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in highly stirred vortex continuous cul-ture.

rates of CO, production and celI growth were

Azotobacter

than for A. vinel-andii. The latter was

tensions above the culture, ratheç given

growth appeared to be oxygen-limited up

of various carbon sources for growth and

indicated that the oxygen sol_ution rate,

vinelandii

ABSTRACT

and A. chroococum were independently grown

was greatry affected by the nature of the carbon source. A study of

the effect of excess dissol_ved oxygen on A.

conditions and carbon-limitation reveared that this species was

capable of both growth and N, fixation in the presence of as much as

45 yM o.. rn the presence of excess oxygen a greater proportion of¿'
carbon was oxidized for respiration, the amount of uncoupred respir-

ation was dependent upon the concentration of dissorved oxygen. The

level-s of NADH oxidase, superoxide dj-smutase, catarase, isocitrate

1yase, cytochromes and Èhe rates of oxygen and mannitol uptake \.^/ere

examined in various degrees of mannitol-rimitation. Al-l showed

marked effects dependent upon the degree of mannitor-l-imitation.

Electron microscopy of cerls growrr in the presence of excess o, showed

impressive structu.ral differences. These included cel-l wall-cerr

membrane separation, vesicle formation and the formation of organelle-

like structures apparently derived from el-ectron-dense granular

inclusion bodies in Èhe cytoprasm. The carbon-limited chemostat

cultures were examined for their oxygen uptake ability in the presence

v

In this cul

Iower for A.

not inhibited by high oxygen

sufficient nutrients its

to 40s" oxygen. A comparison

respiration of A. vinefandii

ture mode,

chroococum

as judged by CO, production

vinelandii under vortex



of different substrates. Glucose oxidation by mannitol starved

cel-l-s occurred at a constant rate, marate was oxidized slowly but the

rate increased linearly with time. Citrate produced a complete

cessation of oxygen uptake. From a carbon-l-imited state, the addition

of mannitol- or fructose resulted in a rapid increase in the rate of

oxygen-uptake and excretion of pyruvic acid. pyruvic acid accumul-a-

tion was thought to be due to overfl-ow metabolism rather than to the

effect of oxygen on pyruvate dehydrogenase. other Krebs cycle inter-

mediates al-so showed a respiration inhibition effect similar to that

caused by citrate.

examined. In a closed system with high KCN concentrations the rate

of oxygen uptake decreased linearly with decreasing dissolved oxygen

tension. This binding of CN appeared to be specific for the active

intermediate form of cytochrome d and the observed Ki vafue was much

Iower than has previously been reported.

The effect of KCN on the respiration of ^ vinelandii was al-so

v1
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processes occurring in nature. AII fife forms

of dinitrogen to ammonia. yet this process in

The process of nitrogen fixation is one of

restricted to a rather smal-l- group of organisms. lvlost of these are anaer-

obic and thus have no difficutty providing the necessary reductive environ-

ment required by the nitrogenase enz]¡me. Aerobic nitrogen fixers exist and

of these Azotobacter species are the most interesting for the simple reason

ÏNTRODUCîTON

that they are capabJ-e

fixation yet they are,

the nitrogenase site,

system capable of

Such adjustments

the most important

depend upon the reduction

a biological sense is

enzymatic content and/or rates

oxidation.

My initial work indicated

vinelandii could be maintained

of maintaining the required environment for nitrogen

in fact, strict aerobes. To remove oxygen from

adjustment to a wide variety of oxygen supply rates.

this species has an active and versatile respiratory

require the cefl to be capabJ_e of increasing its

high dissolved oxygen concentrations. This appeared to

previous short-term studies which showed oxygen to have

on viability and nitrogenase activity of

for carbon assimilation, catabolism and

between A. chroococcum

My purpose, in this study, vras to ellucidate

effects of oxygen

chemostat growrì nitrogen-fixing Azotobacter

vinelandii to

in a steady-state despite

In order to study the response

oxygen, I made use of two important

in A- vinelandii - The physiological- changes which enable

overcome such effects were also to be examined-

and A. vinefandii, and to

A. chroococcum.

the presence of

be contradictory to

a detrimental- effect

the differences in growth

identify possible toxic

of Azotobacter t.o excess dissolved

"tools". The first was a vortex-



stirred chemostat culture. The stirring rate insured a rapid transfer of

atmospheric Aases and minimized gradient formation at the cell- surface.

Yet in this apparatus under an atmosphere of

of maintaining the dissolved oxygen tension

To permit accumulation of oxygen within the

used was extreme carbon limitation. Contrary to previous bel-ief, Azotobacter

vinelandii will be shown to be capable of nitrogen fixation in the presence

of high dissolved oxygen tensions. carbon limited cefls grov/n ín the

presence of excess oxygen demonstrate effects which have not previously been

noted. These include a foss of affinity by the terminal oxidases for oxygen

and the formation of cytoplasmic organelle-tike structures. These structures

appear to be derived from other efectron dense bodies within the cytopl-asm'

Highly stirred carbon-limited chemostat cuftures wifl- also be shown to be

useful for studies involving carbon assimilation whereby the rapid rates of

respiration and oxygen transfer are used to form a system which can show subtle

changes in carbon oxidation rates over a period of severaf hours '

air, Azotobacter are caPable

at undeLectable concentrations.

cufture ffuid, the second "tooI"

Krebs cycle intermediates, gtycolic acid and l-actate were eaci-l capable of

While examining the respiration rates of Azotobacter,

producing a complete cessation of respiration

taken from a chemostat and to a lesser degree

effect was examined and i-t was shown that these Substrates induce an over-

Ioading of the reductive potential of the cell which, in turn, produces a

reduction of NADH:ferricyanide oxidoreductase activity.

viouly suggested the binding of

cytochrome oxidase. However the

The effect of cyanide on respiration was

enzyme complex appears to be much lower than previous estimates.

in Azotobacter vinelandiÍ cells

from batch cul-tures. rhis

i!It, was noted that

cyanide is dependent upon the turnover of the

dissociation constant of the inhibitor-

examined and as had been Pre-
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HÏSTORY

I. EFFECTS OF OXYGEN

i'loore and Will-iams (1911) showed that

1ay or inhibit the growth of many species

anaerobic bacteria. Although Azotobacter

ation rate of al-I microorganisms, having a
-'l -'lUl OZ mg dry weight - hour * (Wiltiams and

this genera are stilt susceptible to the inhibitory effects of oxygen

(Tschapek and Giambiagi. 1955). Inhibition of Azotobacter nitrogen

fixation by oxygen was first reported by Meyerhof and Burk (1928); how-

ever this was later ascribed to a general inhibition of growth (Burk,

1930). That oxygen should be inhibitory to nitrogen fixation was agaín

demonstrated by Parker (1954), when he showed the ideal environment for

nitrogen fixation should include 1ow oxygen tensions. Such an inhibition

by oxygen was later shown by Parker and Scutt (1960) to be a competitive

inhibition, indicating oxygen competes with nitrogen at the active site

of nitrogenase. other possible mechanisms of oxygen toxicity were

reported at about this time. Barron (1955) proposed that oxygen inhibits

by non-specific oxidation of enzyme sulfhydral groups. Dilworth and

Parker (1961) described the maximum respiration rate to occur at 0.25

high oxygen tensions will de-

of aerobic and facultatìve

have the highest known respir-

a^ value of 4,000 to 5,000
u2

Wilson, L954), members of

atms. O, and a reduction in the respiration rate of

higher oxygen tensions. This reduction in respiration rate was shown

not to occur in Bacil]us, Saccharomyces and Rhizobium species or where

Azotobacter cells \¡/ere provided with glycerol as the carbon source.

Sulfhydryl stabilizing agents were not

reduction of respiration rates. These

Azotobacter at

effective in preventing this

workers proposed two opposing



systems; a) a terminal oxidation system which reaches a maximum rate

at 0.25 atm oxygen and b) an oxygen sensitive system which is inactivated

to a greater extent at high oxygen tensions. Dilworth (1961) demonstrated

the production of pyruvate and c-ketoglutarate by cultures of

which had been exposed. to oxygen tensions greater than 0.6 atm and.

suggested that pyruvic oxidase is sensitive to oxygen.

The sensitivity of nitrogenase to oxygen was not neglected. Dalton

and Postgate (1969a) suggested the basis for oxygen toxicity in

Azotobacter was inhibition of the nitrogenase function. Lo\^l concentra-

tions of ammonia were shown to allow better growth of A. chroococcrrm

under high aeration. These workers a-l-sc ,lemonstrated that the viability

of Azotobacter was reduced when cel-ls are exposed to excess oxygen.

The percentage of viable cells was determined at 2 hour intervals after

exposing these cel-Is to high concentrations of oxygen. They fcrind the nutri-

tional status of the culture to affect their results; for example,

phosphate limited cultures were much more sensitive to oxygen poisoning

than carbon l-imited which in turn, were more sensitive than nitrogen

limited cultures. This was supported by work done by Lees and Postgate

(1973). On the basis of their resul-ts Dalton and Postgate (1969a)

suggested two mechanisms for the protection of Azotobacter from the

toxic effects of oxygen; respirato::y protection and conformational-

protection. Respiratory protection was first observed by Phillips and

^ vinelandii

Johnsorr (1961). In the presence of excess oxygen A.

consume sugars at a greater rate than required for energy supply.

Dalton and Postgate (1969) suggested that respiration will- balance

the oxygen supply, therefore carbon limited cells which cannot provide

this balance effect become hypersensitive to the presence of oxygen.

vineland.ii will



The reason why phosphate l-imited cel1s shoufd be the most sensitive

to oxygen toxicity was al-so explained as being due to inadequate

respiratory protection. In the presence of high oxygen conditions the

ATP:ADP ratio is assumed to be high, thus inhibiting respiration in a

manner analogous to that observed in mitochondria (Kl-ingenberg and

Schollmeyer, t96O). The inability of respiration to deal with the

supply of oxygen would allow oxygen to enter the cytoso] of the ceIl

resulting in oxygen damage to nitrogenase, which ultimately may be

lethal to the cel-l-.

The second mechanism of oxygen protection was suggested because

of the high oxygen tolerance of nitrogenase in crude extracts. Nitro-

genase which has been purified to its component parts becomes extremel-y

sensitive to oxygen (Bulen and Lecomte' 1966, Kel1y et al., L967)-

Dalton and Postgate (1969) suggested a steric change may occur in the

enzyme in the particulate fraction. Such a conformational change

would resul-t in l-ess accessible oxygen sensitíve sites or increased

stability of such sites.

of phosphate l-imited cultures have recently been presented. Leung

(L919) vras able to maintain a phosphate l-irnited chemostat culture of

A. chroococcumundervigorous agitation. Under very extreme phosphate

l_imitation the dissolved oxygen tension in the culture rose above zero I

yet the culture growth was stil-l maintained in a steady state. These

cefls did not demonstrate any extreme sensitivity to oxygen, under

conditions which \llould be much more severe than those described by

Dalton and Postgate (1969). Tsai et al. (1979) measured the adenylate

nucleotides and found the energy charge to be lower in phosphate limited

cultures than in a control. They proposed that oxygen consumption by

Contradictory evidence to the explanation of the hypersensitivity



phosphate deficient cel-l-s was inhibited because the fack of inorganic

phosphate prevents the conversion of ADP to ATP; as a result the

coupled electron flow to oxygen becomes inhibited.

In light of these results and those of Hine and Lees (L976) who

showed Azotobacter growth to be limited by oxygen in a vigorously

aerated chemostat culture, it seems necessary to re-examane oxygen

toxicity with regard to the genus Azotobacter. Such a study should be

able to exptain the pyruvate production and inhibition of respiration

observed by Dilworth (1961). It is also necessary to

growth of Azotobacter should not continue to increase

provided with oxygen tensions above 30% oxygen

the culture (Hine and Lees ' L976). The ans\{er

biological- source of reduced nitrogen requiring

energy. Al-so, the very high respiration rate of

the oxygen tension of an Azotobacter culture at zero dissolved

oxygen, the presumption of toxicity due to high concentrations of

oxygen above the culture seems doubtful. It woul-d appear that studies

involving oxygen accumulation in the culture are necessary to define

the detrimental- effects of oxygen on Azotobacter.

2.

Dioxygen may exist in three states, the ground and two excited

states. In the ground state molecular oxygen woul-d appear to be a very

reactive molecule since it possesses two unpaired electrons in separate

outer orbitals. However, the stabil-ity of this molecule is the result

of the spin of these outer electrons being paralleJ-. In accordance with

the Paufi Exclusion principler two electrons with parallet spin may

not enter the same orbital, therefore, before a pair of electrons can be

Free radica] formation and oxygen toxicity

determine why the

when a culture is

in the atmosphere over

may provide a possible

low expenditures of

maintaining



added to the outer orbitals one of these outer electrons must undergo a

change in spin. Ttre change of spin is a slow process compared to the

collision time of the two reactants. Therefore, molecul-ar oxygen will

normally be a rather unreactive molecule, the reactions being favoured

are those which involve one efectron transfer (Taube, 1965). This char-

acteristic of molecular oxygen is termed the "spin restriction".

The first excited state is termed singlet oxygen and is designated

14. rh. outer el-ectrons of singlet oxygen are both in the same orbit

and have opposite spins. The second excited state, designated 3I, has

two electrons separately occupying the two outer orbital-s. The electrons

of the second excited state are antiparallel, which all-ows the outer

el-ectron to drop into the inner efectron shel-f resulting in the rapid

formation of singlet oxygen. The very short tifetime (1 x 10-11 secs)

of the second excited state precludes its role as a possibl-e reactive

intermediate of biological consequence. Singlet oxygen has a much longer

lifetime (several- U secs) and has been implicated in a number of reactions

which may mediate oxyqen toxicity.

Singlet oxygen may be formed by a number of reactions outfined

in lÌig. 1. ft has been shown to act as a possibfe toxic factor in

polymorphonucl-ear J-eucocytes undergoing phagocytosis (All-en et aI . , I972) .

Under these conditions the celf exhibits chemiluminesence which may be

due to the liberation of a photon in the following reaction:

1or{11) * or(31) + hy (1269 nm)

Carotenoids have been shown to provid.e a protective factor against

zlor,(14) -* 202(3Ð + hy (634 nm)



l0

Figure 1. Production of 10, by photochemical., chemical and

biological systems.

(Krinsky I977)
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1
damage due to -0, (Foote and Denny, 1968, Krinsky, 1976). Sarcina

lutea mutants which facked carotenoids were shown to be more susceptible

to destruction by light and phagocytosis than wild type cells (Mathews-

Roth and Krinsky, I91O, Krinsky, 1970). Membrane damage v¡as also

demonstrated by the lysis of liposomes when singlet oxygen was produced

by the photosensitized reaction. Catotenoid incorporation in the lipo-

somes prevents such damage (Anderson and Krinsky, 1973) -

2.I Superoxide Anion

The spin restriction of molecular oxygen and the preferential single

electron reduction of oxygen provides a problem to aerobic biological

systems. Univalent electron transfer of oxygen to \^zater catalyzed

by transition metals, results in the formation of species which contain

an odd number of electrons, ca]Ied free radical species. One such

species is superoxide anion (O, ) , which is the first intermediate formed

by the univalent reduction of oxygen. ft is a weak conjugate base of

the perhydroxy radical- (HO2') whose pt<a is 4.8. This radical may be

produced by a number of react-ions including the autooxidation of hydro-

quinones, leukoffavins (l"lisra and Fridovich, 1971) , catechol-amines

(Misra and Fridovich, Lg72), thiofs (Misra, L974) and tetrahydropterins

(Fisher and Kaufman, 1973). Several oxidative enzymes have been shown

capable of superoxide production; these include xanthine oxidase

(McCord and Fridovich, f969), adehyde oxidase (Rajagopal-an et al-, L962)

and dihydroorotic dehydrogenase (Aleman and Handler' L967). Superoxide

may also act as an intermediate in some enzymatic reactions ; fot example '

intestinal tryptophane dioxygenase is inhibited by superoxide dismutase

(Hirata and Hayaiski, 1971) and it has been implicated as an intermedíate

in two hydroxylases from ryspç¡g niger (Premakumar et al., l-972) .

