2 (kPa) ",\mol H2 (mg -1 -1 proteln) h ï. Actl YI ty 

Cl 2.9 + 0.04 1 (l(l 

0.1 2.7 + 0.01 93 

0.5 2.9 + (1.08 100 

1 2.9 + (1.07 100 

5 3.1 + 0.03 107 

10 3.2 + 0.03 110 

25 2.9 + 0.08 100 

50 2.9 + (1.01 100 

-A late stat10nary phase heterotrophic N2 -flx1ng culture 
was used. Cells (2-mL samples) were transferred lnto 14-mL 
serum bottles and then assayed for hydrogenase actlY1ty 
under an atmosphere of 3 kPa H~H and C2 H2 ln a1r for 30 
min. Data are averages of ::;; repllcates ± SEM • 
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Fig. 16. Effect of exogenous H2 (10 kPa) on Q2 sensitivity 

of nitrogenase of Pseudo~onas saccharophJla. Cells (2-mL 

samples) from an N2-fixing heterotrophic batch culture 

(continuously-sparged) at different gro.~th stages wel-e 

taken and then assayed for nltrogenase actlvity (see 

Chapter 3 for C2H2 reduction assay) at different 02 leveis. 

Open and closed symbols represent absence and presence of 

H2' respectively. The different growth stages were as 

follows: mid-exponential <0, e>, late exponentlal (~, Â>, 
and early stationary <[J,II>. Data aïe averages of 3 

repllcates. Bars lndicate ~ SEM. 
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under N-l1m1ted chemol!thotroph1C cond1tlons, pH 6.4 showed 

the h1ghest actlv1ty <rable 15). Unless otherWlse stated, 

this pH was used ln subsequent experlments that 1nvolved 

hydrogenase derepresslon under N-llmlted chemol1thotrophlc 

condi t 1 ons. 

4.3.9. DIstrIbutIon of hydrogenase actIvlty ln cell-iree 

extract 

Ne aIl" 1 y all of the methylene blue-dependent 

hydrogenase activlty was found in the membrane fractlon 

whether prepared aeroblcally or anaeroblcally <Table 16). 

NAD reduction by cetyltrlmethylammonlum br'om1de-

permeabilized cells was negatlve lndlcatlng the absence of 

soluble hydrogenase. Aicailgenes eutrvphus Hi6 had speclflc 

-1 
activityof 0.54 uni'1:s (f1'g proteln) (1 1.In1t = 1 \olmo 1 NAD 

reduced per min). 

4.4. Discussion 

The results clearly show the presence of an actlve 

uptake hydrogenase in N2-flxlng cultures of Pseudo.~na5 

saccharophila. Hydrogenase was expressed slgn1flcantly more 

in as ln 

Azotobacter chroococcu7lt (Partrldge et al. 1980) , 

Xanthobacte,. autotrophicus (Berndt and Wolfle 1978) and 

Azotobacter vInelandll (Lee and Wilson 1943) but ln 

c:ontrast to 

c:ulture had 

+ Azosplrlilua brasllense where an NH4 -grown 

hydrogenase ac:tlvity Slmllar to or Sllqhtly 

higher than that ln a N2-f!X1ng culture (T1bellu~ and 

I<ncwl es NH4+ d 1983). Our results show that per se oes not 
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TABLE 15. Effec:t of pH on eHpresslon of hydrogenase 

ac:tlvlty by Pseudom<lflas saccharl)phl1a Linder N­

Ilmlted c:hemolithotrophlc condltlonsa 

pH of medlLlm 

5.6 

6.0 

6.4 

6.8 

7.2 

-1 -1 umol H2 (mg proteln) h 

28.3 + 4.:3 

28.4 + 1.9 

37.0 + 0.1 

20.9 + 1.4 

21.0 + 6. 1 

-Hydrogenase derepression was c:arrled out ln 14-mL serum 
bottles c:ontaining 2 ml medIum wlth 10 uM N1C1 2 under 2 
kPa O2 , 5 kPa CO 2 , 20 kPa H2' and balance N2 for 20 h. 
Inoculum was 30 uL cell suspenslon (1.98 mg mL-1 proteln) 
per bottle. O2 (2 kPa) was used as the electron acceptor. 
Data are averages of 3 repllcates ± SEM. 
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TABLE 16. Dlstrlbutlon of methylene blue-dependent hydro-

genase actlvlty in cell-free e>:tracts 0+ 
for 5accharophlla derepressed 

hydrogenase under N-Ilmited chemollthotrophlc 

c:ondltlonsa 

Fraction b Speci fI c: Total proteln Total ï. 

ac:tlvity c (mg) actl VI ty d 

Aerobic handllng 

Cr=E 326 + 18 0.84 274 100 

SF 10 + 2 0.53 5.3 1.9 

MF 961 + 28 0.26 250 91. 2 

Anaerobic handling 

CFE 453 + 32 4.59 207Q 100 

SF 73 + 5 3.06 ,..,,..., ..... 10.7 ..c.....:.. _, 

MF 1298 + 59 1.15 1493 71. 8 

-Derepression was carried out for 12 h LInder N-llmlted 
c:hemollthotrophlc condItIons <:::0 hPa H:2, 5 ~(F'a CO 2 , 5 ~(Pa 

O:a, balance N2 ) wlth 10 I.IM N1Cl 2 added to the medl Llm. 

bCFE, cell-free extrac:t; SF, soluble fractlon; and MF, 
membrane frac:tlon. 

cnmol Hz (mg proteln)-1mln-1 • 
repllc:ates ~ SEM. 

Data are averages of 
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( lnhlbJt hydroQenase actlvlty, and ln the presence 0+ H2' 

svntheslS of the en=yme LS greatly induced. Thus. the 

lnduclble hvdrogenase system of Pseudnmona5 5accharophlla 

resembles that of Xanthobacter aut~trophlcuS (Berndt and 

W61fle lQ78) , AquaSplYlllum aut~trophlcum (Aragno and 

Schlegel 1978), 13radyrhJznblWII JapelT/JCUm ,Maler et al. 

1979; Van Berkum 1987), Rhe.1dobacteF capsul atu_~ (Col beau and 

Vignals 1983), Alcallgenes hydrogennphllus (Friedr1ch et 

al. 1984), RhlZnbJum ORS 571 (de Vr1es et al. 1984) , 

Alcallgenes latus (Doyle and Arp 1987), and A=ot~bacter 

IIlnelandlJ (Prosser et al. 1988) but differs from that of 

AZV5plFlllum brasllen3e (Tibellus and Knowles lQ83) , and 

most strall"\s of ParaCelCCUS deTlltFlt"lcans and 

Schlegel 1980). In R. capsulatus <Colbeau and Vignais 1983) 

the H2 evolved during N2 fixation IS probably responsible 

for the stlmulated hydrogenase e:-:preSSlCJn ln N:2-flH1ng 

cul ture. In both R. capsulatus (Colbeau and Vignals 1Q83) 

and P. sacchayophila, express1cn of hydrogenase ln both 

+ autotrophlc and heterotroph1c NH4 -grown cultures provlded 

wlth exogenous H2 suggests that hydrogenase lS lndependent 

of nltroqenase expressIon. 

Hydrogenase actlvity of P. sacchaFophlla was not 

sensitive to 02 ~nd ln thlS respect resembles the H2 uptake 

system of A. autotrnphlcum, Alcaligenes eutrophus, and 

Azosplril1u~ amazonense CAragno and Schlegel 1978~ Fu and 

( Knowles 1q86= WIlde & Schlegel, 1982) but differs from that 

of other dlazotrophlc bacteria such as A. bra5i 7 ense and 
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.:\nc1 j t.s bac:te>roids (Maier et al. 1/~79~ RLIi:;:--f-)rql\f..·~,o et al. 

formatIon b'l 

~...,her eas 

kP~ U2 (Aragno and Schleg~l 1978). 

by'1l t hE'S1~, 

1 1 1:­

" ..... ' 

Under carbon-llmlted condItIons hyd~ogennsp activlty 

el al. WRl~~r and Yates 1978). 

cbBerved when res\c1ual suer ose l'las 101-'1 or rn]. ln the.> 

i rltl1 tn tE'tl. 

repressed hydroqœnase sy'nt.hesls where~s thos!? WhlCh were 

JittJ~ or nct at alJ utilized shwwed ne~11qlb18 repr~~slv~ 

.?f·f(~ct. 8im1],;\r behavior 15 see::n ln RII}ZllbJum JapIl7,j,:um 

<1'1 .. '\3 m- et al. 19/9) and A. latu3 (Doyle ë:\nd l'Irp 1(i8;). 

l ~'/tl> , 

(De VrIES pt al. 198'1) iU Ici 

1~ • .7aporti,-:um strain JH <Graham et al. 1984), SC.111E? utlllZëlblc-

-
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( c.:irbon ~ubstratŒ~ do nct repress en;:yme f ormat.l Cln" 

Recentlv. V~n Berkum (1987) and VAn Ber~um and Maler \1~88) 

found no represslon of hydroqenase e)(preSSlon by carbon 

sllbstrate ln BradyrhlZr'lblUm ';apfmzcum. They sLlggested that 

the factors responslble for decreased hydroqenase 

actlv'lty. In the studv of Rhlznblum JaponlCum mut~nts, 

Merberq et al. (198~) found that a common Element is 

lnvolved ln the regulation of hydrogenase by oXigen dnd by 

carbon substrates. In the present study, lt seems that 

sucrase represslon 0+ hydrogenase format1on lS lndependent 

of represslon by O~. Catabollte represslon lnvolv1ng CyC11C 

( 
AMP and poss1bly other effector molecules lS lmpllcated ln 

mal ate-medi ated represslon of H2 uptake in R. .1 apon l cum 

CLlm and Shanmuqam 1979; McGetrlc~ et al. 1985) • The 

dlscrepanCles amonq these reports may lndlcate onli the 

presence of dlfferent mechanlsms by WhlCh carbon substrates 

regulate H.-.-o}( 1 dat i on. .... Nevertheless, 02 and carbon 

substrates may be essential co-regulators especlally ln 02-

sens1tJVe hydrogenase systems. 

The decllne ln actlvlty ln the presence 0+ sucrose 

plus chloramphenlcol was prevented by addItIon of 1 ml"! 

sodium a:ld~, a ~nown lnhlbitor of ATP production, but not 

by PMSF, a proteolysls lnhibltor. Schlesler and FrIedrIch 

<1981 ) reported lnactlvatlon of soluble hydrogenase ln 

( Alcallgenes eutrophU3 strain H16 when intact cells were 

exposed to a H~/02/C02 atmosphere, and this lnactlvatlon 
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~as lncreased ln the presence of chloramphenlcol; cells 

exposed to H2/U2 with 1 mM sodIum a:ide retalned only dbout 

10% of the actlvitv of cells e~posed to elther aIr or 

but 27% of the actlvity was retalned ln the presence of 5 

mM sodlum azide. However, addltlon of 2 mM ATP to cell 

extracts did not enhance Inactivation of hydrogenase and lt 

was concluded that lnactlvatlon was dLie to superc)):lde 

radlcal anions produced by hydrogenase ltself durlng 

cata1YSls. The present resulcs seem to suggest that 

inactivatIon 1s ATP-supported and, as ln Al callgeT,e~" 

eutrophus, lS not due to simple proteolysls. 

Hydrogenase actl VI ty of P_"eUd()1I(1Tla:..~ sacchal"ophll a was 

Azospirillum amazonense, Azospirlilum llpoferum, Der~la 

gummosa, Xanthobacter autotrophicu3 (Intact cells and 

partlally purlfled hydrogenase) , 

)apOnlCum (bacterolds) are not very sensltlve to 

(Berndt and Wolfle 1978, Ruiz-Arg~eso et al. 

Shankar et al. 1986; Fu and ~nowles 1988). On the other 

hand, hydrogenase activity of Azot(lbacter 

(SmIth et al. 11.776; Walker and Yates F,l78) and AZ(I_"plrlllum 

braSllense (Chan et al. 1980= Tibellus and Knowles lq84) 

were hydrogenases from 

Azotobacter vlrlelarldll, Rhlzoblum japonlcum, and 

A. eutrophus H16 were inhiblted reverslbly by C2H2 (Hyman 

and Arp 1987). H2 and CO were shown to protec~ these 

hydrogenases agalnst C2H2 inhlbltion (Hyman and Arp 1987). 
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( Llkewise, Van der Werf and Yates (1978) showed that 

inhibltion of parti all y purI f 1 ed hydrogenase from 

Azotobacter chyoocvccum could be reversed by flush1ng with 

H:. It i5 ql.\1te posslble that the lnsensitlvlty of the 1 

\ 
hydrogenase actlvitles to C:2H2 observed ln PseudoThortas 

saccharophlla, Azosplrlilum amazortense, Der~la gummosa, 

Xant~vbacter autotrvphlcuS, and Bradyrhlzoblum JapOnlCum 

bacteroids lS due to protectlon provlded by H2 which was 

present durlng the assays. 

The presence of exogenous H2 and hydrogenase dld not 

affect the 02 sensltlvity of P. saccharl1phila nltrogenase. 

This suggests that H2-dependent resplration does not keep 

the 02 away from nltrogenase. This 15 ln agreement wlth the 

(~ data for AZOSplYlllum brasllense (Pedrosa et al. l Qa2J, 

Azosplrlilum lipl1ferum, and A. amazt.lneTise (Fu and ~nowles 

1988), but contrasts wlth that for A. chroococcum (Walker 

and Yates 1978) where oXldation of exoqenous afforded 

sorne protectlon for nitrogenase. 

Bone (1960) reported the presence of H2-activatlng 

en~ymes ln the membrane and soluble fractions of 

P. saccharophila. However, Podzuwelt et al. (1983' dld nct 

find any hydrogenase actlvlty ln the soluble fractlon. The 

present data are ln agreement wlth the results of Podzuwelt 

et al. (1983) • The absence of NAD-dependent soluble 

hydroqenase ln P. sacchayvphlla lmplles that the organlsm 

has to generate NADH by reverse electron flow (Gottschalk 

1986) when growlng under chemollthotrophlc condltions. 
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5. NICKEL UTILIZATION av PSEUDOHOHAS SACCHAROPHILA 

5.1. Introduction 

In H2-cJependent c:hemol i t.hotr-ophi c: N,;~-f 1 l:ë\tl on, thret:> 

key re~c:tions are involved: H2 uptake, N2 reduc:tian, and 

fi::ation. For an organn-:.m to 91"'0'-'1 LInder SLlc:h 

conditions, the large ATP demand (16 and 3 AlPs pel'" N2 and 

CU2 fi.::ed, respec:tively ) (Gottsc:halk 1986) of th\? lr'Z\st two 

proc:esses must be satlsfied. The charge 

catalyz~d by Llptahe hydroqenase Llltimately generates A1P by 

o~idatjve phosphorylatlon (Bowlen and SchlegFl 1981) • 

HClwever, H2 ltself is a known competltlve Inhlbltor of 

reduction (Hwang et al. 1973). Therefore, the pOSs~sslon of 

an efficlent uptake hydrogenase system 15 essentlal tOI'" 

H~/N2-d~pendent c:h~molithotrophlC growth. 

Pseud<.lmOTr a.=. autotrp--

P,'ll cu.", AlcallgeTle.=. latus, and Der\la 

heterotrophlc:ally and c:hemolithotrophlc:ally CDarraqulo et 

al. 19E.16. Berndt and Wolfe 1978. F'lnk\l'Jart et al. lq8~5~ f\t:ilVl 

Shan~'ar et al. 1986; seeChapter :~). lhel)rowth ot these 

under E"lther or N2-f 1;: 1 nq 

c:hemcIl i thotrophl c. c:andi tl ans 15 nor-malI y sc: ant ,/. 

Investigators have manipulated the compos] tlun of thp qas 

pha~;e and the ml ner al c:onst i tuents of the med 1 um la 1 nlpl"ove 

et al • 

•• NI-'4 IH';~-c:lependent autotrophl c gl"owth ot 
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i~p~nlcum and Alcaligenes eutrophus (Bartha and Orda! 1965~ 

T ab l lion et al. 1980; ~lucas et al. 198~). Subsequentlv, 

lt was shown to be a component of most hydrogenases, 

urease, carbon monoMlde dehydrogenase, and coenzyme F430 ln 

methyl reductase (Hauslnger 1987~ Andrews et al. 1988) and 

to be lnvolved ln the regulation of hydrogenase syntheslS 

ln Bradyrhlzoblum japonicum and Alcallqenes latus 

et al. 1986; Doyle and Arp 1988). 

(Stults 

Mlcroorganlsms that require nlckel for growth and 

enzyme synthesls take up nlckel from the'envlronment wlth 

or without the utl11zation of energy (chemlcal or 

electrochemlcal) CHausinger 1987; Drake 1988). Most of the 

nickel-uptake systems so far reported are energy-dependent 

and can further be categorized prlncipally accordlng to the 

presence or absence of a magnesium-transport system which 

couples the Llptake of other metals lncludlng nlc~'el (Jasper 

and Sllver 1977; Haus1nger 1987~ Bryson and Drake 1988; 

Drake 1988; Lundle et al. 1988). EnergY-lndependent nlckel­

uptake systems are known only in B. japonlcum, Azotobacter 

chrooc~ccum, and Hethanothrlx concilli (Partrldge and Yates 

1982; Stults et al. 1987; Drake 1988; Baudet et al. 1988). 

ThlS study eMamlnes the eff~cts of nlckel on 

Ps.udomonas saccharophlla under N-llmited chemollthotrophlc 

condltlons, and the organism's nlckel-uptake system. 

5.2. Materials and methods 

5.2.1. Organlsm and growth 

Pseudom<mas saccharophll a ATce 15946 was Llsed (sile 
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Chapter 3). The organlsm was grown aeroblcally tn NH4C1 + 

-1 sucrose + minerai s~lts + vaast extract (100 mg L ) medlum 

(pH 6.8) (see Chapter 3). Washed cells were Inoculated lnto 

culture vessels contalnlng the autotrophlc medlum (basal 

medium) + yeast extract (100 mg L- 1 ) (see Chapter 3 for the 

composition of the medium). The pH of the medium was 6.4 

(see Section 4.3.8) except otherwise stated. The medlum lS 

referred to as nltrogen-llmlted because of the presence of 

yeast eHtract. These medla are ail nlckel-Deflclent and 

when NiC12 is added, the medlum is nlckel-enrlched. The 

nickel contamlnant ln the nlckel-deflcient medlum was not 

detected by atomlC absorption spectroscopy (Dr. F. 

Archibald, personal communlcatlon). Nlckel contamlnatlon 

from the glassware was mlnimlzed by overnlght soaklng ln 2 

N HCI and then finally rinsing wlth delonlzed dlstliled 

water. Thls washing procedure was later modlfled by uSlng 2 

N HN03 followed by 10 mM EDTA (pH 7.0) then flnally rlnslng 

with delonlzed dlstilled water. For monltorlng growth, 125-

mL side-arm flasks containlng 15 mL of medlum were used. 

Flasks were plugged wlth rubber stoppers fitted wlth cut 

plastic syrlnges containlng cotton fllters. The cut 

sy~inges were capped wlth Suba Seals. The headspace 

consisted of H2' COZ, 02' and balance N2. the partl al 

pressures of whlch are indicated in the text. The culture 

vessels were incubated at 300 C on a gyratory shaker at 250 

rpm. 

For nlckel uptake experlments, mid-lag phase cells 
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( were harvested by centrlfugatlon (10000 )( g) at 4°C for 10 

mln, washed tWlce wlth 16.7 mM phosphate buf~er ~Na~HPU4' 

pH 6.4) and then resuspende~ ln the same 

buffer. The optlcal density (OD) at 430 nm was adJusted 

such that the fInal 00 of the assay mIxture would be 

approxlmately 1.0. Depending on the final volume of the 

assay mIxture. 0.5 or 1.0 ml of the cell su~penslon was 

used. The cells were kept on lce untll analysls. 

5.2.2. Hydrogena~e derepressivn 

Elther 14-mL serum bottles each contalnlnq 2 ml of 

medIum and capped wlth but yi stoppers, or 500-ml ~acuum 

flasks each contalnlny 150 mL of medium and pluqged as for 

the 125-mL flasks were used ln the derepresslon of' 

hydrogenase. BOlled cells served as control. The headspace 

was the same as above with partial pressures glven ln the 

text. The incubatIon condltions were the same as above 

except for the 14-mL bottles WhlCh were lncubated on a 

water bath shaker. After incubatIon the bottles were 

evacuated and backfllied thrlce wlth N2' The final 

backfllllng was done to the approprlate partla! pressure 

and then 02 and H3 H were InJected for the 02-dependent 

upta~e assay (see Chapter 3). Culture samples (1.8 mL) from 

the 500-mL flasks were transferred by syrInge lnto 14-mL 

bottles prefilled with N2 and 0.2 mL of 50 mM methylene 

~ blue (MB) for the MB-dependent H~H uptake assay. 

( Hydroqenase-derepressed cells for the nickel uptake 

experlments were prepared ln vacuum-flas~s (SOO-mL) each 
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eontaininq 100 mL of N-lim1ted autotrophlc medlum and 

inoculated wlth heterotroph1cally-grown washed cells. The 

flasks were 1ncubated at 30°C under shaklng (250 rpm) wlth 

a headspace of 20 kPa H2' 5 kPa 02' 5 kPa C02, and balance 

N2. Cells Wh1Ch were not derepressed for hydrugenase were 

prepared slmilarly except that no H2 was added to the 

headspace. After 10 h, the cell s were harvested as .'above 

and then resuspended ln 16.7 mM Na-K phosphate buffer (pH 

6.4) with an optical density of about 1.0. Prlor to n1c~el 

uptake assay, samples were taken for MB-dependent H3 H 

uptake assay. 

5.2.3. 63Ni 2+ incorporation 

Vacuum flasks (500-mL) each contain1ng 100 ml of 

autotrophic medium + yeast extract were inoculated wlth 

heterotrophically-grown washed celle. 

63NiCl2 (specifie activity, 0.2 ~Cl 

FIl ter-steri 1 ized 

-1 nmol ) and non-

radloactlve NiCl2 were added by syrlnge at a flnal 

concentratlon of 1 ~M, to two separate serles of flasks for 

measurement of nickel incorporation and hydrogenase 

activity, respectively. The fla.ka were lncubated as above 

balance N2' Nickel Incorporat1on was determl ned by 

filtering (Millipore HA filter, 0.45 ~m pore slze, 25 mm 

diam.> l-mL samples and then washing thrlce with 16.7 mM 

Na-K phosphate buffer (p.' 6.4). Fi 1 ters were transferred 

lnto vlals contalning 4 mL of Universol scint11lat10n 

fluide 63N1 2+ binding on the f11ter paper was 9ubtracted 
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from the sample counts. 
(;;. J .-:> ,,. 

5.2.4. Intracellular dlstrlbutl<HI (li Ni' 

Cells were grown for 13 h under N-limited chemolltho­

trophic condItIons wlth 63NiC12 (3.16 ~M with speclfic 

activlty of 0.05 ~Ci nmol- 1> (see Section 5.2.3>. C~lls 

were harvested and washed twice with 67 mM phosphate 

<I<'2HP04 + KH2P04) buffer (pH 7.(1) at 10000 x <) for 10 min 

at 4°C. Cells were resuspended in 10 mL of the sams buffer 

and then 100 ~L of 100 mM phenylmethylsulfonyl-fluorlde 

was added. Cells were sonlcated aerobically (Cell Dlsruptor 

Model W-220F, Heat Systems-Ultrasonlcs, Inc., Plalnvlew, 

New York) 20 times wlth 1 min burst and 1 mln coollng ln 

clrculatlng ice water (approxlmately 4°c). The sonlcator 

was equlpped with a cup horn and was operated at a power 

output of about 95 watts. Cells were centrifuged at 10000 x 

9 at 4°C for 10 min. The supernatant was the cell-free 

extract. The cell-free extract was centrlfuged (Bec~man L8-

70M ultracentrlfuge) at 180000 x 9 for 1 h at SoC. The 

5upernatant was the soluble fraction and the pellet was the 

membrane fraction. Aliquots (0.1 mL) from each fractlon 

were taken and transferred into sClntlllation vlals 

containlng 4 mL of Unlversol SCIntIllation fluide The cell-

free preparations were also used for detection of urease 

activity. 
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5.2.5. Hlckel uDtake 

The assay was carrled out in 60-mL serum bottles 

using 16.7 mM Na-~ phosphate buffer <pH 6.4: as te~t buffer 

wlth a total volume of 5 or 10 mL. The cells (143 ta 165 uq 

protein -1 
mL ) ln buffer were prelncubated aeroblcally tor 

10 min at JOoc ln a water bath shaker <300 rpm). 

diluted wlth non-radloactlve N1Cl2 to speclflc actlvlty of 

0.05 UCI nmol- 1 was added to a fInal concentr~tlon of 5 uM 

unless otherwlse lndlcated. The 5 uM concentratIon WaS 

enough to obtain slgniflcant radIoactIve counts and at the 

same time mlnlmlze the use of the expansive radlolabel. The 

cells were lncubated as above, and then allquots <O.~ mL) 

were wlthdrawn from the assay vessel after 1 mIn and 

filtered rapldly through a Mlillpore HA fllter <0.45 um 

pore slze, 25 mm diam.). The filters were lmmedlately 

rinsed thrlce (3 mL per rlnse) Wl th the test bLlffer. 