It



superoxide has been shown to be capable of inducing detrimental

effects to biologica] material. For example, it has been shown to

inactivate viruses (Lavefle et aI., i-973), damage membranes (Goldberg

and stern, Lg76), induce lipid peroxidation (Kell-og and Fridovich'

Ig77) and kill- cells (Michelson and Buchingham, L974). Superoxide has

al-so been implicated as the toxic factor produced by the antibiotic

streptonigrin on aerobic Escherichia coli (White and Dearman, 1965) '

The toxic effects of paraquat have also been proposed to be mediated

by the superoxide anion (Fridovich and Hassan , 1979). Trhe mode of

action of this herbicide is believed to invo]ve it being reduced to a

stable free radical intermediate. This intermediate will then react

with oxygen to generate the superoxide radical with a rate constant
o -] -1of 7.7 x 10" M's.c - aL 25oC (Farrington et al', l.973)'

paraquat has been shown to induce physiological- changes which

rnay be attributed to increased superoxide production. It had also

been shown to increase cyanide insensitive respiration of E' col-i

fourteen fold without any change in total respiration (Fridovich and

Hassan, LgTg). other changes induced by paraquat incfude increased

catalase and superoxide dismutase production which reduce the tethality

of this compound (Hassan and Fridovich, l-971). Recent work presented

by Buchanan (1978) shows the superoxide anion to have a direct affect

on nitrogenase activity in whole cell-s. This effect i1¡as prevented by

the addition of extra-cell-ular superoxide dismutase ''

2.2 The hYdroxYl rad'iqal

13

The superoxide anion and Hro, undergo a reaction which produces a

free radical which is the most potent oxidant known. This reaction,

called the Haber-weiss reaction, produces the hydroxyl- radical (oH')



(Haber and !'leiss , 1934), which is capable of attacking any organic

compound in the cel1 (Neta and Dorfman, 1968). The reaction for

formation of the hydroxyl radical being

oz * ,2o2 -> oH + oH' * o2

It reacts with other compounds having a rate constant of approximately
ô -l -'llO- M - sec -. This rate is close to the rate of diffusion and may be

diffusion-limited since gtycerol addition will decrease the reactivity

of the hydroxyl radical-.

3. Protective Mechanisms in the Cell

The extreme reactivity of the hydroxyl ion requires that the Haber-

Vleiss reaction be prevented or minimized. This is accomplished by

maintaining a very low concentration of the reactants' superoxide anion

and. hydrogen peroxide. The superoxide anion will undergo a spontaneous

dismutation reaction, catalysed by the enzyme superoxide dismutase'

with the release of hydrogen peroxide and oxygen. Hydrogen peroxide

is rapidly removed by the enz)¡mes catalase and peroxidase'

3.1 Superoxide d.ismutase

T4

Superoxide may spontaneously dismutate via one of the rcactions:
s-1-1

HOå + 
"O; 

-* ,ZOZ * OZ k:= 8x10- M - sec -
1-r-1

HOi + OZ * ,2O2 * O2 kÉ 8x1O' ¡4 - sec

oz * oz * 2H* -* nroz * oz k < 0.2 M-f .".-'

The spontaneous reaction is therefore most rapid at the pKa of the

perhydroxy radical (pH 4.8), with a sharp decrease in rate at higher

pH values (Fridovich, 1978). Tt is the third and slowest reaction

which is bel-ieved to be the one occuring upon the superoxide dismutase

enz)¡me. The reaction is believed to be speeded up by a metal cata]yst



which would accePt an electron

superoxide anion (Klug et al',

therefore be written as:

nE-Me +

E - Met-l * 02 + 2H+ ---+ E - Men + Hro,

,,^¡l-rere E denotes the enzyme and Me the metal- '

Three types of superoxide dismutase have been found in nature'

these are classified on the basis of the metal group believed to be

involved in the active site. They are the iron superoxide dismutases

(Fe SOD), manganese superoxide dismutase (Mn soD) and the copper zinc

superoxide dismutase (Cu zn SoD) ' Procaryotes may contain an Fe SoD

and./or Mn soD, both of these enzymes are closely reiated in structure'

demonstrating amino acid homology (Steinman and Hill , l-973) ' The

Mn SOD and Fe SOD of procaryotes are composed of two subunits, each

with a mol-ecular weight of 20, ooo. There appears to be a preponder-

anceofMnsoDinGrampositiveorganisms,whereasGramnegative

organisms may contain both l4n and Fe SOD (Britton et al" 1978)'

llhen both enzymes are present there appears to be a separation of the

enzymes between the cytosol and the peripl-asmic space' cells grown

under conditions which allow high levels of Fe soD to be produced are

more resistant to extraceÌlularly produced superoxide anions' There-

fore,itislikelythattheFesoDisproducedwithintheperiplasmic

Space,whereasthe}4nSoDmayberestrictedtothecytosolofthis

ceIf.

Eucaryotescontaintwotypesofsuperoxidedismutase,aMnSoD

which demonstrates amino acid sequence homology to the Mn soD of

procaryotes and a Cuzn SOD which does not show any amino acid

from o^ and transfer it to a second
¿

l-g72). The reaction mechanism maY

- n-lO, -->E-Me *02
¿
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similarity with the procaryotic form (Steinman and Hill, I973). The

MrÌ SOD is known to be the only superoxide dismutase found in the mito-

chondrial- matrix, whereas the cytosol of the cell contains both I4:r and

CuZn SOD (McCord et al., L977) .

The structure of the CuZn SOD has been described by Richardson

et aI. (1975). Each subunit is believed to exist as a cylinder formed

by eight extended segments of linked peptide chain, the interior of

the cylinder consists of hydrophobic side chains. T\"Io non-helical

loops are believed to project from the ends of the cylinder. These

loops then enclose the active site of the enzyme. rn the dimeric

form the active sites are believed to operate independ.ently.

On the active site, Cü(II) and zn(II) are located in cl-ose

proximity being bridged by a histidine residue. The copper atom is

exposed to the sofvent, whereas, the zinc atom is located behind the

copper.

A possible mechanism of cataì-ysis speculated by Fridovich (1978)

involves the imidazole group acting in proton conduction. The copper

atom may be reduced by superoxide anion to form cu(I). This red.uction

is accompanied by the severence of the bond between copper and the

imidazole enabling the latter to then take up a proton from the

solvent. The copper atom is then reoxidízed by O^ to Cu(II) with
¿

the formation of the imidazole bridge and the transfer of the proton

to yield H^O^.¿¿

3.2 Hydrogen peroxide

Hydrogen peroxide is the most stable intermediate of oxygen

reduction. It has been shOWn to be prod.uced by microsomes (Thurman

et aI., L972), illuminated chloroplasts (Hatliwell, L974), mitochondria

I6



(Portwich and Aebi, 1960) and aerobic microorganisms (Zobe1l and

HittLe , it967). Hydrogen peroxide is not believed to be a toxic agent

since aerobes which lack catalase have been reported to secrete it

(Gledhil], L969). Hov/ever, pneumococci which respire Q2 ao 
"ZoZ

will gradually develop a loss of viability which can be overcome by

the addition of catalase (Sevag and Maiwey, 1934).

The removal of hydrogen peroxide is catal-ized by the hydroperoxi-

dase which include the enzyme catalase and peroxidase. These enz)¡mes.

are distinguished upon the basis of the reductant; peroxid.ase may use

a wide variety of electron d.onors whereas catalase will- use hydrogen

peroxide both as substrate and reductant.

3.3 Peroxidase

Peroxidases are generally hemoproteins capable of reduction by

many substrates, the reactions involving one electron transfer from

donor molecules (Chance l-950, Yamazaki et al-. 1960). Such

one electron transfer result in the production of free radical

specíes, i.e.

Peroxidas" * 
^2O2 

--| Compound I

Compound I + AH2 -+ Compound II + AH'

Compound II + AH2 -+ Peroxidase * AIT'

The free radicals formed are released freely into soluÈion, (Yamazaki

et aL., 1960), thus requiring the dismutation reaction.

2 Þ,H. ___+ A + AH2

Horse radish peroxidase may exist in five stable forms, which are

interconvertible upon binding of specific substrates, illustrated by

Fig. 2. The normal catalytic cycle involves binding of HrO, to

ferriperoxid.ase. The hydrogen peroxide draws two eLecÈrons from the

I7



heme ring resulting in an increase of the effective oxidation number

of the heme group to five (compound T). By single electron transfers,

compound I is reduced to IT and then back to the ferric form

(Yamazaki , L9'74) .

A third compound is believed to be formed in the presence of excess

hydrogen peroxide, while oxidizing NADH and dihydroxyfumaric acid

(Chance, L952, Yokota and Yamazaki, 1965). This compound has an

oxyferroperoxidase Structure. ft is capable of undergoing reduction..

however it is less reactive than compound I. It is also capabfe of a

spontaneous decay to the ferric enzyme \"/ithout passing through the

intermediate I and II (Wittenlcerg et al-. L967) i.e.,

Compor.rnd III + .l-e ---+ Peroxidase * O.
¿

3.4 Catalase

catalases are generally hemoproteins with a protophyrin IX type

heme in a high spin state. Organisms unable to produce heme may

have a flavoprotein type of catalase. The catalase enzyme has a mole-

cular weight of approximately 248,O0O and it may be denatured by

lyophilization to yield two types of products. The first product,

called compound I, is believed to be a subunit of catalase riith a

molecular weight of 82,OOO-88,000, índicating the native enzyme to be

composed of three sub¿nits. These subuníts individually have no

catalase activity and unlike the native enzyme are susceptible to

reduction by dithionite. The second product formed is cal-led compound

II. It has a molecular weight approximately equal to that of the

native enzyme and demonstrates very 1ow catalase activity. This

compound is also susceptible to dithionite reduction indicating that

tyophilization has induced a structuraL change although it has not

18
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Figure 2. Fíve redox states of horse radish peroxidase. Numbers

indicate the oxidation number of the peroxidase heme.

3 + 5 -+ 4 -+ 3 indicate a catalyt.ic cycle.

(Yamazaki L974)
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undergone dissociation to subunits.

The hematin prosthetic Aroup of catalase has the fifth and

sixth coordinate position availabl-e for binding. on the basis of

absorption spectra eril1 and wirliams (1961) suggested a carboxylic

anion occupies the fifth position, which may be aspartate or glutamate,

the C-terminal of a polypeptide chain, cystein or tyrosine. The

sixth position may bind water, but the hydroxyl anion may also be in

this position.

The overall reaction mechanism of catalase involves two separate

reactions. The first invol-ves the formation of a primary complex

between H.O^ and the ferric iron of the hematic group, i.e.2¿

3+ 3+Fe- - OH + H^O^ 
-t 

Fe- - OOH + H^O¿ ¿- 2

The involvement of free rad.icals in the production of the primary

complex is unlikery because of its long harf-life. since no free rad-

icals have been detected in solutions undergoing breakdown of ,ror, this

suggests that the red.uction of hydrogen peroxide occurs via a two

el-ectron transfer step.

The second reaction generally involves the reduction using

hydrogen peroxide as a source of electron, i.e.

_3+ 3+Fe - OOH + H^O^ -----> Fe- _ OH + H2O + 02

This decomposition does not reguire hydrogen peroxide as an

electron donor; three other alternate reduction mechanisms are

possible. Ttre first is the spontaneous decomposition due to the

presence of internal hydrogen donors in the enzyme. The second mechan-

ism involves the use of an external hydrogen donor which gíves

cataLase a peroxidase function. This reaction occurs in the presence

21



of a suitable reductant and low concentration of ,ZOZ. The thírd

mechanism is the iormation of a compound II which is red.uced one

equivalent below the compound T and is catalytically inactive.

A hydrogen ion transfer from the donor to the substrate molecule

bound at the active site is believed to be the mechanism of reduction

in catalase, (Deisseroth et al.. 1970) illustrated by Fig. 3. This is

supported by the lack of free radical- formation and studies involving
18 10 'ìo-"o enriched peroxide. such '"o enriched peroxides evol-ved. '"o^ ir, .2 --

mole fraction similar to the substrate, indicating that the two atoms

of oxygen evolved are derived from the same substrate molecul_e.

The function of catalase in the cell is obviously to remove excess

hydrogen peroxide, however it has been postulated to ful-fill other

roles in the cell. For example, the catalase function in red bl-ood

cells is also carried out by gtutathione peroxidase. Under normal

physiological- cond.itions glutathione peroxid.ase functions to protect

hemoglobin from oxidation (Aebi, I974). Therefore, the role of catalase

in these cell-s does not appear to be the removal of H-O^ and is as yet

unknown.

However the peroxidase function of catalase has implicated cata-

lase in oxidation pathways. Deisseroth et al-. (1970) suggested that

this peroxidase function may be coupled to the oxidatíon of NADH

without conservation of energry. Catalase may also function along with

cytochrome c oxídase to remove hydrogen peroxide, i.e.

22

4H2o + 4 cyt. "-F.**+ 2 oz--+ 4 cy:.

2^zoz catarase-+ 
2Hro

The amount of catalase synthesized has been shown to be regulated

. +++c-Fe - OH + ,IIZOZ

*o,
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Figure 3. Mechanism of catalase action.

(Deísseroth and Dounce 1970)
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by catabolite repression. Catalase positive E. col-i which are grown on

intermediates of the Krebs cycle or on undefined medium have high

levels of catalase, whereas glucose, glycerol. maltose, lactose,

xylose, mannitol, sorbitol and trehalose will- induce repression of

catalase synthesis, (Yoshpe-Purer et aI., 1977).

4.O The Respiratory Pathway of Azotobacter

4.I Cytochrome content

These are cytochromes cn and s5, an autooxidizable cytochrome b, and

three cytochrome oxidase= Ê1, o and d. Cytochromes b, c and d were

found by Negelein et af., (1934) and subseguently by Smith (1954) ,

Bruemmer (1957) and Temperli (1960). Cytochrome o and a, were shown

to be present by Caster and Chance (1959) who also showed that carbon

monoxide combined with cytochrome â r o and d indicating their role

as cytochrome oxidase. Quantitative studies by Jones and Redfearn

(1961) indicated cytochrome d to be the main terminal oxidase, being

present in quantities eight fold greater than cytochrome o.

4.2 Quinone component

At least six cytochromes are known to be present in Azotobacter.

25

is ubiquinone Q-8 detected by Temperli and Page (1960) and Page

(1960). Ubiquinone is present in excess. the levels being six

greater than levels of the índividual cytochrome components.

Ubiquinone ís also the sol-e quinone component' no menadione was

detected by Jones and Redfearn (1966). Swank and Burris (1969)

ubiquinone to be essential for the respiration of Azotobacter.

workers extracted ubiquinone with pentane which resulted in a

The quinone component of the respiratory chain in Azotobacter

et al.

fold

showed

These



proportional loss of respiratory activity which could be restored by

the addition of native ubiquinone.

4.3 Dehydrogenases

Azotobacter contain a number of active membrane bound dehydro-

genases which include NADH dehydrogenase (Bruemmer L957 ' Tissiers

1957 and Repaska, 1958) , NADPH dehydrogenase (Pandit, L967 ' Achrel]'

Ig72), succinate dehydrogenase (Repaske 1954, Alexander' 1955) and mal-

ate and lactate dehydrogenase (Hovenkamp, 1959).

The NADH dehydrogenase is the rate limiting compound of NADH

oxidase in Azotobacter (Jones et al. 1971). The Km val-ue for NADH

of this enz)rme is 40 Ul4. The enzyme contains I grarn atom of iron

and labile sulfur per mole of flavin mononucleotide (DerVottanian, 1972) -

This ratio may change in iron limited cultures where one grem' atom of

molybdenum and two of iron and labile sul-fur are found per mole of FMN-

Structural changes in the membrane have been shown to have an

effect upon the activity of NADH dehydrogenase. For exampl-e, brief

sonication will result in a momentary increase in activity followed by

a decrease. This enzyme is also sensitive to conditions of excess oxy-

gen when ttre enzyme loses its proton transl-ocation capabilities result-

ing in loss of energy conservation. Substrate irLkribition has been

demonstrated with mitochond.rial NADH dehydrogenase in that concentration

of NADH greater than O.l-mMresulted in partial inhibition of activity

(Hatefi and StemPeI, 1969) .

26

NADPH dehydrogenase is not believed to

source to the electron transport system of

is an allosteric enzyme and has a

S- - beins 440 u¡4 (Ackrell et al-,
u.5

poor affinity for its substrate' the

1972). Untike NADH dehydrogenase'

be an important electron

Azotobacter. This enzYme



its activity is not coupled to proton translocation and ATP synthesis.

However, to ensure efficiency an active transhydrogenase will transfer

equÍvalents to NAD+ from NADPH. The activity of NADPH dehydrogenase

is competitively inhibited by adenine nucl-eotides, with the maximum

activity at low energy charge (Ackrell, L912) .

4.4 Effects of inhibitors on respiration

Jones and Redfearn (L967) found the oxidation of physiologicaf sub-

strates to be tolerant of high concentrations of KCN (Ki of I15 UM) -

However the oxidation of artificiaf electron donors was found to be

inhibited by very low levels of KCN (xi of 0.5 UM). These results

suggest two separate cytochrome oxidases functioning in hzotobacter,

one for physiological substrates, the second for artificial electron

donors.

Oxidation reduction kinetics (Jones and Redfearn, L96l) indicated

that DCPIP - ascorbate donated electrons at the level- of cytochrome c.

These studies also indicated cytochrome cn and 95 ao be on a d.ifferent

path than clztochrome br, since the c-type cytochromes show a greater

reduction in the aerobic steady state than the b_ type cytochrome.

These workers also described CO action spectra indicating DCPIP -

ascorbate inhibition was much more sensitive to relief by light than

NADH oxidase. Low concentrations of KCN, which abolish the relief

by white light of CO inhibition utilizing artificial electron donors 
'

had no effect on the light rel-ief of NADH oxidase. The inability of

KCN to abolish tight relief may reflect the insensitivity of cytochrome

d to the inhibitor.

Jones and Redfearn (1967) proposed a branched chain electron

tïansport system to explain their results (Fig. 4). The cytochrome d

2'7
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¡ r-gure 4. The respiratory system of e. vineLandii' I' TI and

IIT represent the three energy coupling sites ' Numbers

ín parentheses refer to electron transfer rates (pmoles

substrate oxi-dízeð'lmin mg protein) in absence of ADP'

Broken arrovTs indicate inhibitor action'

Solid arrovls indicate physíological electron transfer'

Open arrows indicate artificial electron transfer'

(Jones et aJ-., I97L)
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(a^) is the main termina] oxidase of the branched chain system. The
-¿

second branch of the sysLem is bel-ieved to carry a much lower flux of

electrons and to termínate with the o and a, terminal oxidase. This

path is very sensitive to inhibition by KCN, but unlike the major path

is insensitive to 2-n-alkyt-4-hydroxyquinoline (HQNO), an inhibitor

bel-ieved to prevent the reoxidation of b type cytochromes. ParalleIism

of the c type cytochromes with cytochrome b is shown by the inability

of HeNO to affect the steady state reduction of cytochrome c. Therefore,

efectrons flowing through the minor branch are transferred to oxygen

by:

hydroquinone -> cytochrom" 94 * % 
* at9 * OZ

This minor path cannot support more than 30% of the total flux of the

respiratory chain (Sagi-EisenJcerg and Gutmar., 1979) -

The minor branch may be further subdivided to cytochrome 9l - oz

and cytochrome .g5 * O, on the basis that purified sa and E yielded

different prlo Tatios when used as electron mediators between ascorbate

and the respiratory chain (Ackrel-l and Jones' 1971a), i-e. "- - Êt9

may be non-phosphorylating.

Other sites of phosphorylation are believed to occur at the level

of NADH dehydrogenase (Eilermann, L97O) and in the ubiquinone region.

In the absence of ADP or inorganic phosphate the flow of electrons

through a coupled site may be inhibited, this inhibítion is indicative

of the degree of coupling occurring at this site and is termed respira-

tory control. Such control occurs at the level of NADH dehydrogenase

and in the ubiquinone region; however, this control is dependent upon

the electron pressure at the phosphorylation site. For example, NADH

as substrate elicits respiratory control at site I. Control at site II
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v¡as only observed when the ubiquinone region was made rate l-imiting by

use of the inhibitor HQNO, which slows down the fl-ow of electrons, or

by using a pair of substrates such as lactate and malate (Eilermann

et al., I97Ir Jones, 1971a,b).

The third site of phosphoryfation occuring on the minor pathway

does not elicit any respiratory control, indicating there may be a very

low degree of energy coupling on this branch. However, Ackrell and

Jones (1971) demonstrated a stimulation of 0.20 in the P/O ratio in the

presence of HQNO; the stimulation was inhibited by low concentrations

of KCN. Ho\'rever, these authors conclud.ed that the minor pathway does

not contribute significantly to the overall phosphorylation of the cell

since no significant change in overall p/O ratio \,¿as observed with low

KCN compared to cell-s without KCN. Studies on the stoichiometry of

respiratory-driven proton translocation (tne U+70 ratio) exhibited

by whole cells of A. vinelandii were

of phosphorylation rather than three

The phosphorylating capability

31

the oxygen tension in the medium. For example, the efficiency at

site I increases as the oxygen tension decreases and is maximal when

oxygen is rate limiting (Ackrell and Jones , L97Lb). When cells enter

oxygen limitation the respiratory carrier concentration increases, as

d.oes the activity of the primary dehydrogenase and the activity of the

minor path increases nine to thirteen fold (Ackrell and Jones, 1971b).

The increased activity of the minor path under oxygen l-imited conditions

suggest the minor path may act to increase the efficiency of energy

more consistent with two sites

as was proposed.

of the three sites is affected by

conservation during conditions when the ce1I is energy limited.

The possibility that the coupling observed at site III could be



due to

(re7e) .

out by

artificial coupli-ng was proposed by sagi-Eisenberg and Gutman

oxidation of ascorbate on the outside of the intact cel-l- would l-iberate
protons while protons are removed from the interior by the terminal
oxidase which is provided with erectrons from reduced TIr{pD. The pH

difference generated may be sufficient to produce an artificiar roop

of energy conservation. Membrane fragrments, which do not demonstrate

energy coupling to TMPD oxidation, would form inside-out vesicles which

would prevent the, formation of a pH gradiant.

studies on mutants devoid of the ability to oxidize Tlv1pD-ascorbate

vrere carried out by Hoffman et af. (Ig7g). Thís mutant was unaJrle to
oxidize reduced % * % by Èr9. This did not affect the respiration
rate of the mutant compared to the wird type cer-r-. No effect was

observed on either the phosphorylating efficiency or on the H+,/o ratio
which was about 4.0 for both the wild type and. mutant. These workers

aLso examined the oxygen uptake kinetics of the wird type cerr-. They

found these kinetics to be so1e1y due Lo ttre cytochrome d pathway when

at very 1ow o>qzgen tensions. Addition of TMpD-ascorbate to wird type

cell illustrated the oxidase of the minor path had a greater affinity
for oxygen although it had a much lower vmax value than the major path.

Because of the inability to detect the kinetic characteristics of the

minor path even at Low oxygen tensions, Hoffman et al. (Ig7g) proposed

this path as unrikely to oxidize even small quantities of NADH.

They noted that the

intact A. vinel-andii

oxidation of TMPD is coupled when carried

cells, but not by membrane vesicles. The
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5.1 Cytochrome o

Studies of the cytochrome o

The Major Cytochrome Oxidases: Cytochrome o and d

presence of two other cytochrome oxidases. Since most \^¡ork done on

this cytochrome oxidase has dealt with the cytochrome o of

Vitreoscill-a, which contains cytochrome o as the sole terminal oxidase,

I shall discuss some

bacter cytochrome o.

The Vitreoscílla

and consists of two identical polypeptide chains. Each mol-ecuIe of

cytochrome o has two molecules of protoheme IX, each capable of binding

CN independently (Tlree and lVebster, Lg78). The midpoint potential

of the two.hemes are *0.118 volts and -0.122 volts (Tyree and. Webster,

1978b). Binding studies of CO to reduced cytochrome o resulted in a

sigrmoidal curve with a Hill plot slope of 2.0 indicating cooperativity

between the binding sites with at least two binding sites functioning

(:I!ree and Vfebster 1978a) . However, Kl4Cn ¡itaing studies to oxidized

cytochrome o indicated that no such interaction occured between the

two subunits. fherefore it appears that in the reduced form there is

cooperativity between the subunits, and upon oxidation this cooperativ-

ity is lost. Oxidation of the purified reduced cytochrome o requires

approximately 0.5 mole oxygen per cytochrome molecule, this oxidized

form called compound Dr has absorbance maximum of 5161548 and 418 nn.

Addition of more oxyqen results in the formation of an oxygenated

species with absorbance maximum at 576,543 and 414 nm. Íhis oxygenated

in Azotobacter are complicated by the

observations which may possibly apply to Azoto-

cytochrome o has a molecular weight of. 27,OOO

33
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Figure 5. Proposed model for the reacËion of reduced cyto-

chrome o wiËh molecular oxygen.

(Tyree and l,lebsËer 1978)



to f,t
z b-" b''

Iotl
Y

Ln J-')(b'' b'")zoz

CO}æOUND D

o)l"l
Y

TCOMPOUND P ]

I

t

la+2a+2 - oz* a*za*3or-l + ¡+3¡+3

OXYGENATED COMPOUND

35

oz- *



form was easily converted to the compound D by NADH catalysed by the

enzyme NADH-cytochrome o reductase or by dithionite. The oxygenated

form is the predominant form of cytochrome o during catalytic turn-

over in whol-e cell suspensions (Webster and Oris, 1977) '

Tyree and webster (1978) proposed a model for the reaction of

reduced cytochrome o with oxygen (Fis. 5). The first intermediate,

Compound D, is believed to have one bound oxygen molecule between two

molecules of cytochrome o without any significant transfer of electrons

from the iron, thus remaining in the ferrous form. Further add'ition

of oxygen results in the formation of a postufated intermediate

(Compound P), which is converted to the oxygenated form. This oxygen-

ated form contains half ferrous and half ferric iron. The oxidized

cytochrome may then be reduced and react with the oxygenated form to

form Compound D, thus completing the catalytic cycle'

The A. vinelandii cytochrome o also has been shown to have an

oxygenated form (Yang and Jurtshuk, 1918). This form occurs rapidly

when purified cytochrome o is reduced by small- amounts of dithionite

and subsequently aerated for about 30 secs. Untreated cytochrome o had

a soret maxima at 4L2 nm whereas the reduced form had this peak at

425 nm. When the reduced form was oxygenated, the peak shifted

back to 414 nm with a decrease in absorbance. The oxygenated form was

very stable suggesting a possible functionat role similar to that of

mammalian oxidase (Yang and Jurtshuk, 1978) '
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5.2 Cytochrome d

cytochrome d is the major functional oxidase in Azotobacter. It

is rapidty oxidized and does not reach the steady state reduced form

till anaerobosis is maintained (Jones and Redfearn, L967) -



TheabsorptionSpectÏumofthiscytochromeshowsapeakinthe

red end of the spectium, the reduced peak at 631 nm and the oxidized

peak at 648 nm. The oxidized peak can be further resolved into three

gaussian curves with peaks at 635, 648 and 670 nm. The reduced' cyto-

chrome absorption peak at 631 nm is composed of a single peak' The

ratio of the 64g and 670 nm peak varies depending upon the preparation

and may be composed of two different compounds. However, the peak at

649 is believed to be the same compound as that producing the peak at

63I nm.

An intermediate is believed to be formed when the oxidized cyto-

chrome d, exhibiting the peak at 648, is produced from the reduced'

form. This was shown by a gradual oxidation of the reduced cyto-

chromedwhenoxygenwasaddedslowlytoA.vineland.iicells.The

peakat63tnmslowlydisappeared,howevernoincreaseinthepeak

at 64g was observed till there rr',7as excess oxygen in solution. The

intermediate formed did not absorb light in the red end of the spectrum

and.maybethenormaloxidizedformofcytochromed(Kauffmanand

van Gefder, 1973a). The formation of the compound absorbing at 648

nm \^/as proposed to be due to a charge transfer of' an electron from

the öxygen to the iron of the heme, thus giving a reduced type of

spectrum.

Kauffman and van Gelder (I973b) proposed the binding of cN to

the cytochrome d occurs at the 1evel of this intermediate compound'

upon addition of cN to reduced cytochrome d no binding was observed'

However, addition of cN to the oxidized cytochrome d results in the

lossofthepeakat643nmwithnoformationofa63lnmpeak.The

two other oxidized peaks reacted differently to cN , the 670 nm peak
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decreasedmoreslowlywhereasthe635nrrpeakwasnotaffected.The

binding of CN to the íntermediate may prevent the charge transfer whÍch

produces the 648 nm band, i'e'

rt -_+ dx ------+ dx-CN+49 <-- 
-

6.

6.1 Major catabolic Pathways

In order to maintain the high rates of respiration necessary for

theaddedenergydemandsofnitrogenfixationandrespiratory

protectionr Azotobacter must possess very efficient means of carbon

assimilation and catabofism'

Carbon Metabolism in AzotoÞaçlgr

are the Entner Doudoroff pathway, the pentose phosphate pathway

(Mortenson and Wilson, Lg54, Mortenson et al" 1955' Stíll and Wang'

Lg64, Haaker and veeger, Lg76) and the TCA pathway- Glycolysis does

not function as a complete path because of the absence of a phospho-

fructokinase (Stephenson et aI', f978) '

The control- of caïbon oxidation depends to an extent upon the

environment of the cel-l. For example, Haaker and veeger (1976)

described differences between cells grown in the presence of excess

oxygen and those grown under low oxygen as to their ability to

oxidise sucrose. celts taken from an oxygen rimíted culture are cap-

able of oxidizing pyruvate much more rapidly than sucrose, i'e' 300-600

versus 2o. L4o nmoles o, min-l ng I' However' ce1ls taken from a

culture with excess oxygen had about the same rate of substrate

oxid.ation for both pyruvate and sucrose'

TheseauthorsalsofoundhigherlevelsofNADHdehydrogenaseat

The major PathwaYs

2a

of Azotobacter for carbon substrate oxidation
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hiøh o, concentrations, but because they detected only very low

levels of reduced pyridine nucleotides in the cell under these condi-

tions, they dismissed the possibility that this would. have any controll-

ing effect over the enzymes of the Entner Doudoroff or pentose phos-

phate pathway.

energy charge

ent types of

suggested the

Ttrey also excluded. the possibility of control by

since there was no signifícant change between the differ-

of the sucrose translocator.enzyme. The uptake mechanism may be

coupled to the activity of the glucose-6-phosphate dehyd.rogenase since

this enzyme increases three to four times in the presence of excess

oxygen (Haaker and Veeger. L976).