Further rinslnq and adding non-radIoactIve N1Cl2 (800-fold 

excess) to the washlng buffer dld not slgnlflcantly reduced 

the 1 ncorporated radioactivlty. The f llters were 

transferred to scintIllatIon VIals each contalnlng 4 mL of 

Unlversol SCIntIllatIon fluld. 

5. 2. 6. An a lys e ~ 

Hydrogenase activity was measured uSlng the HJH 

uptake method with 02 <2 kPa) or MB <5 mM) as electron 

acceptors for 20 mIn (see Chapters 3 and 4). Nltroqenase 
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analyzed by gas chromatography as described by Chan et al. 

(1980) ar,d TlbellLls and ~.nowles (1983). 6":'Ni was anely:::ed 

uSlng the 14C channel of an LS 7500 Beckman 11qUld 

scintlilatlon counter. Urease actlv1ty was determlned by 

measurlng colorlmetrlcally the ammonia release (Weatherburn 

1967). Ce11 fractIons (0.2 mL) were incubated with 40 wL of 

urea solutIon containing 6.0 ug N for 15 mIn at J70C prior 

to add1tlon of reagents. Cell fract10ns without urea 

additlon served as control. Protein was analyzed by the 

modified Lowry method (Markwell et al. 1978) uS1ng bovine 

serum album1n as standard. 

5.2.7. Chemlcals 

Reagent-grade chemlcals and deionized distliled water 

were used throughout the study. 63NiCl2 (with speclfic 

activity -1 of 0.85 uCi nmol ) was purchased from Amersham 

Canada Ltd. SodIum aZlde, N,N'-dlcyclohexylcarbodllffilde 

(DeCO), carbonyl cyanlde chlorophenyl hydrazone (CCep) were 

from S1gma~ 2, 4-dlnltrophenol from Matheson Coleman and 

Bell= and sodium cyan1de from J. T. Baker Chemlcal Co. The 

scintlilatlon fluld was Universol from ICN B10med1cals Inc. 

5.::. Rttsults 

5.J.l. Effect of nickel on growth, ~ltrogenase activlty an~ 

expressi~n of hydrogenase actlvity 

Growth and expression of hydrogenase actlvlty of 

P5eudo~onas saccharophlla was significantly stimulated by 

addltlon of n1ckel ta the nickel-deficlent medIum (Table 

17). Nitrogenase actlvlty was stlmulated tao. 
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TABLE 17. Effect of nlcke! on qrowth, nitrogenase ~ctlvity, 

and expreSSlon of hydrogenase actlYlty by 

Pseudomonas sacchar~phlla under N-llmlted chemo­

lithotrophlc condltlonsa 

Culture Growth b Hydrogenase Nl trogenase 

(OD430) actlYlty c acbvlty d 

Nickel-deficlent 

Nickel-enriched 

(10 I.1M NiC12' 

0.149 17.8 + 1.6 (I.4q + 0.(19 

0.262 49.5 + 1 • :3 3.77 + 0.58 

-A 48-h culture (N2 -flxing mid-log phase) 
batch cultlvatlon system wa5 used. The 
kPa O2 , 5 kPa CO2 , 20 kPa H2' balance 
averages of 4 repllcat~s ± SEM. 

grown ln a closed 
headspace was 2 
N2 • Data are 

blnitlal OD was 0.035. Flfty microliters of cell suspen­
sion (nlckel-deflclent) contalnlng 1.67 mg proteln mL-l was 
inaculated lnto 15 mL of medlum contalned ln 125-mL Slde­
arm fi asks. 

cumal H2 (mg proteln)-lh- 1 ; 

electron acceptor. 
methylene blwe was the 
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5.3.2. Effect of chelators on hydrogenase expres~lon 

Two chelators, ethvlenedlamlnetetraacetlc acid (EDf A) 

and nitrllotrlacetlc aCld (NTA) , were tested for thelr 

effect on derepressi 01": of hydrogenase in the ni c kel-

deficlent medIum. Expression of hydrogenase actlvlty 

decllned rapidly in response to chelator concentratlon 

(Fig. 17). With 50 wM chelator, the inhib,tlon was 99% and 

99% for EDTA and NTA, respectively. 

5.3.3. Effect of nickel concentration on expresslon of 

hydrogenase actlvity 

Inhlbltlon of hydrogenase expressIon by EDTA (50 ~M) 

in the nlc~el-deficlent medIum was relleved by the addltion 

of nlC:kel ln a wlde range of concentratlons ( 1 to 50 l.IM) 

(Fig. 18) • Inh1bltion was also relieved at 100 and 20() IolM 

NiCl2 but hydrogenase actlvity was only 50 and 13.5'ï., 

respectively, of the max lmL,m act.ivity seen at 50 \aIM. 

5.3.4. Effect of other .etals on expresslon of hydrogenase 

actlvity 

CoCI2' the 

e~presslon of hydrogenase activity but to a much lesser 

degree than nickel (Table 18). At 25 uM, CoC12 and InS04 

showed 40 and 28%, respectively, of the activlty exhlblted 

by nlc~el at the same concentratlon, but lt should be noted 

that the CoC12 used contalned 0.1% nickel as contamlnant. 

Additlon of FeS04, MgS04, NaSe03. or NaSe04 did nct affect 

hydrogenase expressIon. Actlvltles ln med1a W1th nlcv.el in 

combination lndividually with MgS04. FeS04. NaSe03, and 
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Fig. 17. Effect 0; EDTA (C» and NTA (~ on expression of 

hydrogenase activity by Pseudo.onas saccharophlla under N­

limited chemolithotrophic nickel-deficient conditions. 

Fourtee~-mL bottles each containing 2 ml of medIum were 

inoculated with 30 uL of cell suspension (l.JO mg pretein 
-1 

mL ). Derepression was carried out for 20 h under an 

atmosphere of 0.7 kPa 02' 3 kPa C02' 10 kPa H2' and balance 

N2. The medium had a pH of 6.8. 02 was the electron 

accepter 

was 14.6 

+ 0.5 

in the assay. The 100% activity at zero chelator 
-1 -1 

~ 0.8 Ym~ H2 (mg protein) h for EDTA and 12.0 

for NTA. Data are averages of 3 repllcates. Bars 

indicate + SEM. 
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Fig. 18. Effect of nickel concentration on expresslon of 

hydrogenase activity by Pseudo.onas gaccharophlIa under N­

limited chemolithotrophic conditions. Fourteen-mL bottles 

aach containing 2 mL of medium were inoculated with 30 uL 

of cell suspension (2.08 mg protein mL-1 ). Derepression was 

carried out for 20 h in a medium (pH 6.8) containing 50 uM 

EDlA under the 5a~a atmosphere as that in Fig. 17. 02 was 

the electron accep~or in the assay. Data are averages of 3 

replicates. ~ars indicate ± SEM. 
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TABLE 18. Effect of addit10n of several metal5 on eMpres­

S10n of hydrogenase actlvlty bv Pseudomonas 

:saccharophlla Linder N-llmited c:hemollthotrophlC: 

c:ondit10ns w1th 50 wM EDTA ln the ~edlLlma 

Metal added 

NiC12 

CoCl2 

ZnS04 

MnC12 

CuS04 

FeS04 

MgS04 

NaSe03 

NaSe04 

NiCl2 (25 wM) + MgS04 
b 

" + FeS04 

" + NaSe03 

" + NaSe04 

Relatlve ac:tlvltles with 

metal addltlons at: 

0.1 \.lM 2.5 '"lM 25 '"lM 

87.3 1(10.0 

2.9 40.4 
7 "") ." 27.6 

1.3 6 ... , 
.,4, 

LB 4.5 

0.0 0.5 

(1 O.(:! 

0.07 0 (1 

(1.06 0 0.1 

113.0 104. () 

70.5 119.0 

105.0 99.0 1.1 

92.0 104.0 62.0 

-Trace elements were not added ta the medlL1m (pH 6.8). The 
inoculum (30 ~L) had an average proteln conc:entratlon of 
1.90 mq mL-ta DerepresSlon was carrled out for 20 h under 
0.70 to 0.80 kPa O2 , 3 ~Pa CO2 • 10 kPa H2 • and balance N2 

in 14-mL serLim bottles each contaln1nq a f1nal volume of 2 
mL. O2 was the elec:tron ac:c:eptor ln the as~ay. Act1vltles 
obtalned wlthout metal addltlon ln 5 separate 
determlnatlons ranged from 0.08 ta 1.8% of that 0+ N1Cl 2 

at 25 ~M. The 100% actlvlty at 25 uM N1C1 2 corresponds to 
14.0 ~ 2.~ (SEM) \olmol H2 (mg proteln,-Lh- t (from 5 
separate experlments). Data are averages of 3 repllcates. 

bMgSO~ at 500 and 1000 \.lM showed 93.2 and 12~~ ac:t1vlty, 
respec:tlvely. 
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NaSe04 were essentially the same as that wlth nlckel alone 

except in the case of 25 ~M NaSe03 wh~ch appeared to be 

toxic as shown by decreased growth (data not shawn). 

5.3.5. Role o~ nlckel ln hydrogenase syntheslS 

Cells derepressed wlth 25 ~M nickel added at zero 

time expressed hlgh levels of hydrogenase actlvlty (FIg. 

19). Wlthout nIckel addItion, there was no expresslon of 

hydrogenase actlvlty untll 24 h when there was detectable 

but very low actlvlty. Addltion of 25 ~M nickel at 10 h 

resulted 

addition 

ln hlgh levels of hydrogenase actlvlty. However, 

-1 
of 25 ~M nlckel plus 100 uq mL chloramphenlcol 

at 10 h resulted only ln barely detectable hydrogenase 

a:tlvity compared to that wlth nickel alone. 

5.3.6. Ei~ect oi nlckel on the sensitlvlt1 o~ hydrogenase 

syntheslS t~ 02 

Increaslng the concentration of nickel ln the medIum 

alleviated the sensltlv4ty of hydrogenase synthesls te 02' 

25 ~M there was about JO% decrease ln 

expressIon of hydrogenase actlvlty in contrast te that wlth 

2.5 uM N1 2+ WhlCh showed about a 100% decrease under 10 and 

2U kPa 02. 

5.3.7. 63 H1 lncorporatl~n durlng hydrvgenase oerepresslon 

Cells lncubated under hydrogenase-derepression condi-

tlons lncorporated 6~ ~+ 

~Nl~ ln a progressive manner (Fig. 

20). For cells placed under non-derepresslon condItIons, 

there was an lnltlal uptake at 2 h of lncubatlon and 

thereafter a qradua1 decline of radloactlvlty was ob~erved. 
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Fig. 19. Effect of riickel (25 uM) and chloramphenlcol (100 

'-lg mL -1) on expression of hydrogenase activity by 

Pseudo.onas saccharophila. The treatments were as follows: 
2+ 0 2+ A 2+ plus Ni at 0 h ( ), plus Ni at 10 h (~), mlnus Nl 

(. >, and plus Ni 2+ pl us Cm at 10 h (Â>. Fi ve-hundred mL 

flasks each containing 150 mL medium pl\,s EDTA (5u uM) were 

inoculated with 0.3 mL of cell suspenslon (2.04 mg protein 

mL- 1 >. The atmosphere during derepression was 20 kPa H2' 5 

kPa C02, 2 kPa 02' balance N20 Methylene 

electron acceptor ln the assay. Data are 

replicates. Bars indicate ~ SEM. 

blLle was 

t9verages of 

the 
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Fig. 20. Nic~(el acc:umulation <o,e) and hydrogenase 

exprl!!S9i on <.6.,Â) in Pseudc...,.()nas ~~accharophj 1 a. Closed and 

open symbols represent incubation with and without 

exogenous H2 in the headspac:e, respec:tively. Data are 

averages of 3 replicates. Bars indicate ~ SEM. 
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5.3.8. ~lnetlcs of nIckel uptake 

Nlckel uptake by restinq cells from + NH4 -grown 

heterotrophic culture of Pseu.j(I7/)OnaS saCChar(lpt~lla L\Slng 5 

~M 63NiCl2 was relatlvely llnear to at least 4 mln 

21). It followed M1chaells-Menten saturatIon klnetlcs over 

the concentration range from 5 to 220 ~M 6JNICl2 (FIg. 2~). 

The apparent ~m was determlned by llnear regresslon 

analYSIS to be 31.7 ~M~ the maxImum speclflc rate of 

uptake, V ma.'." was 3.8 nmol -1 -1 (mg proteln) mln 

5.3.9. NIckel uptake by hydrogenase-derepre~3ed cell; 

Cells wlth preformed hydrogenase had essentlally the 

sa me nlckel uptake rates as cells wlthout hydrogenase 

(Table 19). The presence of exogenous H2 dld not affect the 

nickel uptake rate of cells wlth preformed hydrogenase. 

5.3.10. fffect of ~nergy source addItIon on nIckel uptake 

Addltion of sucrose and placing the cells under 

hydrogenase-derepreSSlon condltlons had no slgnlflcant 

effect on nIckel uptake rates (Table 20). 

5.3.11. fffect of ~etabollc Inhlblt~r and EDTA (IT, n 1 ckel 

uptake 

Of the Inhlbltors tested. only NaCN had a slgnlflcant 

effect on nIckel uptake (Table 21). The lnhlbltory effect 

of NaCN is probably due to lncreased pH upon ltS addltlon 

or probably due to formatlon of a cyano-nlckel complex as 

was suqgested by other lnvestlgators (Partrldge and Yates 

1982~ Lohmeyer and FriedrIch 1987). EDTA completely 

inhibited uptake, most llkely by chelatlnq nIckel. 
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Fig. 21. Time course of nickel uptake by P$eudomonas 

saccharoph~la. The concentration of 63NiC12 u~ed was 5 uM. 

Data are averages of 3 replicates. Bars indicate ~ SEM. 
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fABLE lQ. Nic~el upta~e by Pseudomonas saccharophlla cells 

derepressed and not derepressed for hydrogenase 

chemolithotrophlcallya 

Type of cells 

Without hydrogenase 

b With hydrogenase 

1 N,2+ t )-1 -1 nmo l (mg pro eln mln 

1.4 + 0.12 1.::: + 0.06 

1.1 + (1.09 1.3 + 0.08 

·Cells were incubated under N-llmited chemollthotrophic 
conditions wlth H2 (for hydrogenase-derepressed ce11s) and 
without H2 (for cells nct derepressed) ln the headspace. 
Nickel uptake assay was carried out with H2 <10 kPa in 
air) and wlthout H2 ln the headspace. Data are averages of 
4 repllcates ~ SEM. 

bHydrogenase activlty of the cells was 10.9 + 0.12 ~mol Hz 
(mg protein)-1h-1 • 
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TABLE 20. Effect of addltlon of energy source on nic~el 

a uptake by Pseudomonas saccharophlla 

Energy 

source 

None 

Sucrase (3 mM) 
H..,b 

"" 

2+ nmol Ni 
-1 -1 (mg proteln) mln 

0.66 + 0.04 

0.66 + 0.02 

0.70 + (1.05 

ï. Uptay,e 

rate 

100 

100 

106 

·Cond,tions were established 10 min prior to addltlon 0+ 
63NiC1 2 • Data are averages of 4 replicates + SEM • 
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TABLE ~!t. Effect of metabollc inhlbltors and EDTA on nld.el 
a uptake by Pseudomo~as saccharophlla 

Concentratlon ~+ nmol Ni ï. Uptake 
-1 -1 (mg proteln) min rate 

None Cl. 59 + ü.o4 100 

2,4-DNP 1 ml"! 0.54 + 0.0: q2 

DCCD 50 '-lM 0.68 + 0.02 115 

CC CP 50 \.lM 0.63 + (1.02 1 (.17 

NaCN 10 mM 0 tl 

NaN3 1 CI mM 0.72 + (:.02 122 

EDTA l(u) \.lM (1 (l 

·Cells plus inhibitor were lncubftted for 10 mIn prlor to 
addltlon of .3NlC1 2 • Data are ë\verages of 4 repllcates + 
SEM. 

b2,4-DNP, dlnltrophenol; DeCO, N, 
lmlde; CCCP, carbonyl cyanlde 
NaCN, sodium cyanide; NaN3 , 

ethylenedlamlne-tetraacetlc aCld. 

N'-dlcyclohexylcarbodl­
m-chlorophenylhydrazone= 

sodIum azide= EDTA, 
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~+ 
Among the mon~valent and dlvalent Ions tested, Co 4 

• 

Z 2+ 
n • 

'''i+ 2+ 
Mq- • and Mn lnhlblted upta~e o~ nlc~el by 5t to 

30% when present at a concentratIon lOU-fold hlqher than 

the I?}(hl b 1 ted aboLIt 

90% inhlbltlon of uptake of radloactlve nlc~el. ln the 

presence of 
,..,+ 

Fe- the upta~e rate of nl ckei was 

substantially increased most 11kely because of ni~~el 

adsorptIon to the preclpltate of Fe(OH)3 formed. 

t::-3
Nl 

~-I" 5.3.13. Exchangeablilty vi 

Ce!ls exposad te non-rad1oactlve nlchel ~1fter 

exposure ta 6~N12+ showed remova~ of rad\Oactlve N1 2+ that 

was 58% of that shawn by celis not exposed to non-

radioactIve nIckel (Table 23). The exchange reactlcn se~med 

to be energy-dependent to a certaIn degree Slnce 2.4-

dlnitrophenol decreased the exchange to 39%. 

C· 3 2+ 5.3.14. Irdracellular dlSt""lbutlon 1)1" Hl 

6::: 2+ 4bout 67% and 27% of the NI lncorporated by cells 

grown under nltroqen-llmlted chemollthotrophlc condItions 

wlth 6JNlC12 Wé:\S found in the soluble and membrane 

fractIons. respectlvely <Table 24). 

5.3.15. Intracel1ular dlstrlbutlvn vi urpase actlvlty 

Urease actlvlty was detected ~ostly ln t~e soluble 

fractIon but some was found ln the me~Dranes probably due 

to sorne contamInatIon of the soluble fractIon (fable 25). 

There was no urease actlvlty detected ln celis grüwn 

+ heterotrophlcally under aerobic conditions wlth NH4 • 
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TABLE 22. Effect of other cations on nickel uptake by 
a Pseudomona3 saccharophlla 

Cation b ï. Uptake rate 

Nene (control) 

58NiC12 

MgC1 2 

ZnCl2 

CeCl2 

CuC12 

MnC12 

NH4Cl 

FeC12 

CaCl2 

L1Cl 

100 

11 

61 

58 

49 

82 

7(1 

108 

257 

115 

127 

·Cella and lndividual cations (final cene., 500 
ineubated for 10 mln at 30-C prior to addition of 
Data are averages of 3 replieates. 

IooIM) were 
··'3Ni Cl:z. 

bNickel uptake rate of control was 0.74 + 0.09 nmol Ni 2 + 

(mg protein)-1min- 1 • 
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TABLE :'::3. 
63 .2+ 

Exc:hangeabll i ty of Nl taken Llp bv Pseud<,I7/lcll'léU' 

sa,:charophll a a 

'Ireatment nmol Nl 2+ 
'l. E>tc:hange 

~mg pro'teln) -1 

1 ml~ with 63NiCIZ 0.84 + 0.07 

l mln wlth 63 
N1CIZ 0.35 + 0.(12 58. ::' 

then 15 mln with 
58 

N1C12 

1 mln wlth 63NiC12 0.51 + (1.03 .39. :: 

then 15 min wlth 

2,4-DNP then 15 min 

wlth 58NiC12 

AT he c:onc:entratlon of non-radloactlve nlckel (eeNiCi 2 1 was 
500 ~M and that of 2,4-DNP Cdlnltrophenol) was 1 mM. Data 
are averages of 4 repllcates ~ SEM. 
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63 2+. 
IABLE 24. Dlstrlbution of lncorporated Nl ln cell-tree 

Frac:tlon 

Cell-free 

eHtract 

Soluble 

Membrane 

extract of Pseudomonas saccharophila prevlously 

qrown Linder 

nmol Ni 2 + 
-1 

(mg protei n) 

(1. 1 7 + O. ()()3 

0.18 + O. (u)3 

0.12 + (1 

N-limitet. 

Total 

protein 

(mg) 

27.0 

16.6 

10.2 

chemolithotrophic 

'-'+ 
Total Ni':' ï. Ni 2 + 

(nmol) 

4.5 + O.oq 100 

3.0 + 0.05 67 

1.2 + (1 27 

·Cells were incubated under N-limlted 
c:ondltlons for 1~ h with 3.16 uM .3N1C1 2 a 

of 3 repllcates + SEM. 

c:hemollthotrophlc 
Data are averaqes 
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TABLE 25. Distribution of urease actlvlty ln cell-free 

eHtract of Pseudl.)mOTlaS ;:;:accharophl la prevl ous1 y 

Fraction 

Cell-free 

extract 

Soluble 

Membrane 

gr own L\nder 

condltionsa 

+ 
I.Ig NH4 -N 
released 

-1 (mg protein) 

14.6 + 0.2 

20.0 + 1. 0 

5.5 + 0.6 

N-limited 

Total 

protein 

(mg) 

27.0 

16.6 

10.2 

chemollthotrophlC 

Total 'l. 
+ NH4 -N Acti VI ty 

(,",g) 

394 1(1(1 

332 94 

56 14 

-The fractIons used were those prepared ln the .3N12+ 

distrlbution experiment shown in Table 24. Actlvitles were 
based on 15 min incubation periode Data are averages 0+ 5 
replicates ± SEM • 
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~:'. 4. Di scussi on 

The results clearly show that ln the presenc:e of 

added nlc:~el under N-llmited c:hemollthotrophlc conditlons, 

growth of Pseudomonas saccharophlla and expression of 

hydrogenase ac:tlvltles were slgntflc:antly stJffiulated. 

Nitrogenase ac:tlvlty was also enhanc:ed ln the nic~el-

enrtched c:ulture. StimulatIon of c:hemollthotrophlC: qrowth 

and hydroqenase expreSSlon by nlc:kel have been reported ln 

Col beau 

and Vlgnals 1q83; ~luc:as et al. 1983= Pedrosa and Yates 

1983) but there was no mentIon of the effec:t of nickel on 

nltrogenase ac:tlvlty. Bertrand (1974) and Be·rtrand ",nd 

DeWolff (1971) reported the stimulatory effect of ntc:kel on 

sOli nitrogenase dctlVlty and on yleld of soybean plants, 

respec:J:i vel y. 81 ater and Capone (Duxbury 1985) reported the 

stlmulatl~n of nltrogenase ac:tlvity of lake sedIments by 

addition of nickel. In pure cultures, addltlon of nlc~el to 

the heterotrophlc semlsolld cultures of AZOSplYlllum 

bYa~llense Sp7 did not have any effect on dlazotrophlc 

qrowth (Pedrosa and Yates 1983). Ln Anabaena lnaequalls, 

photosynthesls and acetylene reduc:tlon were completely 

lnhlblted by 170 and 340 ~M NI 2
+, respectlvely (8tratton 

and Corke 1q79) , both relatlvely hlgh concentratIons. rhe 

eH ponent 1 al growth rate of nltrogen-flxlng AnabaeTla 

~yllndYJca was found to be unaffected by omISSIon of nlc~el 

from the growth medIum (Daday et al. 1985). However, nIckel 

was recentlv shown to facliltate the tranSItIon of Anabaena 
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cyllndrlca from a metabollc state ln WhlCh nltrogenase 

ac:tlvlty lS repressed to one of ac:tive nltroqen flll.:\tlon 

(Daday et al. 1988) • The occurrence of qrowth and 

hydrogenase actlvlty 0+ Pseudomo~as saccharvphlla ln the 

nlc:kel-deflC:lent medIum suqgests that there 15 n1ckel 

c:ontam1nant ln the medIum. Dlfco yeast extrac:t dt 0.1% was 

reported to c:ontaln O.~ ~M NiC12 (Hammel et al. 1984). The 

above observatIons suggest that hydrogenase formatlon as 

weil as c:hemollthotrophlC: growth ln the nlc:kel-de+\C:lent 

medium lS IlmIted by the supply of nickel. 

Addition of EDTA or NTA lnhiblted hvdrogenacse 

expreS~lon most llkely due to the unavallablilty ot metals 

suc:h as nlckel. EDTA was reported to e+fec:tlveJy lnhlblt 

hydrogenase expreSSlon ln Bradyrhlzc1blum }ap(l~lCUm (St.ult.s 

et al. 1984), Alcallgenes eutrophus H16 (Fr1edrlch pt al. 

1981), Xa~thobacter autotrophlcu3 Y38 (Na~amura et al. 

19851, Azotobacter chrvococcum (PartrldQe and ~ates lQ82). 