Glucose transport has arso been proposed to be coupred primarily

to malate oxidation at a l-ow potential site in membrane vesicles from

Azotobacter (Barnes , L973). He also found the transport of glucose

to be coupled to TMpD oxidation, which occurs at a higher redox

potential. This led. Barnes to propose two sites of coupling for the

transport of glucose in these cell-s, one the low potential site and a

second on the minor branch of the electron transport chain.

The control by reduced pyridine nucleotides and by energy charge,

although unrikely for cerls in the presence of excess oxygen, may

occur in oxygen limited ce1ls. Senior and Dawes (1971) found control

is exerted by NAD(P)H on glucose-6-phosphate d.ehydrogenase, 6-phospho-

gluconate dehydrogenase, citrate synthetase and isocitrate dehydro-

genase in A. beijerinkii. stephenson and Dawes (r97g) found acetyl-

CoA and NADH to inhibit the pyruvate dehydrogenase enzyme. Therefore

high levers of NADH and acetyl coA may inhibit the frow of carbon

ce1l examined. Therefore Haaker and Veeger (1976)

rate of sucrose oxidation is determined by the activity



with a possible detrimental effect

the extra reducing equivalents and

a carbon and energy sink which may

butyrate.

6.2 PoIy-ß-hydroxybutyrate

PolY-ß-hYdroxYbutYrate is

reducing power in Azotol¡acter.

limited continuous cultures, has

up to lOz of its dry weight in the

to the cell. The cell- may remove

acetyl CoA by sequestering them in

be the function of poly-ß-hydroxy-

factor for polymer synthesis has been shown to be oxygen limitation

rather than nitrogen limitation. The growth rate has also been shown

to affect synthesis since the PHB content of oxygen limited cul-tures

is inversely related to the growth rate (Senior, L972) .

Senior and Dawes (1973) suggested a cyclic mechanism for the

the sole storage form of carbon and

¡

production and degradation

beijerinkii in batch and oxygen

been shown capable of accumulating

form of this polymer. The initiating
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CoA is the substrate for both citrate synthase of the TCA cycle and

ß-ketothiol-ase, the initiating enz)zme for polymer synthesis. During

conditions of abundant oxygen supply acetyl CoA is rapidly consumed

by citrate synthesis with a resulting high intracellular CoASH l-evef.

High CoASH levels have an inhibitory effect upon S-ketothiolase

resulting in negligible PHB synthesis. !,lhen the ceII is placed in

oxygen l-imited conditions, the leve1s of reduced pyridine nucleotides

increase which has a negative effect on the citrate synthase activity.

Resulting high level-s of acetyl-CoA and low CoASH which all-ow greater

activity of ß-ketothiolase, resul-ted in increased carbon fl-ow

toward polymer synthesis.

Acetoacetyl CoA, formed by the action of ß-ketothiolase, is

of PHB in Azotobacter (Fig. 6). Acetyl



4I

Figure 6. Regulatíon of poly-ß-hydroxybutyrate metabolísm

in A. beijerinckii. Broken lines indicate

ínhib ítion.

(Senior and Dawes L972)
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reduced to D(-)-3-hydroxybutyryl coA by acetoacetyl-coA (Ritchie,

f968, Ritchie et al . , r97r, senior, rg72). such inhibition \,,/as

suggested to occur to prevent wasteful cycling in the system (senior

and Dawes, r973). polymerization of D(-)-3-hydroxybutyryl coA would

resul-t in release of CoASH and formation of pHB.

Degradation of pHB was proposed to be controrfed by NADH,

pyruvate and a-ketoglutarate, a1J- being inhibitory to the D(-)-3-

hydroxybutyrate dehydrogenase. Therefore, under conditions of high

oxygen tension resulting in a high NAD+:NADI{ratio, this enzyme may

still- be inhibited by pyruvate and q,-ketoglutarate. such inhibition

would insure that the cel-1 util-izes all- extracellular readily utilizabl-e

carbon sources. only when these are exhausted, resulting in decreased

intracellular intermediate l-eve1s, would. PHB d.egradation occur. Senior

and Dawes (1973) had al-so discovered an acetoacetate succinate CoA

transferase enzyme which complete the cycle. This enzyme is inhibited

by acetoacetate for the succinate stimul-ated d.eqradation of acetoacetyl

CoA. The equilibrium constant for this reaction does not favour pHB

degradation,however under conditions of l_ow NAD(p)H, hi_gh coASH and low

acetoacetyl-CoA, thís reaction woul-d proceed toward acetoacetyl-CoA formation.

6.3 Polysaccharide production in AzotobacÈer

A2

A. vinelandii normalry produce a polysaccharide which has been

identified as an alginic acid, a partially acetylated linear copolymer

composed mainly of D-mannuronic acid and smaller amounts of L-

guluronic acid (Gorin and Spencer, 1966, Larsen and Haug, Lg]-L).

Larsen and Haug (1970) found that the formation of this polysacchariCe

appears to depend upon a c.++ dup"nd.ent epimerase to convert D-manuronic

acid residues to L-guluronic acid residues. celrs gro\^/n under



conditions of l-o\,r c.** "orr.entrations, 
have

to L-guluronic acid ratios and increased Ca

this ratio. Energy for this conversion was

coupling the strong binding of ca++ to the

and Bucke (1975) proposed a

production of alginic acid

The overall pathway however

atginic acid production by the brown algae Fucus gardneri (Lin and

Hassid, 19166 arb) , except the A. vinfandii guluronic acid units do

not appear to act as precursors to the polymer synthesis. Therefore

it appears that the cal-cium dependent epimerase of Azotobacter acts

on the mannuronic acid polymer. The role of this polymer is not

cl-ear; however several possibilities exist as to its function. These

include its possible role in protection against dessication, phago-

cytosis, phage attack or high oxygen tensions (Williamson 1958,

Sutherland, 1972, Postgate 1974). It may be involved afso in meta]

ion uptake (i'Jilliamson, 1958, Sutherland, L91 2), act as an adhesive

agent (Johnson et al., L971), or an ATP sink (l¡eijssef and Tempest,

1916) - rt is cl-ear however that this polysacchari:le 'i,s required for
++ thich wilI preventthe encystment of Azotobacter, since l-ack of Ca

the formation of L-guluronic acid residues results in abortive

encystment.

higher D-mannuronic acid
** tesults in a decrease of

proposed to be provided by

L-guluronic acid. Pindar

sequence of reactions leading to the

in A. vinlandii from sucrose (rig. 7) .

does not appear to differ very much frorn
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Figure 7. Pathway for the biosynthesis of alginic acid in

A. vineLandii.

(Pindar and Bucke L975)
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7.

7.I Characteristics of encysting celts

Encystment of Azotobacter

(1935), where she noted the formation of spherical structures much

Cyst production by Azotobacter

different from the oblong vegetative celf. Vtinogradsky (1938) showed

that cyst formation is induced by growth on butanol or ethanol, while

readily oxidizabl-e sugars such as glucose or sucrose suppressed its

formation. He noted that the centraf body is encased by an inner coat

called the intine and an outer coat cal-led the exine. Lipid in the

form of poly-ß-hydroxybutyrate accumulates within the central body

(Forsyth et al-., l-958, Stevenson and Socolofsky, I966). Socolofsky

and Wyss (1962) demonstrated that Azotobacter cysts are resistant to

was first described by Batchinskya

the lethal effects of W light, sonication and dessication yet showed

no significant resistance to heat.

Another method of inducing cyst formation was described by Layne

and Johnson (1964), who showed increased cyst production when A.

vinelandii was exposed to severe mineral deficiency. However these

47

cysts differed from the cysts produced by growth on butanol. Unlike

the previously reported cysts, these lacked both intine and exine

yet vrere reported resistant to sonic oscil-lation and d.issication,

casting doubts upon the role of the exine and intine coats as

protective structures. However Parker et aI. (1966) demonstrated the

importance of the exine in providing resistance to the cyst. Cyst

exines can be ruptured by chelating agents releasing the central- body.

The resistance of this central- body to dessication \^7as determined to

be much l-ess than the intact cyst. Therefore, the exine appears to

be required by the central body to confer resistance. The mechanism



of resistance of the mineral deficient ce1ls is not known.

Lin and Sadoff (1968) demonstrated that much faster rates of

encystation were possible when $-hydroxybutyrate or crotonate were

added. to washed glucose grown cell-s. Butyraldehyde, hydroxybutyraldehyde,

butyrate and ethyl acetoacetate were not effective inducers. Also

prior growth in acetate prevented induction of encystation. lfashing

of the cells v/as essential to prevent the release of copious amounts

of polysaccaride which has been termed abortive encystment. This

release of polysaccaride occurs without any cyst formation. Lack of
++Ca has al-so been shown to induce abortive encystment (page and

Sadoff, L975, Stevenson and Socolfsky, L972) .

Once a cell has been induced to encyst it undergoes a series of

physiological changes which have been described in terms of a l-ife

cycle by Sadoff et a1. (197f), (fig. 8). After induction of encystment

the cel-ls l-ose their mobility, become spherical and the warrs become

thickened. They undergo a final division yielding two daughter

cells. At six hours membrane blebs are secreted from the surface of

the encysting ceIl which break free and form sheets embedding in the

capsular material. The sheets give the exine a tayered or shingled

appearance (Cagle, 1972, Koo, 1969) .

The cyst once formed is,metabolically dormant being capable of

surviving ten years in dry soil (Vela, 1974) .

Germination occurs at 30oC in BU medium with glucose¡ sucrose

or acetate as the carbon source (Loperfido, 1973). The central body

swells and occupies the entire volume. Respiration proceeds immediately

upon addition of the carbon source folLowed by RNA and protein synthesis.

By eight hours the exine develops a fracture with the release of the
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typical vegetative ce11. Motility returns before the first cel-1

division.

Vühen the celf undergoes encystment with BHB, the cefl must shift

metabol-ism so as to utilize this new carbon source. Gfuconeogenic

enz)¡mes and glyoxylate pathvùay enzymes must be produced, whereas

glucose-6-phosphate dehydrogenase activity immediately starts to

decrease (Hitchins and Sadoff, 1973). A bimodal pattern is seen in

the activity of the glyoxylate pathway enzymes and gluconeogenic

enzlzmes with a low peak at approximately three hours and a large peak

at twenty-five hours.

7.2 Polysacchnride components of the cyst

D-mannuronic and L-guluronic acids are the only uronic acids

present in isolated exine and intine fractions. The exine is rich

in guluronic acid. residue whereas the intine contains a high percentage of

mannuronic acid. L-guluronic acid residues are scarce in polysaccaride

from cel-l-s which have undergone abortive encystement. The reason

for the preponderance of L-guluronic acid resid.nes in the exine may be

due to the tertiary structure of the molecules. X-ray fiber diffraction

studies and polarised. infrared spectroscopy studies indicate distinct

differences between the poly-mannurinate and poly-guluríonate (Atkins 
'

I91I). Poly-mannurinate has a flat ribbon-like structure with H-bonding

between the O3-n and the 05 ring oxygen of the next mannuronic acid

residue. This structure does not induce strong binding of Ca++ (Grant

et al-. , 1973). Polygulurionate has a stiff rod.-like structure. rt

is stabilized by one HrO per acid residue with H-bonding between

)
-O--H and either oxygen of this next carboxyl unit. This structure

alloros four oxygens to participate in coordination complexes with
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divalent cations.

It is easily seen why chelators will have a destructive effect

on the exine. Removal of the ca++ wilr result in loss of the coordin-

ate complex resulting in destabilization of the tertiary structure.

Abortive encystment caused by lack of c-+*, brought about by chelation,

may be the direct affect of either lack of energy due to the requirement
++of Ca' ' binding to the guluronic acid residue to drive the epimerization

reaction or tl;e lnability to form a strong exine because of the absence

of ca++ to maintain structure.

8. Nitrogen Fixation

8.1 Rel-ationship of Nitrogen fixation to oxvqen

one common and important characteristic of al-l N, fixers is the

anaerobic environment reguired by their nitrogenase, in order to

function. This reouirement places severe restrictions on cefl-s which

normally grow in the presence of oxygen. For exampJ_e nitrogen fixing

cyanobacteria such as Anabaena cylindrica must compartmentalize the

nitrogenase enzymes into specialized cefls called hetrocysts v¡hich

l-ack the photosynthetic capability to generate oxygen, thus allowing

N. fixation j-n the cefl-s when those around them are actively photo-z

synthesizing. Rhizobium must enter the environment of a root nodule or

grow under low oxygen tension in vitro, before nitrogen fixation can

proceed; the root nodule provieles protection from oxygen since leghemo-

globin appears to bind excess oxygen from the environment of the
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bacteroids. Finally, Azotobacter must develop extraordinary respiration

capabilities and

its nitrogenase

Postgate, 1969) .

induce conformational- protection in order to protect

from the del-eterious effects of oxygen (Dalton and

Since nitrogenase has been reported as the site of



oxygen toxicity to Azotobacter¡ a close

function of this enz)¡me is required in

of oxygen to Azotobacter.

8.2 Biological_ N- fixation

The reduction of dinitrogen to ammonia, catalysed by the enzyme

nitrogenase, i-s carried out by a wide variety of organisms incruding
strjct anaerobes such as cl-ostridium pasteurianium or Desulfovibrio
desul-furicans, facultative anerobes: Bacirlus and. members of the genus

Klebsiel-la, citrobacter, Enterobacter and Errvinia, and strict aerobes

such as Azotobacter' Azomonas, Azotococcus, Beijerinkii and Derxia
(Postqate , 19'78) .

The contribution of biologicar nitrogen fixation to the overa]l
worl-d input of fixed nitrogen is bel-ieved to be enormous. ït has been

estimated that r-5% of the fixed nitrogen is produced by the Haber

Bosch process and approximately fo% is contributed by nitrous
oxide formation in the air, this r-eaves over 70>" or approximately 14

1
x 10' tonnes of nitrogen to be contributed by biorogica] nitrogen fix-
ation. The most important species in terms of N, fixed, is believed
to be the Rhizobium species¡ in symbiosis with legumes it is capable

of producing about lOO to 300 kg N per hectare per year (Dalton and

Mortenson, 1972) - of the free living nitrogen fixers, the photo-

synthetic capabilities combined with nitrogen fixation makes the

cyanobactería the most effective prod.ucers of fixed nitrogen as wer_l

as the most ubic'uitous. Heterotrophic nitrogen fixation is not

believed to contribute much to tìre overarl gr-oi¡ar fixed nitrogen

because of the requirement for an oxidizable carbon source. However

the ease of growth and the high cerl yields make the study of

examination of the

a study examining the toxicity

traJJ
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heterotrophic nitrogen fixation much more convenient, so it is from

these organisms that most of the knowledge of nitrogen fixation is

derived.