4Zc.l:..~plrlllum brasllerl3e Sp7, AZc.lSplrlllum Ilpo1'erum ,.21)8b. 

and Derxla Qumm(lsa DA (Pedrosa and Yates lq8~). rhe 

of hydroqenase expressIon by EDTA ln P. 

saccharnphlla was overcome by the addItlon ot Increaslnq 

concentratlons of nlckel, and other metals were not as 

e-ffec:tlve. Thls speC:lflclty of n1c~el to st 1 mL\! ate 

hydroqenase synthesls was also reported ln the above 

and Wall 1981). The stImulatlon 0+ hydrogenase expreSSlon 
r-.+~... '-, 

by nlckel was not affec:ted by Mg~ , Se034-, or Se044-. Th.s 
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( may indlcate that (a) nIckel uptake by Ps eudo11l1.>r, as 

saccharophlla occurs by some mechanism ~Hauslnger 1987) 

other than tha".: coupled to the 2+ Mg -transport system 

(Jasper and Silver 1977~ Takakuwa 1987= Bryson and Drake 

1988) and (b) the hydrogenase of P. saccharophlla is not a 

enzyme in contrast ta that of 

Bradyrhlzvblum Japonlcum (BourSIer et al. 1988). 

fhe very low and very hlgh expressIon of hydroqenase 

activity in cultures wlth chloramphenlcol plus nIckel and 

wlth nickel alone, respectlvely, sugqests that nIckel 15 

requlred for the synthes1S of hydrogenase 

saccharc1phlla. A simllar role of nlckel was reported ln 

( 
Alcallgenes l atus (Doyl e and Arp 1988), Alcallgenes 

eutrophus (Friedrich et al. 1981), and B. japonlcum (Stults 

et al. 1986). In B. }apVTllCUm, It was suggested that nlckel 

regulates hydroqenase synthesls at the transcrlptlonal 

level (Stults et al. 1986) but Doyle and Arp ~ 1988) who 

worked on A. latus proposed that hydrogenase apoproteln 

could be made ln the absence of nlckel, but wlth ~o nIckel 

present to stablllze the tertlary structure of the en~yme, 

the apoproteln would be rapldly degraded. fhe above 

findlngs are ln contrast to that of NethyloSJTlus 

trlchvsporlum OBJb (Chen and Yoch 1987) and Hocardla opaca 

lb (Schneider et al. 1984) ln Whlch nlc~(el IS required only 

for actlvlty. 

{ Hvdrogenase formatlon ln P. sacchar()phll a lS 

partial1y repressed bv high levels of 02 (Barraqulo and 
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Knowles 1988) as ln other H2-0Mldlzlng bdcterta (Bowlen and 

Schl ege! 1981). Nakamura et al. (1985> observed oltvgen-

reslstant autotrophic growth of Xanthobacter â U t 0 t Y' 1,1 P h J. cu" 

Y38 in the presence of nickel and conc!uded that the 

vigorous hydrogenase synthesls under hlgh oxygen tenslon 

was the maln factor ln the oxygen reslstdnce of straln Y~8. 

In the present study, the decrease ln sensltlvlty of 

hydrogenase synthesls to 02 was brought about by add\tlon 

of a hlgher nlckel concentratIon WhlCh resulted ln a 

slgn1f1cant 1ncrease in the level of hydrogenase. 

The lncreased tolerance of hydroqenase formatIon to 

02 upon nlckel additIon may be due partlally to lncreased 

stability of the enzyme bel ng formed aga1 nst 

inactlvatlon. Nlckel wlth magnesium were found to be 

essential not only for the NAD-reduclng actlvltv of soluble 

hydrogenase but also for its stablilty (at 4°C under aIr 

over a range of pH levels between 6 and 8) 

opaca lb (Schnelder et al. 1984J. Hydrogenase actlvlty ot 

Pseudomonas $accharophlla lS not sensltive to 82 ln a 20-

min JH-uptake assay (Barraqulo and ~~owles 1988). 

The lncorporatlon of nlckel dUrl nq hydrogenase 

derepresslon suggests that hydrogenase may act as a 5ln~ 

for nlckel. It 15 apparent that uptake not assoclated wlth 

hydrogenase syntheslS occurs ln cells WhlCh were nct 

derepressed for hydrogenase since nlckel accumu! atlon 

peaked lnltlallyat 2 h lncubatlon. However, the progres-

sive decllne ln nIckel taken up by these cells mlght 
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( ~uoQest that the lon i9 not tlghtly bound to cell 

components and that there 1S no read1ly avallable s1n~ for 

nIckel. Nickel lncorporatlon under hvdrogenase derepresslon 

condltlons was also demonstrated Azotobacter 

Bradyrhlzoblum JapOnlCum, and Alcallqenes 

latus (Partrldge and iates 1982= stults et al. 1987~ Dovle 

and Arp 1988). 

Restlnq cells of heterotrophically-grown Pseudomonas 

saccharophlla were able to take up nlckel for a short 

perlod under condltlons in WhlCh hydrogenase was not 

derepressed. When they were placed under an atmosphere 

conduclve to hydrogenase derepress10n. the rate of short-

term nickel uptake was not affected. Vates and Robson 

(~ ( 1985) and Ta~akuwa (1987) d1d not flnd any dlfference ln 

6-" ~+ + 
the Incorporated ~Ni~ between Hup and Hup stralns of A. 

,;hr!'l()c(lccum and Rhodobacter cap5ul atus. In Al call aeTles 

63 2+ eutrophus H16. the long-term uptake of NI was mRrkedlv 

dlmln1shed when the approprlate autotrophlc condltlons were 

not provlded ~~,altwasser and Frlngs 1980). In Clostrlôlurlt 

pasteur l anum and Acet(lqeTll U711 k l vu l, n1 c:kel Llptake (3 to 30 

mln lncubatlon) was stlmulated by H2 (Bryson and Dra~e 

1988; Yang et al. 198q) most probably due to the 

lnvolvement of hydrogenase. ln the present studv, the 

presence of preformed hydroqenase wlth or wlthout exoqenous 

H:;! dl d not affect tt,e short-term Llptake rata sugqest1 nq 

( 
three poss1ble lnterpretatlons: ~a) the energy Qenerai:ad 

throuQh the hydroqenase-catalyzed react10n 1S not 
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6'1 2+ 
supportlnq ~Ni uptake= 63 2+ (b> N1 1S not lnserted lnto 

the preformed apohydrogenase 1f such apoproteln 1S present, 

and (c) 
6..... "+ 
~Ni6 i5 not exchangeable wlth nonradloactlve 

nickel WhlCh could have been tlqhtly bound to hydrogenase. 

The parameters for nlc~el Llptake 

Pseudomonas saccharophlla suqgest that the uptake system 

h~s a relatlvely low afflnity for and a hlgh rate 0+ 

accumulat10n of nickel. The ~m value of 31.7 ~M nickel 15 

very si mil ar to that of the wlld-type of 

Bradyrhlzoblum japvnlcum wlth 26 ~M (Stults et al. 1997) • 

The present uptake system has a lower af+1nlty for nlc~el 

compared to that of other N2-flx1ng organlsms such as 

Rhodobacter capsulatus wlth 5.5 yM and Anabaena cylJndrlCa 

with 17 nM (Campbell and Smith 1986~ Takakuwa 1987) ~ and 

other such as 

Alcallgenes eutrophus H16 wlth 17 ~M, Nethan(lbac ter 1 um 

bryar, t Il wlth 3.1 ~M, Clostrldlu. thermoacetlcum wlth ... ,"' _'t. L 

~M, and Acetogenlum klVUl wlth 2.3 ~M (Jarell and Sprott 

1982; Lohmeyer and Frledrlch 1987; Lund1e et al. 1988; Yang 

et al. 1989)~ lt has a hlgher afflnlty than that of 

Clostrldlum pasteurlanum wlth 85 yM and Hethanothrl~ conCl-

IiI with 91 yM CBryson and Drake 1988; Baudet et al. 1988). 

The present data may 1ndlcate the eXistence 0+ two 

forms of nlC:kel-uptake system ln P. _:;acchar(lphlla. The 

major nickel-uptake system does not appear to be dependant 

on energy, elther chemlcal or electrochemlcal, Slnce 

sucrose, preformed hydroqenase plus exogenous H2' and 
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metabollc lnhlblters had ne Slqniflcant effect on uptake 

rate. Hence, the uptake system of Pseudomvnas saccharophlla 

resembles that of Bradyrhlzoblum )aponlCum (Stults et al. 

1987), Hethan~thrlW concllll (Baudet et al. 1988), and 

Azotobacter chroococcum CPartrldge and Yates 1982). 

One-hundred fold exce~s of monovalent cations Mad no 

effect on nickel uptake, and dlvalent metals such as 

2+ 2+ 2+ Zn , Mg , and Mn d\d net completely lnhlblt nickel 

uptake. Unlabelled 2+ NI gave the highest of 

6~ -'+ 
~Nl~ uptake. These results suggest that the maJor uptake 

system of P. saccharophlla 15 relatlvely speclfic for 

nickel. 
=8 -'+ 

Among the divalent metais other than ~ Nl~ , 

gave 
,+ 

the hlghest Inhibition of nickel upta~e. Both Co4 and 

Ni 2 + are transperted by the same system that transports 

'"'+ Mg":;' in Er,terobacter CAerobacter) aervgenes, 

megaterlum, Escherlchla COll, Salmonella typhimurzum, and 

BaClllus subtlllS <Webb 1970, Jasper and Sllver 1977~ 

Silver and 2+ Lusk 1987). Co was the only metal found to 

appreciably lnhlblt nickel uptake ln 

CJarell and Sprott 1982) and H. cnncllll <Baudet 

et al. 1988) but these n1ckel-uptake systems are nct 

coupled 2+ to the Mg -transport system. These observations 

2+ 
therefore lndlcate that Co uptake may not n~cessarlly be 

part 
..... + 

of the Mq- -transport system. The fact that nickel 

upta~e ln P. saccharvphlla was lnhlblted to a certaIn 

extent 2+ by Mg ,mlght suggest that lt is part of the 

energY-dependent 
'"1+ 

Mg~ -transport system reported other 
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organl sms (Webb 1970; Jasper and Si. 1 ver t 977~ Tnkakl.\wa 

1987; Lohmever and Fr1edr1ch 1987= Bryson and Drake 1q88; 

Nies '"'+ and S11ver 1989). However, Mg- at concentratIon 100 

6~ '"'+ 
tlmes hlgher than ~Nl~ d1d not completely Inhlblt nlckel 

lIptake. Moreover, the n1 ckel-uptake system of P_::eud('moTla_::: 

$accharophzla does not appear to be energy-dependent and a 

4(1-fold 2+ . 2+ excess of Mg ln comb1natlon W1th N1 d1d not 

affect hydrogenase synthes1s. These observations sugqest 

that the major n1ckel-llptake system of P. saccharophlla 1S 

'"'+ 
not coupled to the Mg· -transport system. 

The poss1ble presence o~ a second m1nor nlckel-upta~e 

system Wh1Ch appears to be energy-dependent and to be 

- coupled to the 
'"'+ Mg- -transport system 1S based on the 

followinq observat1ons: (a) DNP slightly lnhiblted nIckel 

uptake, (b) DNP decreased exchange between radloact1ve and 

non-radioactl ve l, 1 d () Mg2 + showed n1Cre, an c part1al 

lnhibltion of nickel uptake. 

About 58% of the 63N1 2+ taken up was e>:changeabl e 

with a 100-fold ex cess of nonradloact1ve n1ckel. Because 

the ex change reaction was 1nhlblted part1ally by 2,4-

dinltrophenol, th~ reactlon 1S therefore energy-dependent 

to a certain extent. It ts reasonable to assume that the 

remaining 42"1. of the 63 .2+ NI taken up lS t1ghtly bound to 

cellular components. 

63 2+ The N1 lncorporated durlng growth under n1trogen-

llmited chemollthotrophlc condltlons w~s dlstr1buted w1th a 

...... 
lower percentage in the membrane fractIon (27%) than ln the 
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soluble fract10n (67%). Nakamura et al. (1985) found 68% 

and 19% nlc~el distr1buted 1nto particulate and soluble 

fractIons, respectively, of autotrophlcally-grown (with 

Llrea as nltrogen source) cells of 

aut~tr~phlCUS straln Y38. They found hydrogenase resldlnq 

ln the membrane fract10n and also reported the presence of 

nickel-stlmula~ed urease act1vity but lts locatlon was not 

mentloned. Colbeau and Vlgnals (~?83) found 50% of the 

63 2+ lncorporated Nl ln the membrane protelns of Hh~dobacter 

capsulatu3. Slmllarlv, Takakuwa (1987) found about 50% and 

35i~ of 
63 .2+ Nl lncorporated ln the membrane and soluble 

fractlons, respectlvely, of R. capsulatus and suggested 

that the 

found ln 

presence of urease may account for 

the soluble fraction. In Alcallgenes 

the 6 .... ,.., 
'-'Nl ... + 

H16, approxlmately 80"1. of tlfe radioactlve nlckel ~as 

located in the soluble fractlon and 20% ln the particulate 

fractlon (Frledrlch et al. 1982). In thlS organlsm, the 

soluble fractlon contalns the NAD-reduclng hydrogenase and 

the membrane-bound hydrogenase resides ln the partlculate 

tractlon. In the present study, it was expected that the 

membrane fractlon would show hlgher 63N1 2+ lncorporatlon 

th an the soluble fraction because hydrogenase actlv1ty was 

found ln the former preparatlon (see Chapter 4). The fact 

6":" '?+ 
that there was a relatively low percentage of ~Ni~ found 

in the membrdne fractlon could posslbly be explalned by the 

high level of urease ln the soluble fractlon. Urease lS a 

~nown nlc~el en~yme (Mobley and Hauslnger lQSQ). 
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6. A COUNTING METHOD FOR FREE-LIVING AEROBIC N2-FIXING 

H2-0XIDIZING BACTERIA 

6.1. Introduction 
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with the concomitant production of H2' Most N2-flxlnq 

bacterla have the abllity to utlllze thlS H~ as an energy 

source for growth .ind other metabollc activities. fhe 

benef i ts of recyc:ll "Y H2 were proposed and subseqL\ent 1 y 

demonstrated in sorne N2-fu(ing bacterla <D1l(On 1972~ Robson 

and Postgate 1980). In thlS vlew, the occurrence of N·~-..... 

fixing bacteri a in natural systeme:., 

partlcularly H2-r1ch sites such as legume fields (Conrad 

and Seller 1979; Conrad and Seller 1980), would be of 

consIderable slgnlflcance in terms of contrlbutlon to the N 

economy :;\nd conservation of H2' However. reports on 

populatIons 

systems are few (De Sont and LelJten l q 76; Watanabe et al. 