8. 3 The nitrogenase enz)¡me

The nitrogenase complex consists of two types of proteins both

essential for catal-ysis. These are a large molybdenium iron protein

with molecular weight of. 27O,0OO and a small-er protein which has a

mofecular weight of 56,000 to 67,OOO. These proteins are respectively

termed the MoFe protein and the FeS protein. The larger protein may

consist of four subunits of tetramer of arß, structure and has a large

number of iron sul-fur centers with approximately 24 Fe + 24 S per

2 Mo atoms. Mossbauer spectroscopy suggests the Fe atoms are grouped

in at least three and possibly four distinct units, however during

turnover only one center changes properties. The overal-1 redox potential

of the MoFe protein is l-ess than -260 mv and may be as l-ow as -460

mV during nitrogen fixation -

The Fes protein from cl,oiiFiqil4 and Azotobacter is cofd fal¡ife

and irreversibly damaged by oxygen. It will bind ATP and ADP pro-

ducing a well studied conformational change in the protein' T'his can

be detected by EPR spectrum studies which have shown that the effect is

specific for adenosine di- and tri-phosphates. EpR spectrum studies

also indicate two molecules of Mg-ATP must bind to the Fe protein to

give a complete conformational- change. This change also appears to

open the conformatíon of the proLein making its iron moiety more

accessíble to chel-ating agents. It is also accompanied by a shift of

the redox potential from -294 to -402 mV'



8.4 Requirements for catal_ysis

For full activity the nitrogenase enzyme requires a source of

el-ectrons, an erectron carrier, ATp and Mg++. The el-ectron source in

strict anaerobes has been identified by Mortenson et al. (1963) as

pyruvate. Electrons are accepted by ferredoxin from pyruvate dehydro-

genase via the phosphoroclastic reaction. The source of el_ectrons

for nitrogenase in aerobic bacteria is not as clear, some possibilities

include NAÐ(P)H via fl-avod.oxin or ferredoxin (Benneman et al . :-:}TL) |

a similar type of phosphoroclastic reaction as in anaerobes (Bresters

et al-, 1972) and a membrane bound. flavodoxin reductase (Haaker and

Veeger, L916) -

The involvement of a membrane bound flavodoxin reductase is

likely to be the mechanism involved in reducing flavodoxin which then

transfers reducing equivalents to nitrogenase. Haaker and Veeger (Lg74)

d.emonstrated the involvement of the highly energized cytoplasmic mem-

brane by use of an uncoupler and acetate which does not require energy

to be assimilated. rn these cel-ls the ATp and ADp levels are about

the same as the control, but nitrogenase activity is almost completely

suppressed. Nitrogenase also requires an el_ectron carrier, but

attempts at using physiological substrates as electron sources have

not been very successfuL (yates and Jones, rg74). yoch and Arnon (Ì970)

were the first to use a physiological electron source when they donated

el-ectrons to nitrogenase from heaËed spinach chloroplasts. Nitro-

genase activíty occurred only ín the presence of ATp and. an electron

carrier such as ferrodoxin or fl-avodoxin. The flavodoxin of
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Azotobacter exists in

quinone and hydroquinone. The hydroquinone is the form believed to be

three oxidation states i.e. oxidized,, semi-



capable of supporting nitrogenase activity (yates , I9j2). Oxidation

of the hydroguinone may be detrimental to the activity of nitrogenase

since flavodoxin from Azotobacter is easily oxidized by molecular

oxygen. Therefore the occurrence of oxygen in the cell may al1ow the

diversion of the fl-ow of reducing equivaÌents from the nitrogenase and

thus cause the switch-off in activity seen in the presence of excess

oxyqen (Yates and Jones , 1974) .

8.5 ATP requirements

Although the overal-l reduction of nitrogen

N2+3H2*2*3

is exothermic (Steifel, 1977) , the enzyme requires large

ATP to function. Dalton and Postgate (1969b) suggested

amount of enerqy required is four ATp per mole N, fixed

Generally, it is berieved that not less than four ATp molecules per

two el-ectron transferred are required (I¡,ratt et al-. , L976). Higher

val-ues for ATP util-ization \dere determined by Daesch and Ivlortenson

(1968) with C. pasteurianium which appears to use twenty ATp per N,

fixed.

8.6 Reactions occurring on Nitrogenase

The reduction of dinitrogen is not the sole reduction which nitro-

genase is capable of cataryzing. Fig. 9 shows the other substrates

which may be reduced by this enzl¡me (Burns and Hardy , Ig75). These

substrates are generally cylindricat v¡ith a terminal triple bond

(with the exception of u-O+). The reduction of al-l- substrates,
J

+except H"O , is non-competitively inhíbited by CO (Rivera-Ortiz and
J
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Figure 9. Reactions of nitrogenase

inhibited by these gases.

|_lÇ| ".,¿ lã] indicare reacrions

(Burns and Hardy, 1975)
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Burris , l-g75). Competitive inhibition of N, reduction Ay HZ occurs

(Wilson, Lg6g) and appears to be specific for the substrate. Acety-

l-ene is also non-competitive with respect to N, and azide and is the

only substrate capabfe of completely blocking H, formation.

8.7 Hvdroqenase function of Nitrogenase

Nitrogenase undergoes three reactions which involve hydrogen

gas; these are the hydrogenase reaction which resufts in the release

of hydrogen gas, an exchange reaction between D2o and H, with the

release of HD and inhibítion of N, reduction

The hydrogenase reaction reduces protons at the expense of ATP

and occurs best in purified nitrogenase preparations given a reductant

and ATP in the absence of Nr. This reaction still occurs but to a

lesser extent in the presence of N, (Bulen et af. , 1965) . At satur-

ating fevels of N, the amount of H, gas formed is equal to the amount

of N^ gas reduced (Hadfield, Ig7o, Rivera-orLíz and Burris' 19'75).
¿

Nitrogenase is al-so capabte of exchanging protons from the

solvent with hydrogen gas. This exchange was first demonstrated by

Hock et al-. (1957) in soybean nodules. This exchange reaction requires

N^ (Hock, l-960) and is inhibited by CO. Bulen (1976) suggested that
¿

N2 may act as a catalyst for HD formation and the HD formeC may account

for a portion of the electrons consumed.

H^ gas is al-so a well- known inhibitor of N., fixation (I'lilson and
2-¿

umbreit , Ig37). lnhíbition of N2 reduction by D, does not result in

a greater production of hydrogen gas as woul-d occur in the absence

of N,, rather, the flow of the reducing power is believed to go

toward the production of HD (Bulen, 1916) -

steifel (Ig77) suggested a scheme to explain the formation of
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Figure 10. Scheme for N, reducÈion, H, evolutíon and CrH,

reduction by nitrogenase.

(sriefel 1977)
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Figure 11. Proposed mechanism for

A. H, inhibirion of N, reducËíon

B. HD formation by nitrogenase

(stiefel L977)
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hydrogen gas during catalysis as well as the inhibition of N, fixation

yy HZ and the HD exchange reaction, (FiS' 10)' The reduction of

acetylene requires only a two electron transfer and is assumed to

occur at the Mo site. A second metal, possibly iron which is essential

for nitrogen fixation, but not for acetylene reduction, is also in the

active site. Reduction of the Mo site occtirs before reduction of the

Fe site, and reduction of the Fe site produces a dihydride at the Fe

site. upon binding of N, to the Fe site the dihydride is released as

H^ gas accounting for the one to one ratio of H^ produced to N. fixed'
z 

a --- ¿ ¿

The intermediates NrH, and N2H4 are held at the active site while the

site is reactivated. The inhibition of. H, and HD exchange are proposed

to occur on the diamide intermediate (FiS' fl)'

o

Analysisofbacterialmetabotisminbatchculturesishindered

by the many variable physical and chemical parameters introduced by a

growing bacteriaf population to its environment' For example'

increased growth can be expected to be accompanied by a reduction in

oxygensupplyaswellaSanaccumufationofmetabolicby_productsand

intracelfular storage compounds as welf as increased cell lysis ' Such

systems are always approaching zero growth and therefore are always

in transient states. (Pirt 1975. )

Monod (1949) had described the specific growth rate of bacteria

to be dependent upon the su-bstrate concentration by the equation:

u=umaxKj+s_
S

u = specific growth

s = substrate concentration

K=substrateconcentrationathalfsaturation.
S

Bacterial Growth in a Chemostat

64



Most bacteria have a very high affinity for the substrate, that

is K- is very small, resutting in the growth rate being equal to thes-
maximum growth rate even at very l-ow concentrations of substrate.

when the substrate concentration becomes rimiting, the cell_s quickly

consume it and growth ceases (pirt 1915). rt becomes practicalry

impossible to examine cel-l-s which are in some degree of nutrient

limitation and are still actively growing.

The chemostat was developed to overcome many of the problems

encountered in batch cuftures. This method of cul_turing bacteria

al1ows the maintenance of a substrate f imited cr.il-ture, at a def ined

growth rate under conditíons which at]ow the experimenter to have control-

over parameters such as celJ- density, substrate concentration and

dissolved oxygen tension. The basic apparatus of a chemostat is shcv,,n

in Fig. 12. It consists of a culture vesse] with a constant volume

(v) maintained by removal- of culture ffuid via an effluent port.

Liquid medium is pumped into the cul-ture vessel at a defined fl-ow

rate (f). the number of cu]ture vol-umes pumped in per hour is the

dilution rate. This medium is composed of ample concentrations of al-f

nutrients required for ceIl growth, except for one which is del-iberately

provided in l-ow concentrations. when bacteria. grow in the chemostat

the growth rate is depend.ent upon the rate of aCdition of the limiting

nutrient. The rate of change of the biomass is expressed by the diff-

erence between the rate of cell production (ux) and the rate of cefl_

loss through the effluent port (Ox¡.
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The culture will- eventually reach a steady state, whereby

dx
dt Ux-Dx

x (u-o) .

dx
dt =0and
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Fig. 12, Basic chemostat culture apparaËus

1) B liter liquid medium reservoir

2) 5 url pipette

3) Peristaltic pump

4) Nutrient and gas inPut

5) Gas scrubber

6) Reaction vessel

7) MagneËíc stirrer

8) Oxygen probe

9) Oxygen meter

10) Thermostat

11) Relay switch

L2) Infrared heat lamp

13) LiquÍd and gas outlet,

L4) Collectíon flask
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most importantly U = D. An

is the self balancing, i.e.

dx
-tldt

At high substrate concentrations the rate of

the maximum growth rate, and the culture will_

biomass. The substrate concentration wil_l not

which al-l-ows ll = D, since a negative change in

resulting in the wash-out of the biomass till

9.1 Oxygen limited continuous cultures

important characteristic of the chemostat

cmax=---.- x-DxK +S
S

The solution rate of gas into a liquid, can be described by the

stationary liquid film theory (pirt r9l5). At the surface of a liquid,

a thin layer is presumed to occur, which has a concentration gradient

of dissolved gas. At the surface of the gas, the liquid is presumed

to be saturated with the gas, at a concentration cr, and in the bulk

of the liquid, the gas concentration is expressed as c. A unit

vorume of liquid with an interfacial. area "a" has a rate of gas absorp-

tion (Rs).

o--d'Rr = d.t = KLa (c=-c).

(.=-c) therefore represents the driving force for the diffusion of the

gas.

The Kf,a constant can be measured in a chemostat as the oxygen

balance:

dc-;-. = Kf,a(c -c) - xg^dt s 'O2
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cell growth will approach

rapidly increase in

be ]owered below that

production may occur,

U can again equal D.

where xqn is the rate of oxygen uptake by biomass. The above
"2

equation, for simplicity, ignores the amount of oxygen entering and



leaving in the liquid medium; this is presumed to have littl-e effect

on the overall oxygen bal-ance in a

At steady state Pdt

and ã="
S

ff xq is a constant over a*o^
¿

a plot of c against c will have a
s

In an oxygen limited culture;

therefore I = KLt (c -c)9o^ s
¿

substituting the growth yield from oxygen i.e. q = ¿0^ Yo

highly aerated culture.

=Q

inn /*tu
"2

variety of culture oxygen tensions,

slope -L/Kt"a.

in steady state

- KLa Yo (c -cì .DS

This last equation demonstrates the inverse relationship between

biomass and dilution rate to be expected in oxygen limited chemostat

cultures.
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l. Growth Conditions

1. t Organisms

The organisms used

(ATcc 9047) and Azotobacter chroococum (ATcc 7493).

underwent bimonthly subcul-tr¡ring and were stored at

MATERIALS AND METHODS

containing B- medium with l-% mannitol (see section I.2). Tnitially the stock
tl

cultures \^/ere Streaked onto nitrogen-free agar containing BU medium

with t% mannitof and. incubated at 3OoC. From the agar plates colonial

material was selected to inocul-ate approximately 10 m1 BU ' Ie" mannitol

liquid medium. Before use as an inoculum for a chemostat this culture

was grown at 30oC and checked for purity by microscopic examination and

by streaking onto nutrient agar.

L.2 The Chemostat

in this study were Azotobacter vinelandii

7I

The continuous culture apparatus was similar to the one described

by Baker (1968). 86 medium containing 1.0"" mannitol was used, hov¿-

ever when required the medium strength was increased by

one half or one and shall be referred to as f.5 x BU or 2-0 x BU.

86, 1s" mannitol- medium has the following composition (grams,/Iiter)

¡4annitol, lo; K2HPO4 , o.64; KH2PO4, 0.16; NaCl , O..2O; MgSOn ' 7H20 t

O.2O; nitrolotriacetic acid (tri-Na+ salt) , O.I44; CaCLr, 0.I0. The

trace efements solution was composed of (g/Lítet): FeSOn " 7H2O '

2.5; HrBOr, 2.9; CoS04 "7H2O, 1.2; CuSO4'5H20, 0-f; I4nClr'4H2O,

0.9; NarMoO4 ' 2H2O, 2.5¡ ZnSOn'1H2O, 2-I- 1-O ml of this trace

elements solution was added per liter of BU medium.

Sulfur-l-imited continuous cultures were provided with the chloride

Stock cuftures

4"C in seal-ed tubes



sal-ts replacing the sulfate salts in the above constituents in molar

equivalent amounts, i.e. (grams,/l ) : KrHPOn, O.64¡ KH2PO4, O.16;

NaCl, O.2O¡ MgCI, . 6H20, 0.165; nitrolotriacetic acid (tri-Na+ salt),

O.L44; CaCLr, 0.10. The trace elements consisted of FeC1, . AH'O,

I .79; 
":"o: 

, 2.9; coc12 . 6H2o, l_.0; cucl, . 2H2o t 0.069; Mncl2 .

4H2O,0.09; NarMoOn . 2H2O,2-5ì ZICL2, 1.0. Sulfur was provided from a

stock solution of 0.10 M NarSOn using 1 ml per literforg.lO mM sul_fur.

Carbon-l-imited cultures were grown on B6 medium with reduced con-

centrations of mannitol, the exact amount depending upon the cultural

requirements.

The physical conditions in the chemostat were maintained constant

by a variety of mechanisms. Temperature was maintained at 30oC by

an infrared heat lamp coupl-ed through a relay. During conditions

which induced high temperature, cold \^7ater \.{as passed through rubber

tubing looped around the chemostat vessel-. This was effective in

cooling the medium. The gas flow rate to the culture, be it air or

a gas mixture, was maintained at 200 m1/mim and monitored by means of

a gas fl-ow meter. The culture was stirred at vortex rate (i.e. the

stirring bar rotated at a speed of l-750 rpm propelled by a Col_eman

9x9 magnetic stirrer). To maintain a constant vortex, no probes in

the culture fluid were removed, replaced or repositioned in any way

during the course of an experiment. If required., tfre pH of the culture

was maintained constant by the addition of acid or base controlled by

an automatic titrator.