1982; Gowda and Watanabe 1985; Dugnanl et al. 1q86). 

For Isolation and enumeratlon of N2-flxlng I-h-..... 

oXldlzing bacterla, the N-deflclent autotrophlc medium wlth 

H2' C02, N2 as normallzing gas, and a small amount of O~ lS 

normally used (De Sont and Leljte~ 1976; Wlegel and 

Schlegel 1976= Art!l<;}no and Schlegel 1981; I<nowles 1982a: 

Watanabe et al. 1982; Gowda and Watanabe 1983). However, 

some aeroblc N2-flxing H2-oxidlz1ng bacterla ~uch as 

AZe.)S plI' i Il um bl'aSllense, 4Z0mOT'étS aglll.$ , Baçllius 
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p(l1'lmyxa, 

grow chemollthotrophicallv (Bowlen and Schlegel 1981= Malik 

and Schlegel 1981~ Gowda and Watanabe lQS3: Wong and Maler 

1985). Furthermore, autotrophlc methods of enumerating 

these bacterla Involve problems ln malntalnlng the deslred 

atmosphere and monitorlng growth and actlvlty. Except for 

+~e cyanobacterla and other phototrophlc bacterla, aIl 

known aeroblC N2-flxlng H2-oxldizing bacterla are baslcally 

heterotrophic (Aragno and Schlegel lQS1; Bowien and 

Schlegel 1981), hence thelr isolation or enumeratlon may be 

slmpler uSlng a heterotrophlc medlum ln WhlCh bath 

nltroqenase and hydrogenase actlvlty could be demonstrated. 

Although ln general hlgh concentratlons of utlll:able 

organic substrates repress formation of hydrogenase, 

relatlvely low levels would allow ItS expresslon (Maler et 

al. 1978= Barraqulo and knowles 1988). 

ThlS sectlon of the theslS reports a most-probable­

number (MPN) enumeratlon technIque for aeroblc N2-flxlng 

H2-oxidlzlng bacterla that uses a heterotrophlc semisolld 

medium ln Whlch both nltrogenase and upta~e hydrogenase 

actlvltles can be detected. The method was valldated wlth 

pure cultures of dlazotrophs and then employed to enumerate 

N2-flxing H2-oxldizing bacterla in some natural samples. 

6.2. "at.rials and methods 

6.2.1. BacteYlal stralTlS 

The organlsms used and thelr sourcee are shown in 
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Table :!6. E::c:ept for 

not ava1lable), Pseudomonas :stutzerl JM ~OO. ~~eudnm~na:s 

aeruQlTlo:;a ATCC Q027. P:seudOmflTt as and the 

azotobacters, all were orQan1sms isolated from the rQots or 

rhl zosphere of Var10l.lS pl ants. Three PseUdl1ml,lTr a.:: str ~l ne.: , 

GR3-5. GRS-8. and GR12-2, were obtalned from plants qrc~\ng 

ln the Canadlan Hlgh Arctlc (Llfshltz et al. 1 q86 \ • 

P. aeruglnv:sa served as negatlve control. 

6.2.2. Media 

The comblned carbon source (sl.lcrose. lactate and 

mann1tol) medlum as descrlbed by Rennle (198\) was u':ied 

except for the followlng modIfIcatIons: the Yltamlns were 

-1 
omltted (yeast extract was retalned)= 2.0 g L Dlfco Noble 

agar was added; Na2FeEDTA was replaced wlth Sequestrene 

NaFe (1:'% Fe, Clba Gelgy Corp., Greensboro, N.l.. U.S.A. 

-1 
27400) at 0.062 9 L ; and NaMo04.2H20 was reduced from -. ... 

.... ..J 

to 5.9 mg L- 1• It was later found that to obtaln good 

growth of some organlsms such as P. stutzerl, malate was 

added at concentr at 1 on of 2.5 
-1 

q L • The medlum 

prepared ln 250-mL flasks and dlstrlbuted aseptIcallv 

Into pre-sterllized cotton-plugged 14-mL serum bottles ~ach 

recelvlng 4 mL (13 mm depth). 

6.2.3. CultlvatloTt and assay ni cultures inr nltr~gena:se 

and uptake hydrngenase actlvltles 

The pure cultures were grown ln 5(1-mL flasks 

cont~unlnq (Barraqulo 
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TABLE 26. The organi.ms used in the study 

Org4ni5111 

PSRudo.onas aRrugJnOsa Infected ear 

ATCC 9027 

P. s.ccha,ophJl. 

ATCC 1~946 

P. stutz.rJ J" 300 

P. sfutz.'J 

CunnuMbered strain) 

P. stufz." C"T.9.A 

P. dJ.zot,ophJCUS 

H9 ATCC 3~402 

Ps.udoeonas KLH 76 

P. p.uclaobJIJs 

:5AJ .. 29AJ 

PlI.udoeonall OC 

PlI.udoeonas 4B 

ATCC 430;:;9 

Ps.udoeo .. as G:59 

Ps.udoeonas GR9-B 

PSRudoeonas GR12-2 

Azotobact., 

chroococcua t1CDl 

A. "ln.landll 

Azosplrlllua Ilpo'f.rue 

ATCC 29707 

A. llpo'f.,ua 34H 

A. .eazon ... lIR Y6 

ATCC 3:5121 

A. brasIIR .. s. Sp7 

ArCC 2914:5 

mud from stagnant pond 

Boil 

sail 

Sorghue rhizosphere 

w.ttand rlc. root. 

wet1and rice roots 

w.ttand rlce rhlzo.phere 

D.sch.epSlii 

ca.spJtosa roota 

for.st 11011 

sail p.rcolated 

wi th ni trate 

[rlopho,ua 

a .. qustl'folJu. rocts 

S.lJJt sp. rocts 

rocts of unld.ntlfl.d 

Qra •• 

sail 

2 

.. 

6 

1 

2 

2 

9 

q 

q 

10 

sOlI Il 

wh.at rhlzo5ph.re 12 

Matland rie. roots 6 

Digltarl. rDOts 12 

al, J. Ingram, Department of "Icroblology, Macdonald 
Coll.ge, Ste. Anne d. B.Ilevu., Qu.b.c, Canada, 2, V.-K. 
Chan, Agriculture Can.da, Ott.wa, Ont.rio, Canada, 3, C. 
A. Carlson, University of C.lifornia, Oav,s, Calif •• USA, 
4, B. A. Bryan, Unlv.rslty of Iowa. Iowa City, Iowa. USAI 
~. O. Werner, Fachb.r.ich Biologie. Phi 1 ipps-Universitat, 
MarburQ, Federal R.public of G.rm.ny. 6, 1. W.tanabe, 
Internation.l Ric. R •••• rch InstItut., Los 8anos, 
PhilipPines, 7, J. Bal.ndr •• u, Centre d. Ptdo1ogie, 
Centre Nation.l de 1. Recherche SCIentIfIque, Nancy, 
Franc., B. T. Aida, Ibar.kl UnIverSity, Ib.rakl, Jap.n; 
"l, J. N. Klo.pper, Allellx, Inc., OntarIO, Canada; 10, K. 
Tib.llus, Oepartm.nt of Mlcroblology, Macdonald College, 
St.. Anne de B.llevu., Quebec, Canada, Il, O.partment of 
MicrobloloQY, Macdon.ld Coll.ge. Ste Anne d. Bellevue, 
12, J. Obber.ln.r, Empresa BrasIl.lra d. P.squlsa 
Agrop.cuarla, RIO de Jane,ro. Brazl1. 
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ana ~nowles 1988) or glucose-NH4Cl-mlnerals or malate-

NH4Cl-mlnerals or nutrlent broth, as approprlate for the 

organlsm, for 24 h at 300 C (25°C for arctlc lsolates) on a 

gyratory sha~er (250 rpm). ThIs culture wa~ used to 

lnoculate 10 mL of the sa me medIum to a fInal concentratIon 

of 5% or 10%, WhlCh was then lncubated for 12 h under the 

same condltlons. The cells were harvested by centrlfuqatlon 

(10,000 ~ q for 10 mln) and washed thrlce wlth sallne, then 

resuspended ln the orlglnal volume. One-tenth mL of thlS 

suspensIon was lnoculated lnto each of a serIes 0+ the 

o serum bottles contalnlng the m~lted <55 C) semlsol\d medIum 

(no malate added). The serum bottles were lncubated for --' 
days at 300 C (5 days at 200 C for arctlc lsolates) llnder 

statlonary condltions, and then the cotton plugs were 

carefully replaced wlth sterlllzed butvl stoppers. Flrst an 

experiment was carrled out ln Whlch one set of cultures was 

-
used for C2H2 reductlon and the other set for trltlllm (H-'H, 

uptake assays. For C2H2 reductlon assay, 0.1 mL 0+ cotton-

was lnJected 

lnto each serum bottle and then the bottles were lncub~t~d 

lsolates) Linder 

-
stationary condltlons. For H~H upta~e assay, 0.3 mL of HJH 

(speclflc '!ctlvlty, 20.6 Llel per mL) was lnJected l.nto each 

bottle, then the bottles were lncubated slmllarly. In other 

experlments the cultures Llsed for C2H2 reductlon aSS~i were 

then subJected to H3H uptake assay. After 0.2 mL qaS 

-
samples were taken for C2H4 analvsls. O.~ mL of HJH was 
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( lnJected. The bottles were incubated for another 24 h 

under the same condItIons as aboye, after WhlCh thev were 

vortexed Ylgorously to homogenlze. Then 0.1 mL samples WEre 

taken and transferred into SCIntIllatIon vIals contalnlng 4 

mL of Beckman Ready-Solv HP llquid. 

Trlpllcate bottles were used throughout the experiment. 

C2H4 was analyzed by FID gas chromatography as 

descrlbed preYlously <Tibellus and Knowles 1983) • 

Radioactivlty was determlned u51ng a Beckman LS 7500 llquid 

3 scintillatIon counter wlth H-galactose as the standard. 

AIl the sampI es were ta~en 'between the months of June 

(. and September 1987. The plant samples, namely corn (hybrld 

Coop S2~9), wheat (cv. Frankenmuth), oat (cv. Laurent), 

barley (cv. Cadette), soybean (cv. Maple Arrow), and whIte 

bean (cv. Exrlco 23), were obtalned from the experlmental 

plots of the Plant SCIence Department of Macdonald COllege. 

The plots were on a st. Bernard sandy loam and were elther 

unfertllized or fertlllzed wlth ammonIum nItrate. The 

lltter samples were ta~en from under beech and plne ln the 

Morgan Arboretum of MCGlll Unlverslty, and the sedIment 

samples came from a freshwater lake ln Ontarlo, Lake St. 

George. 
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zn natural samples 

Samples were taken from the f1eld and transported as 

soon as possible ln plastIc bags to the laboratorv for 

processlng. The lake sedlment samples were ~ept overnlght 

at o 4 C. 5amples of litters, roots, rhlzosphere sOlls. and 

lake sedlments were homogenlzed wlth sallne for 20 mIn 

using a VirtlS homogenizer. 5011 from roots or nodules was 

sampled by shaklng th~ material ln 5 mL of sallne. Ten-

fold dllutions of the samples were made ln sallne and 0.1 

mL of each dilution was lnoculated lnto each serum bottle 

contalnlng melted semlsol1d medIum. Four serum bottles 

were inoculated for each dIlutIon. Ali other condItIons of 

1ncubation and assay were slmllar to those used for pure 

cultures. The cultures used for C2H2 reductlon assay were 

also used for H3H upta~e assay. The cultures consldered 

'3 positIve had C2H4 concentratIons and H uptake greater than 

those in uninoculated controls plus three tlmes the control 

standard dev1~tion. An MPN table for 4 tubes per dIlutIon 

was c:onstructed based on the formula of Halvorson and 

Z 1 eg 1 er (1933). 