To begin an experiment approximately 10 mt of batch culture

was aseptically added to approximately 200 ml of medium in the

chemostat culture vessel. The cul-ture was affo\i,led Lo grow up overnight

/¿



as a closed system under a l-o!v stirring rate. The next day, the

atmosphere was diluted ¡y NZ to approximately 5ø. oxygen. The ditution

rate \^/as adjusted to O.tO hr-l and the stirring rate was increased t.o

a vortex rate. This l-atter treatment raised the dissol-ved oxygen

tension in the culture medium. As the cul-ture grew and respired the

d.o.t. in the medium gradually decreased to zero. At this time the

oxygen tension was increased in 5% increments to 20e" oxygen over eight

hours. Approximately twenty-four hours after increasing the oxygen

tension to 2O%, the dil-ution rate was increased to O.2O hr-l.

1.3 Analysis of growth and metabolism

were usedT depencling on the volume of sample required.

For smal-l volumes a port was incorporated into the side of the culture

vessef. This was capped by a suba seal- to allow the use of a syringe

to extract samples or to inject chemicals into the cul-ture. This

method provided easy accessibility to the culture with very little

disturbance to the vortex and the oxygenation of the culture. The

1.3.1 Sample Col-Iection:

second method was as described by Baker (1968) for col-lecting

volumes as large as 20 ml. The glass tube, connected t-o a universal-

col-lection bottle with a gas outlet, was pushed into the culture liquid.

To transfer liquid to the collection bottle the pressure inside the

vessel was increased by clamping off the effluent poit. After colfection

the clamp lvas removed and the glass tube was raised from the culture

fluíd. This method is very convenient, however introduction of a

glass tube into the medium and removal of approximately J-0% of the

culture fluid does affect the vortex with a resul-tant increase in the

dissolved oxygen concentration in the culture medium.

Three methods of sample collection



The last method used to cotlect celrs was for large vorumes up

to one Liter. The effluent from the chemostat was collected over-

night in a one l-iter cotl-ection bottle packed in ice. This method

was used to colfect samples to prepare crude cel_l-free extracts and

for spectral analysis.

tension was measured by use of a sil-ver-lead galvanic oxygen electrode

type 50225 (r,.u. Engineering company Ltd., Be1ls Hil_l, stoke pages,

Bucks, England). The electrical- current produced by the electrode was

determined by use of an anmeter, connected to a Rustrak recorder.

The sterilized oxygen electrode could be conveniently ca1ibrated

in the cultural medium prior to inoculation. The anmeter was zeroed

by simpry disconnecting the erectrode. After reconnection, the

efectrode was placed in the Bu medium which had been stirred in a

vortex at 30oc under air. The meter was caribrated aL 24o uM oz

under these conditions. This method all-ows precise calibration since

it takes into account temperature differences which affect the rate of

reaction occurring within the el-ectrode. The oxygen electrode must

be rel-ied upon to be stabfe since once the cul-ture has been innoculated

the electrode cannot be accurately recalibrated in situ.

I.3.2 Dissol-ved oxyqen measurements: The
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dissolved oxygen

within the chemostat was determined by passing the effluent gas through

a percolating apparatus containing a saturated sol-ution of BaOH2 (Lees

and Postgate 1973). Titration of the remaining base with 0.1 N HCI_

after one-hal-f hour was used to calcul-ate the amount of co^ evorved

from a culture during this time.

1.3.3 Measurement of CO^ production: The amount of CO, produced



1.3.4 Biomass: The biomass v¡as determined by measuring the dry

weight of a washed suspension of bacteria. Ten mfs of culture \'ras

centrifuged at 27,OOO gforlOminsrthepellet was then washed once in

distill-ed water and recentrifuged. The ce11 pellet \^/as resuspended

in distilled water and transferred to preweighed aluminum dish and

dried at 95oC to a constant weight.

in the supernatent fraction \^/as determined by the method of Neish

1.3.5 Residual- Mannitol: The amount of residual- mannitol

(les0).

1.3.6 Total Nitrogen: Total nitrogen was determined by Kjeldahl

digestion. A solution consisting of 1 ml of sample, I ml of

concentrated H^SO, and a pinch of CuSe catalyst \¡¡as heated over a
¿4

hot ffame f.or 2.5 hours in a Kjeldahl digestion apparatus. After

d.igestior, the liquid in each flask was made up to a total volume of f0 ml

with distitled \.^/ater. A 2.0 mf sample of the diluted digestion

mixture \¡/as placed in a Markham still- al-ong with 4.0 ml 40% NaOH .

To prevent loss of ammonia it was imperative that the apparatus was

immediately sealed after addition of base. The NH4OH so formed \^las

distitled into a solution of Con\'ray's borate buf f er (Dawson et aI.

1974) and back titrated with N,/140 HCl.
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I.3.7 Carbohydrate:

method.

1.3.8 Uronic Acids:

determined by the method of Bitter and Muir (L962). One ml of sample

was added to 5 ml Na* tetraborate (0.025 M in concentrated H2SO4).

This mixture v/as heated to IOOoC for ten minutes and allowed to cool

to room temperature. A o.20 ml volume of carbazol-e (0.125e¿) in ethanol)

Carbohydrate was determined by the anthrone

The amount of uronic acids produced were



was added to the mixture. ft was then kept at 100oC for fifteen

minutes after which the absorbance at 530 nm was determined.

I.3.9 RNA: The concentration of RNA was determined by the method

of Herbert et af. (1971). The orcinol reagent could not be used with

Azotobacter because the presence of uronic acids interfere with the

reaction. To determine the pentose concentration a solution of 110

ml qlacial acetic acid, 2 ml- concentrated HCI, and 5 mI phloroglucinol

(0.8%) was prepared. To 5 ml of this solution 0.4 ml of sample was

added. This was kept at I00oC for fifteen minutes, cooled and the

optical density was determined at 552 nm.

determined by the visible light absorption spectrum. Cel-l-s were

collected overnight at 4oC and approximately 250 mls of culture was

centrifuged and washed in 50 mM phosphate buffer (pH 7.2) then resus-

pended to a concentration of approximately 100 mg/ml. The spectra

were obtained from a Shimadzu multipurpose recording spectrophotometer

MPS-5,/OL. The dithionite reduced spectrum was used to estimate the

levels of cytochrome c4 + c, and cytochrome b. Reduced cytochrome

cn * c. shows a peak in absorbance at 551 and 554 nm respectively.
-L+ -f

The difference between this peak at 551 and the trough at 540 nm,

emM c^ = 23.8 (Tissieres 1956), c- = 9.6 (Swank and Burris, 1969)-4 -5

was used to estimate the level-s of these cytochromes. Reduced cyto-

chrome b. has a peak at 558 nm, which appears as a shoulder on the
-1

cytochrome c" + c- peak, to measure this cytochrome the difference between
-4 -5

the absorbance at 558 and 565 nm was determined. Cytochrome d l-evels were

estimated by the difference spectrum obtained from dithionite reduced and oxi-

dized samples. Samples were oxidized by liqhtly sparging the washed cell

1.3.10 Cytochrome levels:
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Cytochrome l-evels in whole cel-l-s were



preparation with pure oxygen for two minutes. Unlike the other

oxidized cytochromes in A. vinelandii which do not absorb a signi-

ficant amount of light in the visible

Ê molecules absorb light. at 648 nm.

dithionite shifts the absorption peak

as a peak and a trough in the oxidized minus reduced difference

spectrum. The area within the peak and enclosed by a line from 610

to 650 nm plus the area within the trough and enel-osed by the line

from 630 to 670 nm \,/as used to describe the relative amount of this

cytochrome present.

The other cytochrome oxidases, cytochrome o and cytochrome a,

cotild be assayed from the CO-reduced minus reduced spectrum. Cyto-

chrome o absorbs al 4I'7 nm, with a trough at 432 nm, and the difference

between the trough and peak is used to quantitate this cytochrome;

emM = 170 (Daniel 1970) . Cytochrome gl was afso assayed in this

difference spectrum, using the absorbance at 42'7 nm (Chance f953) (eml't f2O) .

The concentration of cell-s present was estimated by the absorp-

tion at 700 nm.

region, the oxidized cytochrome

Reduction of the cytochrome by

to 631- nm. These peaks show

77

was carried out by the disk assay method of Ward and Dawes (1973).

A 0.20 ml aliquot of bacterial cul-ture was added to washed gl.ass

fiber disks (GF/A, 2.5 rnm). After drying, the cells were hydrolysed

until colourless by treatment with sodiurn hypochlorite (10-14%).

Several applications of hot chtoroform were added to the disks to

anneal the polymer to the glass fibers. The disks were ilnmersed in sodium

hypochlorite (37oC) overnight and then were washed separately with

1.3.11 Poly ß-hydroxybutyrate:

,rO, ethanol, acetone and diethyl ether.

The measurement of PHB quantities

The dry disks were placed



in clean test tubes al-ong with 5 ml Hrson and placed in a boiling

water bath for ten minutes. The amount of crotonic acid' formed by

the dehydration reaction, was estimated by its absorption at 235 nm-

I.3.L2 Oxygen uptake and Catalase activity by whole celfs: The

rate of oxygen uptake l./as determined at 3OoC by the decrease in

dissolved oxygen measured in a Gitson oxygraph lvlodel KM. To the

well of the oxygraph \.vas added 1.8 mI BU medium containing le" mannitol

and 0.20 m1 cufture. After a short lag period, generally the rate of

oxygen uptake was constant and coul-d be expressed in units of pmoles

02 consumed min-I mg dry weight-I-

The catalase activity was determined on these same cel-Is by the

release of O^ after addition of 0.20 ml hydrogen peroxide (0.I0% v/v).
¿

The release of oxygen occurred. with no lag period and catal-ase act-

-r -l
ivity was expressed in units of umofes o, release min-' mg dry weight '

1.3.13 tr4annitol uptake rate: The rate of mannitol translocation
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was estimated by the rate of 14ç-mannítol incorporation into washed

cefls. A 10 mI sample of culture was washed twice by centrifugation,

in B- medium lacking a carbon and energy source. To exhaust the endo-
b

genous carbon suppl-ies these cel-ls \dere resuspended in this medium and

l-eft at 3OoC for two hours, \^7ith occasíonal stirring' A 0'25 mL amount of

these starved cell-s \^/as transferred to fO mI BU medium containing 0.10

UCi l4c-mannitol at 30"C. After additj.onoi cells, O.2O ml samples

were taken at exactly one minute and then two minute interval-s there-

after. The cells were co]lected on a mill-ipore fitter (Metricel , O-45

uM pore síze, 25 mm diameter) and were rapidly washed twice with

distilled water. The fil-ters were dried at 60oC in scintil-Iation

vial-s, after which 10 ml- of scintiverse scintill-ation fluid were added



to the vial, and the amount of isotope present was determined in a

Beckman scintill-ation counter .

mated by use of the Beckman model 9154 total organic carbon analyser.

This apparatus oxidizes all carbon to CO, in pure oxygen at 975"C.

The quantity of CO, was determined by its absorbance of infrared light

using a Beckman infrared analyser Model 865. Standard solutio¡-rs of

potassium biphthalate and sodium bicarbonate were used to calibrate

the apparatus. Total 'inorganic carbon \Mas determined by the rel-ease

of CO. in a l-ow temperature oven at 150"C, and the vafue for the inorganic
2

carbon was substracted from the value for the amount of total organic

carbon.

I.4 El-ectron microscopy

I.3.14 Total carbon analysis: Total organic carbon was esti-

1.4.1 Fixation: Sampl-es for examination by electron micro-

scopy were either prepared fresh or stored at -70oC before fixation.

To prepare for fixation cel-l-s were centrifuged at 4,000 g for five

minutes to a pellet, suspended in 0.10 M cacodyJ_ate buffer (pH 7.3)

and again centrifuged. Fixation was carried out by suspending the

pellet for four hours in a mixture of acrolein (0.15 mI); 25e" glutara-

dehyde (0.60 m]); HrO (1.75 ml) and 0.2 u cacodylate buffer (pH 7.3)

(2.50 m]). After fixation the celfs were washed four times in O.l-O

M cacodylate buffer (pH 7.3). The cefls were then embedded in 3%

mel-ted and cooled agar which was subsequently cut into tiny blocks of

approximately 0.5 **3. These blocks were placed in a solution of fs¿

osmium tetraoxide in 0.I M cacodylate buffer (pH 7.3) at 4oC for two

hours fol-lowed by washing four times in distil-fed water for fifteen

minutes per wash. The samples were then placed in a 0.5% uranyl
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acetate solution overnight at 4oC.

r-4-2 Dehydration: Dehydration of the samples was carried out

at room temperature, by placing the agar blocks in increasing con-

centrations of ethyl alcohor. The bl-ocks were placed for fifteen

minutes in each of a 30, 50, 70, and 9os. arcohot soruti-ons, followed

by two standings of I hour duration ín absolute arcohol.

1-4-3 Embedding: The embedding prastic was a vinyl cycrohexene

cioxide epoxy resin as described by spurr (1969), and wil-t be referred

to as "spurr" - 40 mr-s of "spurr" was prepared from the folrowing,

10 grams vinyl cycJ_ohexene dioxide (VCD)

6 grams diglycidyl ether of polypropylene glycol (DER)

26 grams non-enyl succinic anhydride (NSA).

These agents were stirred. for ten minutes before the addition

of 0.4 grams dimethyl amino ethano] (DMAE).

To embed the sample most of the absolute alcohol was

decanted from the agar blocks. A volume of "spurr" equal to that

of the remaining al-cohol was added. After one hal-f hour this vol_ume

was again doub]ed by the addition of "spurr" and left for one hour.

The "spurr" al-cohol mixture was decanted and repraced by pure ,,spurr,,.

This was left for one hour and again repraced with pure ,,spurr,,.

fhe sample in "spurr" \,r¡as then placed on a mutti-purpose rotor
(scientific rndustries rnc.) overnight to ensure good penetration.

r-4.4 Porymerization: The plastic moulding forms were partial_Iy

firred with "spurr" and to each welf an agar cube was added. The

cubes were left in the riquid spurr for three hours before poly-

merization- Polymerization r{as accomplished by placing the plastic

forms containing spurr and samples in an oven at 60o c under vacuum
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for twe]ve hours.

1.4.5 sectioning: sections were cut from the sampre using gJ_ass

knives on a Riechert oM u2 ultramicrotome (stockholm, sweden). They

were col-l-ected on 300-mesh copper grids, air dried and examined and

photographed on an EM 6B (AET) efectron microscope (Harlow, Essex

England) .

1.5 Analysis of extracell_ul_ar products

excreted by Azotobacter

1.5.1 Free Ammonia:

one ml of culture supernatant was added to 5 ml of Nessler's reagent,

(Gifcreas, 1965) and. after one hour the absorbance was determined

at 490 nm.

r-5.2 Fructose: The concentration of fructose in the culture

medium supernatant was determined by its reaction with cysteine -

HCf in sulfuric acid (Dische and Devi, 1960). To 0.5 nl of culture

supernate were added 0.10 ml cysteine HCI (25% aq) and 6.0 ml 
"zto¿

(752). The mixture was shaken and all-owed to stand at room temperature.

The difference between the optical- density aL 4I2 and 380 nm r¡¡as

determined, this difference being proÌtortional to the concentration of

ketohexose present.

The possibility that ammonia could be

was tested for by the use of Nesselerts reagent.

B1

cultural- fluid was determined by the

zone derivative. A 2 ml quantitY of

1.5.3 Pyruvate determination:

i- ml of 2, -dinitrophenylhydrazine (0.52 in 2N Hcl). The deriviative

formed was extracted with 5 ml ethyl acetate and the aqueous layer

was discarded. The ethyr acetate was extracted with three, five mr

ariquots of t0? sodium carbonate. The sodium carbonate fractions

The amount of pyruvate in the

formation of the 2,4-dinitrophenyl-hydra-

the culture supernatant was mixed with



were combined and made to a total volume of 25 mI and the OD at 235

nm \das determined.