6.3. R •• ults and discussion 

6.3.1. Pure cultures 

The semlsolld heterotrophic: medIum wlth CI small 

amount of yeast extrac:t ln comblnatlon wlth the MPN method 

lS an establlshed proc:edure to grow and enumerate aeroblC: 

d1azotrophs Cknowles 1982a). In the present study, 1ts use 
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was extended by lncorporatlnq the assay for 

The present technlque comblnes two sensltlve 

assay methods: the acetylene reductlon and the 02-dependent 

H3H upta~e. The semlsolld medium allows the mlcroaerophlllC 

and aeroblc dlazotrophs to grow at the subsurfRce ~nd 

surface of the med1um. respectlvely. ThL\s If the 

~ensltlve nltrogenase is expressed under thlS condltlon, 

hydrogenase, which 15 often equally 02-sensltlve (Robson 

and Postgate 1980', may be expected to be expres~ed too. 

Furthermore, although the medium contalns a relatlvely hlgh 

level of the organlc substrates, lt is expected that the 

level decreases durlng growth to allow expressIon of 

hydrogenase. 

AlI of the organlsms llsted ln Table 26 showed 

nltrogenase activlty, as weIl as hydrogenase actlv1tv ln 

the presence and absence Qf 1 kPa C2H2' W1 th the ei:ceptlon 

and PseUd(l7fl()TtaS 859 whl ch were negatl ve for aIl three 

actlvltles. Thus, ail the diazotrophs that were reported 

prevlously te possess upta~e hydrogenase and 

Schleqel 1981~ Mall~ and Schlegel 1981~ Barraqulo et al. 

1983; Gowda and Watanabe 198~= Chan et al. lQ86; Fu and 

~nowles 1986; Watanabe et al. lQ87; Barraqu10 and ~nowles 

1988) exhlblted posltlve actlvltles. The results showed for 

the flrst tlme the presence of nltrogenase and hydrogenase 

actlvltles ln Pseudom(lnas stutzerl JM 300 and Pseudomonas 

_,tutzerl (unnumbered straln), and hydrogenase actlvltv ln 
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Pseudo.onas stutzerl CMT.9.A (nltrogenase actlvity ln thlS 

strain was reported by ~rotzky and Werner (1987», 

Pseudo.onas straln 48, Pseudomona~ paucimobllls 5AJ, and 

the arctlc Pseudo.onas strains GR3-5, GR6-8, and GR12-2. 

Ali these pseudomonads except CMT.9.A and the three arctlc 

isolates showed varlable hydrogenase act1vltles at lea9t as 

high as, and some much hlqher than, the un1noculated 

control plus three tlmes the control standard devlatlon. 

The inoculum si:e seemed to affect the actlvlty, as large 

lnocula gave well-developed pelllcies that showed h1gher 

nltrogenase and ~ydrogenase act1vltles. ln earller 

experiments ln Whlch a dlfferent medlum was used, stralns 

48 and 5AJ had the same 3 H counts as the control (8arraqulo 

and Knowles, Abstracts of the 87th Ann. Meet1ng of the 

Amer. Soc. M1crobiol. p. 207, 1987). In the case of stralns 

CMT.9.A, GR3-5, GR6-B, and GR12-2, several attempts to 

detect hydrogenase act1vity in the comb1ned carbon source 

medium falled although nitrogenase actlvlty was positlve. 

Low hydrogenase activity was detected ln these stralns when 

malate was added to the med1um and a large lnoculum was 

used. 

The fact that saccharophlla has 

hydrogenase which is expressed slgnlficantly only ln the 

presence of H2 (Barraquio and Knowles 1966) does not 

present a problem for the technlque. The hydrogen evolved 

durlng N2 fixatlon most ll~ely lnduces the formatlon of the 

enzyme. Under autotrophlc N2-f1xlng condltlons, exogenous 
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and are absolutely necessary to support 

chemoautotrophic growth. Under heterotrophic N2-flxlng or 

non-N2-f1xing (ln the presence of exogenous H2) condit1ons, 

C02 lS not needed for express10n of hydrogenase (Tibelius 

and knowles 1983~ Barraqulo and ~nowles 1988). 

Hydrogenase-pos1tlve organ1sms exhlbited activity 

uptake hydrogenase of some diazotrophs (Sm1th et al. 1976; 

Chan et al. 1980; Tibel1us and knowles 1983= Hyman and Arp 

1987). Hydrogenases of some diazotrophs ll~e P~~udomonas 

saccharophlla, AzospJrJllu. a_azonense, AzospJ~Jl1um 

IJpoferu., Der~Ja gua.osa, Xanthobacter autotrophlcuS, and 

( 
JaponJcu. (bacteroids) are 'not very 

sensitlve to C2H2 (Berndt and Wcilfle 1978= Ruiz-ArgUeso et 

al. 1979~ Rav1 Shankar et al. 1986; this thes1s~ Fu and 

knowles 1988). One kPa C2H2 used ln th1S study may exert 

hydrogenases but lt lS much less than the 5 ~Pa used by 

Smlth .t al. (1976) and the 10 kPa used by Chan et al. 

(1980) who obtalned a 51 and 81% lnh1bition, respectlvely. 

Exam1nat1on of the natural samplQs showed that the 

technique can be used to enumerate and posslbly 1solate 

be mod1fled by the addlt10n of malate to 1nclude those 

( organlsms that do not utll1ze, or utillze weakly, the three 

or1g1nal carbon sources. Nickel may also be included based 
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on the results presented ln Chapter 5 of thlS th~Sl~. The 

results of enumeratlon (Table 2/) suggest that there were 

three types of natural systems ln Whlch N~-+ l ,: 1 ng 

fewer than 

bacteria were fewer than N:!-fl,ang bacterla. The flrst two 

systems may have a greater ablilty than the thlrd to 

recover most of the hydrogen evolved during N2 fl):atlon. 

In the second system, lt must be noted that sorne H~-

oXldlzing bacteria in hlghly-diluted MPN cultures dld not 

reduce C2H2- The medIum could no doubt support a Sllqht 

growth of non-N2-fixlng heterotrophs because of the small 

amount of yeast extrac.t present. It may be concluded 

elther that their hydrogenases are constitutl~e or that the 

24-h exposure 

e}<presslon. 

.... ... ' to H H mlght have stlmLllated hydroqenase 

The results showed that the SOli attached to whIte 

bean nodules contained numbers of N:!-fi~lng 

bacteria WhlCh were conslderably hlgher than the other 

natural samples tested (Table 27). It should be noted, 

however, that the determlnatlons were done only at one 

partlcular tlme thus maklng lt dlfflcult to draw a general 

observatIon. Enrlchment of H2-oxldlzlnq bacterla ln the 

rhlzosphere of the nodules of hydrogen-evolvlng alfalfa, 

pigeon peas~ and soybean was reported (LaFavre and Focht 

1983; CunnIngham et al. 1986= Wang et al. 1986). In the 

case of the alfalfa, aIl the lsolates were negatlve for 
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TABLE 27. Populations of ~-fiMino H:2-oKidizi,'O bacteria 
.,s.ociat~ Idth sallie natural syst-'h.1 

"PH (104 bacteria/g dry wt) 

of th. follDwlno bact.,.ia. c 

Rhl z Dtlph.,.. 

Car-nd "DOts + RB 

Wh.atd rDOts + RB 

Oat d ,.aots + RB (1..0 klJ of N/ha) 
Sarleyd RS (0 ka of N/ha) 

Sarl-v d "DOtS (0 kV of N/ha) 
Sarl-vd RB (1~ kg of N/ha) 
Barleyd ,.aots (150 kg of N/ha) 

BOIl f,.c. SDyb.an· nodul •• 

Boybe.ne raots + RB 
wtu te b.an f + RS 

Soil froa white beanf nodul.s with. 

I1ycarrhiz. (0 P:zO~) 

Na .ycarrhiza (0 P~~) 

Na .ycorrhiza (3~ kg of P20~/ha) 

Na mycorrhiza (70 kQ of P20~/ha) 
Sail 

HUlllisol 
St. S.,.nard .andy loa. 

"apl. far.st brawn sail 
Litt .... 

Pin. 
S-C:h 

Fre.hwat.,. lake •• diMent 

Epili.netic (3-m depth) 

Hypoli~.tic (14-. depth) 

o 
o 

49 

o 
o 
o 

372 

o 
U 

~3 

o 
o 

579 

o 

41 

o 
o 

o 
3 

13 

:51 

o 
107 

402 

o 
5 

9 

o 
o 
7 

o 

o 
o 

189 

373 

o 
342 

36 

69 

U8 

o 
o 

122 

32 

130 

42 

16 

10 

66 

63 

13 

37 

2950 

1283 

361 

516 

49 

4:5 

10 

7 

4 

3 

37 

-Enumeration w •• done ln 6eml'Sol1d comblned carbon source 
m.dlum wlthout m~la~e. 

-H:oOH • H2 -oll1dlz1ng (not N2 -fuanq) 1 N:ofl)4 ,. N:a-f1>llng 
(not H:o-OHldlzlng), H:OOM N:oflH • H2 -OMldizlng N2 -fiMing. 

"Sampi •• w.,.. tak.n f,.om pl ant. 60 days aft.,. plantlng. 

-Sampi •• w.r. tek.n fram plant. 58 days aft.r plant1ng. 

"Samplw. ww,.e taken fram plants b5 days after planting. 
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C2H2 reductlon (Cunningham et al. 1986) but for the others 

ther~ was no indlcation whether they were N2-flxlng or nota 

histosphere of wetland rice <Watanabe et al. 1982). These 

observations suggest that the rhizosphere may be an 

lmportant ecological nlche for H2 transformatlon. 
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7. GENERAL DISCUSSION AND CONCLUSIONS 

7.1. Nitrcgen fixation by Pseudoaonas saccharophila 

P5eudomonads are amongst the most Ub1quitous and 

metabolical1y versatlle organ1sms ~nown (Sectlon 2.1). No 

legitlmate member, however, was reported to fix 

(Palleronl 1984). P, saccharophJla 15 a 

facultatlve chemolithotroph (Palleronl 

well-characterlzed 

1984) but i ts 

abi Il ty 

thesis, 

reduct1en 

to fl>: N2 was net cr1t1cally e>:amined. In 

its abllity to fix N2 was demonstrated bv 

15 and then cenflrmed by N2 incorporation. 

th1S 

p, 

saccharophlla could fix N2 under mlcroaeroblc conditIons 

both heterotrophlcally and chemollthotrophicallv. Hence, 1t 

lS the first (reported by Barraquio et al. 1986) approved 

speCles of Pseudomonas te exhlblt such property (see also 

Se~~lon 2.1). The fact that 1t can flX N~ under chemoll-

tho~~ophlC c~~dlt1ons suggests that H~ vIa hydrogenase can 

provlde ATP and reduclng power for N2 fixatIon and C02 

fixatIon. 

7.2. HydrDgen DMidatian by Pseudoaonas saccharophila 

H2 lS evolved durlng N2 fixatlon (see Section 2.2). 

Most diazotrophs are equ1pped w1th uptake hydrogenase to 

recycle this H2 and such property has at least 3 benef1cial 

effects (see Section 2.3). Theoret1cally, the presence of 

uptake hydrogenase wlii lncrease the efflc1ency of N2 

fixatlon. In th15 thesis, the presence of an ac:tlve H2-

uptake system ln P. saccharophlla under both heterotrophi~ 

-
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and chemollt~otrophlC COndltlons was demonstrated. The H~ ..... -
recycllng ln P_'eudomona::.: sacchal"c,lphlla u:1der l1eterotrophl<: 

condltions may be for prote~tlon of N2 flxatlon agalnst H2 

inhibltlon and for productlon of ATP and/or reduclng power 

because exogenous H2 and uptake hydrogenase actlvlty had no 

effect on 02 sensitivlty of nltrogenase. ThIs could also be 

the effect of H2 recycllng ln azosplrlila CPedrosa et al. 

1982; Fu and ~nowles 1988). + NH4 -grown cultures of P. 

saccharophila showed hydrogenase only when H2 was present 

in the headspace. Subsequently, H2 was found to lnduce 

hydrogenase synthesis. Other lnducl~le H2-upta~e systems 

have been reported ln diazotrophs and non-dlazotrophlc 

hydrogen bacteria (Berndt and Wolfe 1978~ Aragno and 

Schlegel 1978; Maler et al. 1979= Colbeau and Vlgnals 198~, 

FriedrIch et al. 1984; De VrIes et al. 1984, Van Ber~um 

1987~ Doyle and Arp 1987; Prosser et al. 1988). It 1S 

concelvable that the H2 evolved dur1ng N2 flxatlon lS 

responslble for stlmulatlng hydrogenase expressIon as was 

thought for Rh~dobactel" capsulatus (Col beau and Vlgnals 

1983) and most probably for the lnduclble hydrogenase 

f th t NH4
+ systems 0 0 er dlazo rophs. p~I" ~e, therefore, dc.es 

not lnhl~lt hydrogenase exp~esslon. 

Hydroganase aetlvlty of P. sacchal"ophlla w~s tolerant 

to 02. 02-to1 el ,t H2-L1ptake systems (Aragno and Sehl egel 

1978; Fu and Knowles 1986= WIlde and Schlegel 1982, and 02-

sensItIve ones CMaler et al. 1979~ RUlz-Argueso et al. 

1979; Pedrosa et al 1982= Tlbellus and Knowles 1983= Fu and 
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( knowles 1986) were reported. Hlgh concentrations of O~, 

however, repressed formatlon of hydrogenase ln P3eudoID0nas 

_~acchar('lphll a. Synthesls of other hydrogenases are 

repressed by hlgh 02 level (Aragno and Schlegel 1q78: 

TlbellUs and ~nowles 1983: Fu and ~nD~les 1986: Doyle and 

Arp 1987: Van Ber~um 1987). IsolatIon oi mutants that are 

tolerant to relatlvely hlgh 02 concentratlon (Merberg et 

al. 1983: Cangelosl and Wheells 1984) suqgests that 02 

regulatlon of hydrogenase formatlon is genetlcally Ilnked. 

Sucrose at 15 mM repressed· the svnthesls of hydrogenase ln 

Pseudo~vnas saccharophlla but had no effect on the actlv1ty 

of preformed hydrogenase. There are H2-uptake systems that 

are elther ~epresslble (Maler et al. 1979= Partrldge et al. 

1980; Doyle and Arp 1987> or not represslble (Graham et al. 

1984; Van Ber~~m 1987; Van Berkum and Maler 1988) by 

organlc substrates. The mechanlsm of hydrogenase represslon 

by organlc substrates lS not yet clear and probably 

dlfferent·, mechanlsms operate ln 02-tolerant and 

sensltlve H2-uptake systems. In Bradyrhlzobium ;aponlcum, 

CYC11C AMP reversed hydrogenase represslon by malate 

suqgestlng a catabollte repressl~n phenomenon (Llm and 

Shanmugam 1979: McGetrlck et al. 1985). However, cAMP had 

no effect on hydrogenase expressIon ln Al callÇ1er,fts 

eutr(lphus and Azot(lbacter chroococcum 

Yates and Partrldge 1984). In these organlsms, the redox 

state of the cell was the factor that regulated hydrogenase 

synthesls Yates and Partrldge) • 
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- ACIdifIcatIon of the medIum and limItlng 02 rather than the 

organlc substrate pel" se were claimed as responsible tor 

decreased hydrogenase actlvlty (Van Berkum 1987; Van 8erkum 

and M'al er 1988). 

Hydrogenase actl vi ty of PseucJmIHma_:: sacchar Ilphl 1 a was 

found main1y in the membrane fractIon. ThIS agrees with the 

results of Podzuwelt et al. ( 1983) and the general 

observatIon that aeroblc dlazotrophs have membrane-bound 

hydrogenase (Bow1en and Sch1egel 1981= Elsbrenner and Evans 

1983). The absence of NAD-dependent soluble hydrogenase ln 

P. saccharvphlla Indlcates that It has to generate NADH by 

reverse electron flow (Gottschalk 1986) when growlng 

chemollthotrophlcally. 

-- 7.3. Nickel utiliza'tion by Psftudo.onas saccharophila 

Nic~el was known for its tOXIC1ty (revlewed by Bablch 

and Stoz~y 1983) untll Bartha and Ordal (1965) demonstrated 

that it was requlred for chemoiithotrophic growth of 

Alcaligenes eutrophus. Now nIckel 1S recognlzed as a very 

1 mportant metal ln b1010gical systems Slnce It 1S a 

component of at least 4 enzymes (see SectIon 2.4). In thlS 

thes1S, nlckel stlmulated growth, hydrogenase expresslon, 

and nltrogenase actlv1ty of P. saccharl1phlla LInder N-

limlted chemollthotrophlc condlt10ns. The st1mul~tlon of 

nltrogenase actlvity by nIckel 15 presumably through the 

enhancement of the H2-uptake system. Reports on the effect 

of n1c~el on N2 f1xatlon are very f~w. In pure cultures, 

add1t1on of nickel to heterotrophlc semlsolld culture5 of 
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(~ 4Z("pl/,"11lI.lm ora~:::]lens€> Sp7 dld not have anv effect on 

dlë\ZotrophlC growth (Pedrosa and Yates 1983). In Anaba.na 

Inaequa~ls, photosynthesls and acetylene reductlon were 

comple~ely lnhlblted by 170 and 340 ~M nIckel, respectlvely 

\Stratton and Cor~e 1979) , both relatlvelv hlgh 

cOJ''lcentrat 1 ons. NIckel stlmulated N2 f1xatlon ln Anabaena 

cyllndrlca but the effect was neither on n1trogenase nor 

hydrogenase but on cyanophycln metabollsm (Daday et al. 

1988). In natural systems, nIckel stimulated nltrogenase 

actlvltv of saltmarsh sedIments and SOlI and V1eld of 

soybean plants (Bertrand 1974~ Bertrand and DeWolff lq74~ 

DLI>I bury 1985). Stlmulatlon of hydrogenase expressIon bv 

nickel ln Pseudl.)711lm a~ sacchar nphll a was specl fIc because 

( other dlvalent metals and selenlum were nct as effectlve as 

nlc~el. Nlckel-stlmulated H2-uptake systems were al'Eo 

reported ln dlazotrophs and non-dlazotrophlc hydroqen 

bacterla (Frledrlch et al. 1981~ Ta~akuwa and Wall 19H1 ~ 

Partrldge and Yates 1982~ Pedrosa and Yates lq83~ Stults et 

al. lQ84= Na~amura et ai. 1985). The non-stlmulatory effect 

of selenIum on hydrogenase expressIon by P. $accharvphlla 

may lndlcate that the ~nzvme does not contaln selenlum ln 

contrast ta that of Broldyrhl;:nolum ;ap()TllCU71t (Boursler et 

a.l. 1988). SUbsequentlv. nlckel was fOLlnd to be requlred 

for hvdrogenase syntheslS ln P. saccharophlla. The f?71 act 

mechanlsm of lts lnvolvement. however, 1S not clear. Stu] ts 

( 
\ 

et al. (1986) showed that nlckel regulates hvdrogenase 

svnthesl S at the transcr 1 ptl anal 1 evel ln 8. ; apOTI1 cum but 
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Doyle and Arp ( 1988) proposed that nlc~e\ i:l.CtS i:'loS êI 

stabillzer of newly formed apohydrogenase ln AlcallQeneS 

latus. Increaslng the concentratIon of nlc~·el decreased the 

sensltlvlty of hydrogenase formatIon to 02 ln P_::eudc I 7llc l ."as 

ThIS flndlng seems to be related to the 

proposai of Doyle and Arp (1988) on the stabll\~lnq effect 

of nIckel on apohydrogenase. 

was progresslvely 1 ncorpor ated Linder 

hydrogenase-derepreSSlon condItIons sLlggestlnq 

hydrogenase may act as a slnk for nickel. However j the 

63N1 2+ lncorporated was about 3 tlmes hlgher 1 n the !Etol Llbl e 

fractIon than 1 n the membrane preparatlO/1. ThIS was 

Llne>:pected becal.lse the hydrogenase of P, sar:charc1phl 1 aIs 

membrane-bound as shown ln thlS thesls an~ bv Pod:uwelt et 

al. The resl.llts may be explalned by the 

locallzatlon of urease ln the soluble fractIon. Urease lS 

a known nIckel enzyme CMoblev and Hal.ls]nger 1989). ftU$ IS 

the flrst report of urease actlvlty ln P. Sàr:chaY'(IPhlla. 

Urease actlvlty was not detected ln heterotrophlC 

+ 
grown cells 0+ P, sacchar(lphlla, and presLlmably I\lH4 

repressed urease synthesls as reported ln other orqanlsms 

(Mobley and Hal.lslnger 198Q). It lS pOSSIble that under N-

llmlted chemollthotrophlc conditIons, hydrogenase 

urease act as sln~s for nlc~el. 

Short-term nlc~el uptake by re~tlng cel!. 0+ ~. 

saccharc1phlla followed M1Chaell$-Menten ~(lnetlcs wlth an 

apparent ~m of 31.7 ~M and Vmax of ~.8 nmol (mg 
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- L -1 proteln} mIn ft appears to be lndepencent ot enerQV. 

chemlcal or electrochemlcal. because pretormed hvdroqen~se 

plus H~ ln the headspace, sucrose, and metabollc Inhlblters 

had no ettect on nlc~el uptake rate. The nlckel-upta~e 

system of Pseu,'jllmllTtaS $acchar(lphJla, theretore. lS slmllar 

to that of 8radyrhlZ(lbJum JapOTIJCUm ,Stults et al. 1 9Sï) • 

Chrl)(I':11ccum (Partrl dge and Yates 1982>. It IS relatlvelv 

speclflc Slnce no other catIon other than Co~+ at 

concentratlon 1 (JO 
6.~ 2+ 

tlmes hlgher than -NI • showed more 

than 50% InhibItIon. Mg 2+ (500 ~M) Inhlblted nlc~ei upta~e 

by only 39% and ln comblnatlon wlth nlc~el dld not affect 

hydrogenase synthesls. These observatIons plus the tact 

that nIckel upta~e does not appear to be dependent on 

energy suggest th~t the nlc~el-upta~e system ot P, 

2+ lS not coupled to the Mg -transport system 

reported ln sorne other orqanlsms (Webb 197u= Jasper ,:md 

SIl ver 1977~ Ta~akuwa 1981; Lohmever and Frledrlch 1q 87= 

8ryson and Dra~e 1988= Nles and Sllver 1Q89). 

The present study does not preclude the eXIstence of 

two forms of rHd.el-upta~e system ln P, sacd'larophJla. rhe 

maJor uptake system 15 descrlbed above. lhe second mlnor 

uptake system appears te be enerqy-dependent and te be 

2+ coupled to the Mc -transport system. 

7.4. A ccunting methcd for N2-fl~ing H2-oxidizlng bacteria 

The N-detlclent autotrophlc medlum wlth H~. C02, Nr . .. 
as normall=\ng qas. and a smal1 amount of O~ lS usual1y 
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H-,­
"'-

oXldizlng bacterla ( DeBont and LelJten 1976= Wlegel and 

Sc:hl egel 

Watanabe et al. 1982= Gowda and Watan~be 1983). However, 

chemollthotrophlcally (Pedrosë\ et al. 1980= BOWlen ë\nd 

SChleqel 1981= Mallk and Schleqel 1981. Gowda and Watanabe 

1Q83= Wong and Maler 1985). In thlS thesls, an enumeratlon 

method to accommodate both heterotrophlc and chemolttho-

trophlc N2-f1>llng H2-oxldlzlng bacterla was developed. It 

employed a semlsolld N-Ilmlted heterotrophlc medlum that 

allowed expresslon of both nltrogena~3 and uptake hydroge-

nase actlvltles WhlCh were detected by the sensltlve 

reductlon and 
..,. 
~ H H uptake technlques. respect l vel y. f-'Llre 

culture studles resulted ln the dlscovery o~ nltroqena~e 

and Llptake hydrogenase actl Vl tl es ln Pseud(lJ1t(lnas _,tut zel" l 

JM 300, an approved specles of Pseud(lm(l~as. Of the natural 

samples tested. the sOlI surroundlng nodules ot wh\te beans 

showed relatlvely hlgh numbers cf N:;2-fullng H:::-O)(ldl:=lnq 

bacterla. This flndlng lS conslstent w\th reports (Watanabe 

et al. 198~= LaFavre and Focht 1983= Cunnlngham et al. 

1986= Wong et al. 1986) that the rhlzosphere may be an 

lmportant ecologlcal nlche for H2 trans+ormatlon. 

In concluslon, the lnvolvement of pseudomonads ln 

man y lmportant eColoQlcal processes makes them one 0+ the 

most lmportant and commonly studled organl sros. The 

dlSCOVery of N2 fixatlon ln P3eud~m~nas sacchal"ophJla and 
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recently ln other stra1ns and known spec1es has ecoloq1cal 

ImplIcations because of the UblqUlty of pseudomonads. The 

presence ot uptake hydrogenase ln P. 3accharophlla under 

heterotrophlc N2-flMlng condlt10ns may help 1ncrease the 

efflc1ency of N2 f1xat1on. lts beneficlal effect, however, 

may be more slgnlflcant under chemollthotrophlc N2-flxinq 

condItions. The stlmulatory effect of nickel on hydroQenase 

expresSlon and nltrogenase act1vlty and the 

lnvolvement of n1ckel ln urease under 

possible 

N-llmlted 

chemollthotrophlc condlt10ns lmply that ecosystems 

llm1ted ln N and organlc C but rlch ln nIckel. H2 and C02 

wlth relatlvely low 02 concentrat10n may be 1mportant 

ecoloqical sltes for H2 and N2 transformat10ns. 
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