1.6 Preparation of 2,A-díníLrophen:¡lhydrazine derivatives

a long period of mannitol limitation simply by

mannitol concentration in the medium to 0.5%.

A. vinelandii cultures coul-d be induced to

concentrated by passing the culture supernate through Dowex-I

anion exchange resin. The resin was washed with deionized water,

and the acid was collected off the resin by passing through the

column an aqueous solution at 1.0 N HCI. The eluate was then treated

with an excess of 2,4-dinitrophenylhydrazine (l-% in 2 N HCI). The

resulting precipitate was collected by suction filtration on paper

and washed several times in col-d distitfed water. This derivativer

was used for chromatography and melting point determination.

1.6.1 Melting Boint: The mel-ting point of the 2,4-dinitrophenyl-

hydrzaone derivative was determined as described by Voge1 (1966).

I.6.2 Chromatographic anal-ysis of the 2,4-dinitrophenyfhydrazine

öz

prod.uce acid after

rapidly íncreasing the

fhe acid formed was

derivative:

tography, on Whatman no. 1 paper. The four solvent systems used

were butanol, ethano], water (7O/IO/2O); isopropanol, water NH4OH

(2OO/2O/IO) ¡ l-s" sodium carbonate; and 0.1 M glycine - NaOH buffer

pH 4.85 with trace phenol (Dilworth, 1962). Prior tc' running the

chromatogram, the atmosphere was allowed to becor,re saturated with

solvent vapour.

The derivative was chromatographed by descending chroma-



I.7 Nitroqenase assay

The method used for the determination of nitrogenase activity

was similar to that described by Hardy et al-, (1969) and postgate

(1971). The exact volumes of 25 ml erl-enmeyer flasks with a rubber

stopper in place, were determined. The air in the sealed fl_asks

was replaced with a gas mixture of 7Bz Argon and,22"< oxygen. one ml_

of cul-ture and 1 ml- of pure acetylene gas were injected through the

stopper and the flask was shaken at 110 strokes per min at 30"c.

At exactl-y one hour after the start of incubation the cel_l_s were

killed by the injection of 5 drops of concentrated 
"zto¿. 

The gas

mixture above the curture was then anal.ysed by frame ionization gas

chromatog'raphy .

The gas chromatograph was a pye series l-04 chromatograph fitted

with a 6' b1z 1/8 inch glass tube containing porasil-c (phenyl

isocyanate). The col-umn was maintained at 45oc and was fl-ushed with

a carrier gas of N, at 50 rnl/min. To the ionization chamber the florv

of air was 630 ml/min and H, 50 ml/min. The activity of the nitro-

genase was determined by the amount of ethylene produced, the quantity

being determined by comparison to a standard ethylene gas inj ection.

OJ

1.8

Approximately one l-iter of culture \,vas coltected. overnight on

ice' These celts were washed twice in 50 mM phosphate buffer contain-

ing 1 - 0 mM EDTA and resuspended in this buffer to a final- concentration

of approximateJ-y 100 mg/ml (wet weight) . DísrupËion of the cells was

done immediately using a Raytheon sonicator equipped with a water

cool-ed jacket which maintained the temperature at 4oC. The cells were

sonicated for 5 minutes and were then immediately frozen. i^lhen

Pre ration of crude cetl-free extracts for enz



required. the thawed

fifteen minutes and

activity.

1.9 Protein

Protein was determined by

when protein concentration was

(Gornall et al-. , 1949) .

1.10 Superoxide dismutase

sonicate was centrifuged

the supernatent fraction

The fevel-s of activity of superoxidase dismutase v,/ere determined

by the method of Buchanan and Lees (1976) using acetylated cytochrome

9- To a f mI quartz cuvettewereadded 0.25 mt acetylated cytochrome

c (25 U¡il) , 50 pl xanthine (O.Ol- mM), 0.55 mt Na-borate buffer (pH 9.0)

and 0.10 ml- crude extract. The reaction was started by the addition

of 0.10 ml xanthine oxídase and monitored by the change in optical

density at 550 nm. One unit of enzyme activity is that which red.uces

the reduction rate of acetylated cytochrome c lo 25s" of that occurri-ng

in the absence of S.O.D.

1.11- NADH and NADPH oxidase

at37,000xgfor

was analyzed for enzyrne

the method of Lowry et al_. (f951) or,

fairly high, by the Biuret method

B4

The activity of NADH and NADPH oxidases were determined by the

decrease in concentration of the reduced form of these nucleotides.

To a l- m1 quartz cuvette was added 0.IO mf NADH (2.5 mM), O.8O ml
_?

PO, -buffer (10 mM pH 7.5) and O.l-0 mI crude cell-free extract. The4

reaction was monitored by the reduction in absorbance at 340 nm.



I.I2 fsocitrate lyase

The activity of this enzyme \¡ras determined by the formation of a

phenylhydrazine derivative of the glyoxylate formed (Dixon and Kornberg

1959). To a 1.5 ml- cuvette the following solutions were add.ed, 0.10

ml- tris-Hcl-, (0.50 M, ptt 7.5); 0.f0 ml phenylhydrazine-HCl, (0.10 M) ;

0.05 ml cysteine-HCl-, (1.0 mM); 0.05 m1 M9C1r, (0.10 M); 1.05 ml HrO

and 0.10 ml- crude cell-free extract. The reaction was initiated by

the addition of 0.05 ml isocitrate-K+ (20 M, allo-free) and was

monitored by the change in oD at 325 nm. one unit of enzyme activity

is equal to a change of OD of 11.54 per minute (Reeves et aI., 1969).

1.13 Isocitrate dehydrogenase

The activity of this enzyme \,^/as determined as described by

Jackson and Dawes (\976). To a I m] cuvette was added 0.60 ml tris-

HCf , (0.15 M, pH 7.5) ¡ O.l-0 ml NADP+, (3.75 mM) ; O.l-O ml MnCLr,

(20 mM); 0.10 ml- crude cell-free extract and to initiate the reaction

0.10 ml- ísocitrate (5 rnM). The reaction is monitored by the change

in OD at 340 nm.

1.14 NADH dehydrogenase

B5

The activity of NADH dehydrogenase was assayed for by reduction

of ferricyanide in the presence of NADH. To a l.O m1 cuvette was added

0.1 ml of cel-f free extract (I0 x diluted), 0.1 m1 of l-.0 mi\4 ferricyanide

and 0.8 ml of 50 mM phosphate buffer (pH 7.2). The change in OD was

fol-lowed at 420 nm (molar extinction coefficient is t.O x 10-3 .*-l).
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RESULTS

Growth of Azotobacter vinefandií in a chemostatt.

A large amount of research

concentrated on the species A.

ively studied in highly stirred (Vortex) chemostat óultures and its

growth under such conditions is well- defined (Hine L9'75, Tsim 1976,

Da\¡rson Ig77 , Buchanan 1978, Leung L979). However initiaf comparisons

of A. chroococcum and A. vinel-andii

differences with respect to carbon

between two otherwise similar cultures. Tt is therefore appropriate,

before initiating studies of oxygen toxicity in A. vinelandii, to

previously done in this laboratory has

chroococcum. This organism was extens-

define its growth and respiration in a highly stirred chemostat and

how these resufts compare to A. chroococcum.

1.1 Effect of dil-ution rate

87

Both species were cul-tured in similar chemostats and their

response with respect to cel-lu]ar production and respiration vúas

compared.

The conditions for growth were as outlined in the Materials and

Methods section; both cuftures \,vere provided with nitrogen-free Ba

medium containing I.5e" mannitol. The atmosphere above each culture

under these conditions reveal large

dioxide and biomass production rates

a) On biomass production rates

was sterile air introduced at a rate of 150 ml per min. The dissofved

oxygen tension (d.o.t.) remained at zero throughout the course of the

experiment for both cultures. Slight differences in volume existed

between the two cu]tures, the A.

ml vofume under vortex conditions whereas the

vinelandii culture occupying a 25O

A. chroococcum culture



was contained in 22O ml-. No attempt was made to control the pH

beyond the buffering capacity of the medium. To insure each culture

had reached a steady state growth at the applied dilution rate, it was

allowed to stabilize for 48 hours before sampling. Each dilution

rate was then examined in duplicate, the average of these measurements

is reported.

Fig. l-3 iflustrates the relationship between biomass and dilution

rate for both A. chroococcumandA. vinelandii. The curve representing

the response of A. chroococcum is a rectangular hyperbola, the arith-

metic product of biomass and dilution rate being equal to a constant

-t -1production rate of O.12 mg ml'hr - indicating gas limitation (see

History section 9.1). However such a constant relationship between

biomass and dil-ution rate is not observed in cultures of A. vinel-andii,

which show a response similar to what is to be expected if the culture

growth is limited by a lack of some nutrient in the medium.

1o attempt to overcome possible nutrient timitation of a-

vinelandii, the concentration of mannj.tol- was doubfed. This increased

BB

the cellular production rate to 0.21 mg *1-f h.-1, frcm O-12 mg m1-1

- t -lhr - at 0.14 hr *. however this production rate was stj 1l- far below

that observed at higher dil-ution rates, i.e. 0.34 *g *1-1 hr-I at
_'l

O.26 hr -. Increasing the concentration of the inorganic ion compon-

ents as wefl- as increasing the mannitol concentration to 3.0% was

effective in overcoming the nutrient limitation. The response of a

second continuous culture of A.

-l -ìresulted in constant production rates of 245 mg 1 - hr - (Fig- 14)-

b) On respiration

Because Azotobacte! species are strict aerobes and capable of maintaining

vinelandii to various dilution rates



the d.o.t. at zero, the rate of oxygen solution into a culture wourd

equal the rate of carbon dioxide evolution plus a small amount of

assimilated Co, (Hine and Lees ' Lg76) ' fherefore \^7e can approximate

therateofoxygenuptakeofsuchaculturebymeasuringitsrateof

r-o evolution (Senior et aI' Lg'72) ' Table I shows the rate of Co'
--2

evolutionforA.chroococcum'andA.vinelandiiateachdilutionratetested.

Contrary to the results of Hine and Lees (1976) the rate of Co, evolution in

bothculturesdecreasesathigherdilutionrates.Thehighestratesof

CO^ production occurs at 0'20 hr-l'
.L'

Acomparisonofthetwospeciesrevealsatwo-foldgreaterrate

ofCo^er:olutionbyA.vinelandii,indicatingthatA.chroococcumcul-
¿

tures are unable to absorb as much oxygen from the air as the A'

vinetandii.Thisdifferenceisprobablyduetotheverylargeamount

of polysaccaride generally produced by A' chroococcum' Comparing the

cellpelletsofcentrifugedculturerevealsathicklayerofpoly-

saccharideaccompanyíngtheA'chroococcumcells'whichoccurs'buttoa

muchfessextentinA.vinelandii.Suchhighlevelsofpolysaccharide

mayincreasetheviscosityoftheculture,resu]'tinginareduced

vortex and fower oxyqen solution rates'

The efficiency of respiratior: in terms of cellular production is

describedbytherespiratoryindexvalue(RI),whichrepresentsthe

carbon dioxide produced in a unit of time per biomass unit produced

in the same time interval (Hine and Lees ' Lgi.6) ' Under conditions

ofnutrientlimitationwheretherespirationwouldbeuncoupledfrom

the growth, the RI value would increase' Table I afso shows the RI

valuesforbothspeciesofAzotobacter.Undertheseconditionsthe

Rlislowandshowslittlevariation\^/ithdilutionrat.e.A.vinelandii

B9
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Fig. 13 . Variation in the biomass with

rates of continuous cultures

A. vinelandii, aL 20% O, with

medium. D=O.2Ohr-1.

t.

^

vinelandii o--.-o

chroococc.um A--A

different dilution

of A. chroococcum and

l- x B-, 1.5e" mannitol
b
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Fig. l-4. Variation in the biomass with different dil-ution

rates of a continuous culture of A. vinel-andii, at

2Oe" O2 with l-.5 x BU, 3.0s" mannitol- medium.
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TABLE I

Parameters of gror¡¡th and respiration at
for A. chroococcum and A. vinelandii

Dilutign rate Ccllulqr prçduction
(r,r-t) (rng.1-t.hr-t)

A. chroococcum
0 .10
0.15
0.20
0.25
0. 30

vinel-andiiL.

r35
r22
180
139
l-20

0 .10
o.20
0 .30
0 .40

various dilution rates
chemostat cul-tures

CO^ producfion
(mÉoles.I-t.hr

upol-y-ß-hydroxybutyrate (expressed as
brespiratory index.

2t8
288
291
241

94

16 .6
16.4
16 .9
13 .0
13.1

b
- R.I.-'r -'l-) (mmoles.mg *)

28.6
35.2
32.I
27.r

0.123
0 .134
o .094
0.I00
0 .109

a percentage of dry weight).

0 .13t
o.I22
0.r08
0.r10

PHB

1')

o.7
0.4
0.4



and A. chroococum have

efficiency of coupling

I.2 Effect of NH,
4

process, requiring high levels of both ATP and

determine the amount of energy required by a.

The process of N, fixation is an expensive energy consuming

similar RT values indicating comparable

growth to respiration.

the culture \iúas provided with various concentrations of (NH4)2So4

and the difference in the degree of respiratory coupling to growth was

determined.

* on gro*th and respiration

The A. vinelandii culture was

-1hr *. (NH4)2SO4 was added to the

0, fO, 20 and 30 mM *"n*.

The change in biomass with increasing NH¿ concentration is shown

in Fig. 15. Addition of 20 mM NH,+ produced almost a two-fofd increase

of biomass which \das accompanied by a decrease in CO, evolution,

resulting in a large decrease in Rt values. The growth above 20 mM

I

NH. coul-d be limited by the fack of some essential nutrient, however
4

this possibility was not investigated. Excess NHr+was found to be
4

present in the supernate only at 30 mM NH,+, by a positive reaction
+

with Nessler's reagent.

The amount of energy required to fix nitrogen can be calculated

from the difference in RI between Nr-fixing cetls and those provided

+with excess NH4' where nitrogenase activity is expected to be

essentialLy zero. The difference in RI is assumed to be equal to the

amount of oxygen reduced for the production of energy for nitrogen

fixation plus the number of electron pairs transferred to Nr.

Assuming l-5% of the cellu1ar dry weight is nitrogen the difference in

95

reducing pov¡er.

vinel-andii to fix

grovrn at a dilution rate of 0.30

medium to final concentrations of

To

N2'
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Fig. 15. Variation in growth and respiration of A

with different concentrations of NH.* in a continuous
4

culture, aL 20% O^r l-.5 x B- mediu-r¡ 3.0g" mannitol.
¿6

D = 0.30 hr '.

Biomass

CO, output

Respiratory index

H

tH
a------d

A. vinelandii
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Rl (0.066 runoles COr-m9 dry wc-l) can be expressed as 6.1-7 mofes

CO2 per mole NH, formed. The requirement for reducing po\^/er by the

nitrogenase is six reducing equivalents per nitrogen fixed which would

correspond to 1. 3.9moles ofCO, per mole of nitrogen fixed. The remaining

*t (*) val-ue (4-iC' moles CO2 per mole N, fixed) represents the energy

requirements for nitrogenase, be it energy for enzyme production or

ATP use in catalysis. If the cefl- is capable of coupling the reduction

of oxygen to two coupling sites (Hoffman et al. L979) and each CO,

indicates production of 4.3 ATP when oxidizing mannitol, then the

ATP requirement woul-d be 20.6 ATP per mole of N, fixed.

1.3 The qrowth of A. vinel-andii under high oxygen tension

The constant cel-l-ular production rates of A. vinefandii chemo-

stat cultures at different dil-ution rates when provided with sufficient

nutrient (Fiq.

chroococum this

9B

Lees (1916). We wished to determine if A. vinelandii undergoes the

same type of oxygen l-imitation as opposed to possible nitrogen fimita-

L4) indicates gas limitation (Pirt 1975). For A.

was shown to be due to oxygen limitation by Hine and

tion. Also, the very high cellu1ar production rates of e. vinelandii

(Tabl-e l-) raises the possibility that this rate is approaching the

maximum and it was therefore necessary to determine if the rates of

biomass production woul-d increase substantially with increasing

oxygen tension above the culture.

This experiment was carried out twice, once with eU medium

plus 3% mannitol at a dilution rate of O.2O hr-l anc', the second time

with 2 x B- medium plus 2s" mannitol and a dilution rate of O.3O hr-f.
b

The resul-ts of both are reported. This first experiment demonstrated



the nutrient limitations of BU medium which may be incorrectly inter-

preted as being due to oxygen toxicity. Fig. l-6 shows the response

of biomass production to increasing oxygen tension above the culture.

Below 20% oxygen the rate of biomass production increases with increas-

ing O^, however above 20% oxygen the rate of production is independent
¿

of the oxygen tension. Hine and Lees (1976) had al-so observed a

red.uction in the increase in the biomass production rate when the

atmosphere above the culture rose above 30sa 02. To try Èo avoid possible

nutrient limitation effects, the experiment lvas repeated with the

2 x 8., 2% mannitol- medium and a higher dilution rate. Because these
C)

cultures are limited by the gas sol-ution rate. cell-ular production

rates woul-d be independent of dilution rates. Thus a comparison of

cel-l-ular production rates from cultures grown at different dilution

rates is val-id.

The higher dilution rate maintained a lower biomass concentration.

This was necessary to prevent interference with the oxygen sol-ution rate

and also to prevent plugging of the exit ports, both effects being

a consequence of the higher viscosity accompanying greater cel-l

yields.

The resul-ts are shown in fig. L7. Using this concentrated medium and

varying the oxygen concentration the biomass production rates increased from

-1 -'l -l -f
O .46 mg ml- ' hr-' al 2o>" oxygen to 0.66 mg mf ' hr - at 40"" oxygen.

Undoubtedly this a. vinelandii culture \^/as oxygen limited aL 2Oe"

oxygen and cel-l-ular production \.,ras not affected by the toxic effects

of oxygen up to AOe" 02. The biomass production rate did decrease

abor.e 40% oxygen; Iater analysis showed this to be due to carbon

l-imitation at high oxygen tension. Tnterestingly, these carbon

99
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Fig. 16. Variation in the biomass production rate with

different oxygen concentrations in the gas phas: a-bove

a continuous culture of A. vinelandii.

3% mannitof. -1D=0.20hr-

1 x BU raedium,
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LO2

Fig. I7. Variation in the biomass production

index with different concentrations

phase above a continuous culture of

2g" mannitol medium. D = 0.30 hr-f.

Biomass proCuction rate

Respiratory index

rate and. respiratory

of oxygen in the gas

A.vinetandii. 2xF..,

o------------o
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limited cells have higher Rf values indicating they will- use a greater

proportion of carbon for respiration than for cel-l- production compared

to carbon-sufficient cells. This priority given to high respiration,

which is quite wasteful in terms of cell growth, indicates the im-

portance to these cells of maintaining the oxygen tension as l-ow as

possible at the cel-l surface. Therefore toxic effects of oxygen can

be expected to occur in these cells; however, to observe these effects

some method must be used to overcome the high respiration rate of this

organism.

I.4 Comparison of different carbon sources as substrates for the
qrowth of A. vinelandii.

glycerol, Na-lactate or glucose (2.Oe") as the sole carbon and energy

sorirse. The results with respect to growth and respiration are sholon

in Tabl-e 2. l4annitol- and glycerof oxidizing cultures are very similar

with regard to Co, production and biomass production. The slightly

greater biomass production rate of mannitol grown cel-l-s may reflect

the fact that both types of cells are energy limited and the extra

energy required to transport glycerol reduces the amount of energy

A. vinelandii

LO4

\dere grov,/n in 1.5 x B- medium with mannitol,
o

availabl-e for biosynthesis.

Cultures which are utifizing Na-lactate as the sole carbon and

energy sorrrce tend to accumulate NaOH, and require the use of auto-

matic pH control. On this carbon source, CO2 and biomass production

are reduced and the efficiency of growth to respiration as indicated

by the RI value is slightly lower than mannitof oxidízíng cells- The

poor CO^ production is not refl-ected by an increase above zero of' 2"
the d.o.t., indicating that growth on l-actate induces a change in the



Table 2. Variation in growth
oxidizing different
provided in 1.5 x B-
D = O.2O hr-f

Substrate

Mannitol

Glycerol

Lactate

Glucose

pH

and respiration of A. vinelandii
carbon sources. S"¡str-t"= r..e
medium at a concentration of 2.O%

6.68

6.77

8. 10
6 .60*

5 .95
6.55*

CO^ production Biomass
(mnétes;r-l.hF ) (*s-i-

*Indicates the pH v/as automatically controlled,

2ô I

20 0

zõ.o
zó-ó

105

)7 1

56.7

290

248

180
156

180
246

) (mmoles -m9 1)

0. 13s

0. 156

0.148
0.185

0.151
0.230



medium (probably and increase in polysaccharide excretion) which

reduces the oxygen sol-ution rate.

Glucose gro\¡rrl cultures continuously excreted acid, thus reducing

the pH of the medium to 5.95. Initially the CO, production rate of

this culture \^/as low, possibly due to the presence of residual factate

from the previous experiment. The following day, with the pH auto-

matically control-led, the CO, production rate of this culture had

doubled and the biomass production rate was similar to glycerol grow¡i

cel-l-s. Efficiency of growth to respiratíon was poor and may reflect

the loss of energy occurring when the carbon is only partially oxid-

ized.

1.5 Discussion

The above results with respect to the

of A. vinel-andii at low diÌution rates and

the importance of identifying the limiting

I06

adequate supply of all other growth

maximum biomass which Ba medium can

if the cul-ture is provided with 3e"

the cel-l-ular production by

in eventual salt or carbon

inhibition of growth.

A cc,mparison of the A.

indicate two important differences. Firstly

biomass production rates

high oxygen tension indicate

nutrient and ensuring an

have much lower rates of CO, production than A.

requirements to a chemostat. The

support is approximately 1.5 mg/ml

mannitol. Attempts to increase

cultures. This difference in rate is proposed to be due to a

increasing the oxygen suppÌy would resuft

limitation which may be mistaken for oxygen

greater production of polysaccharide by A. chroococcum which decreases

O^ solution rates. Secondly, the cellular production rates of
¿

vinelandii and A. chroococcrm cultures

A. chroococcum cultures

vi-nelandii



A. vinel-andii

difference in O, solution rates between these oxygen limited cultures.

A similarity between the respiratory index values for both or-

l-imited specíes demonstrates that both produce approximately the

same amount of cefl material with respect to their respiration.

Therefore it is 1ikely that both have the same degree of efficiency

are twice that of A. chroococcum reflecting the large

of energy production with respect to oxygen reduced.

The response of

gives some important

reduction of the amount of Co, evol-ved for biosynthesis was used to

determine the amount of ATP reouired for the reduction of dinitrogen

to ammonia. The value determined was 20.6 ATP per N2 fixed. Thrs

val-ue is similar to the vafue for ATP reo,uired by particulate

A- vinelandii to the presence of

nitrogenase preparations uncorrected for H, evolution (Hwang and

Burris L912).

insights to the energy budget of

l-0 7

carbon sources demonstrates that the carbon source for a given culture

The response of a vortex stirred culture to various oxidizable

of A. vinelandii may dictate the respiration and growth cbaracteristics.

Glucose which is not immediately oxidized does not induce a reduction

in the oxygen sol-ution rate as was observed for lactate oxidizing

cells. Since lactate is oxidj-zed by a membrane bound dehydrogenase

fixed nitrogen

the cell. The

(Jones and Redfearn f967) the redox potential at the cel-I menÙcrane

may dictate the amount of polysaccharide excreted by the celf -



Mannitol and glycerol appear to be intermediary. Both substrates are

immediately oxidized, but since the co, production rate of these

cultures is greater than lactate oxidizing crrltures the initial

oxidation may not have a significant reductive effect on the cell

membra¡e. The fact that CO, Production by mannitol and glycerol

grown cel-ls is less than glucose oxidizing cells may be a consequence

of a faster rate of gfucose uptake resulting in high rates of glucose

catabolism and low amounts oi availabl-e carbon for polysaccharíde pro-

duction.

2.O Growth in the presence of excess dissolved oxygen

the oxygen timited nature of A. vinelandii grolvn with 20% o,

above the culture, in addition to its adaptable respiration must be

taken into account for the stUdy of oxygen toxicity. To simply

increase the oxygen tension in the atmosphere above the cufture v¡ould

resul-t in greater celtular production rates which woul-d be eventually

limited by either carbon or mineral suppty. Even at high oxygen

concentrations in the atmosphere above the culture the respiration

rate is sufficiently high so as to maintain the d-o.t. at zelo or

slightly above zeTo. Therefore to study the effects of oxygen on

Azotobacter the celfs must be exposed to high d'.o.t. which can only

108

be brought about by either reducing the respiration rates or by the

exposure to high oxygen tension after growth at a fower oxygen tension

where respiratory protection is low. The first method was used for

Iong term studies whereby a culture \¡/as exposed to severe carbon

Iimitation with a resultant constant high d.o.t. in the culture.

The exposuLe to high oxygen tensions hTas then used for short term

analysis.



2.I Response of A. vinelandii and A. chroococum
oxygen tensÍon.
In order to compare the ability of

presence of excess dissolved oxygen in

one A. vinelandii and the other

severely carbon limíted state by stopping the

culture. rnitiarly both cultures maintained the d.o.t. at zero but

after al-l residual mannitol- was oxidized the d.o.t. in the medium

increased. Mannito] was then suppl-ied to the cu]ture at a srow rate

allowing respiration to decrease the d.o.t. V,Ihen the d.o.t. had

decreased to a constant l-evel the concentration was recorded and the

mannitol supply rate was further increased. The results are shown

in Fig. 18.

each species to withstand the

the culture, tvr'o cultures,

â. chroococum,

to a hiqh dissotved

oxygen tension with increasing

1.tM, given mannitol at a rate of

at a higher rate did not allow

The A. vineland.ii culture

were placed in a

mannitol f]ow to the

109

below this 7.2 UM value. Therefore, such exposure to excess dissol-ved

oxygen appears to induce a change, which reduces the affinity of the

cytochrome oxidase for oxygen.

The response of A. chroococum is also shown in Fig. 18. This

culture is initially capable of respiration at hiqh d.o.t., however

when given mannitol at a rate of 0.33 g hr-l i., the presence of

excess dissolved oxygen the respiration of this culture completely

ceases. This inhibition of respiration was not relievedbythe addition

of more mannitol or by the addition of acetate which is believed to

be taken into the cell without the expenditure of energy (Haaker and

Veeger 1976). fhe culture of A. chroococum remained in this inhibited

is capable of reducing the dissolved

mannitol supply, to a minimum of 7.2

-10.40 g hr '. Addition of mannitol-

the culture to reduce the d.o.t.
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Fig. 18. Plot of dissolved oxygen

supply rate for mannitol

O, in 1.0 x BU medium.

A. vinelandií

¡ chroococum

tension against mannitol

limited cultures aL 2O>"

H

H
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state for approximately 14 hours, at which time respiration gradually

increased.

growth of this organism under conditions of excess oxygen difficult

and therefore attempts to study this organism under a l-ong term condition

The shift which occurred in A.

of extreme carbon limitation \,,/ere not pursued.

2.2 Growth of A. vinelandii in extreme carbon limitation.

The long term maintenance of an excess dissol-ved oxygen tension

in a cul-ture of A. vinelandii growing under vortex-stirred condítions

can only be accompl-ished by maintaining the culture under severe

mineral- or carbon l-imitation. The effect of such limitation may be

either to reduce the cellular concentration to a l-ow density

so the culture no longer has the respiratory capabitity to balance the

chroococcum respiration makes the

sol-ution rate of oxygen into the culture, or by using carbon l-imitation, to decrease

the amount of reducing power produced so that it rvoufd be insufficient to meet

the demands of respiration. One important difference between carbon

and inorganic ion limitation would be the interference in respiration by

carbon limitation, which may alIow oxygen to accumul-ate within the

cell-. Such an effect woul-d not be expected in celfs which are

under inorganic ion limitation since respiration could be maintained

at very high rates ir,dependent of growth.

LI2

insufficient mannitol- to aflow the respiration to equal the oxygen

sol-ution rate with consequent accumul-ation of excess oxygen in solution.

In addition to the carbon limitation another factor was operating

under these conditions which would enhance the toxicity of the dissolved

oxygen. This was the intermittant nature of the dropwise addition

A. vínel-andii was cultured in a nitrogen free med.ium with



of medium to the culture supplied through a peristaltic pump which

util-ized Lhree pins rotating at approximately one rpm to move the medium

through silicon tubing. This pump moved medium at a pulsed

rate; that is, medium would be added quickly foll-owed by a slight pause

before more medium was added. During the period of this pause

respiration ceased due to lack of carbon substrate and on the addition

of more medium, the d.o.t. decreased again,with resul-tant regular

fluctuations in the d.o.t. This repeated start and stop in respiration

provides a means by which excess oxygen could accumul-ate in the cytosol

of the cel1 d.uring carbon starvation.

Cuftures which have been maintained in a carbon Ií mited state

for several weeks show characteristic differences to those grown fresh

from the stock culture. This is not surprisíng in view of the selection

pr

gY

^

ocess occurring in a chemostat which woul-d favour cel-l-s with highest

owth rate. Therefore to initiate the experiment a fresh culture of

vinelandii was inocul-ated into the sterile chemostat vessel. The

113

culture was then allowed to grow as a batch cul-ture to reduce the

mannitol- concentration to zero. lr7hen the dissol-ved oxygen tension

rose, indicating carbon limitation, the cul-ture was provided with 1.5

x B- media with O.475e" mannitol and maintained at a dil-ution rate of
t)

-'10.20 hr'. Over a period of 5 weeks the mannitol concentration in

the medium was increased from 0.415 to 0.700% by O.O25e" increments.

The range of mannitol concentrations which were fed to the cul-ture

correspond to mannitol suppl-y rates of 0.218 to 0.330 grams per hr.

The cul-ture was analyzed in duplicate on consecutive days after it

had been all-owed to reach a steady state.



respiration and qrowth.

d)

The concentration of dissolved oxygen which accumulated in

the medium at various mannitol concentrations is shown in Fig. 19.

This decreased gradually to l-B UM oxygen at 0.293 g mannitol hr-f;

further increases i-n mannitol supply vrere accompanied by a rapid

decrease to zero d.o.t.

Accompanying the decrease in the dissolved oxygen was an increase

in the carbon dioxide evol-ution (rig. 19). The ratio of the differ-

ence ín CO. evolution at 0.218 to 0.293 g mannitol- hr-f i= 0.g0,
¿

simil-ar to the difference in the rate of oxygen uptake which is

0.87.

The biomass production at various degrees of carbon starvation

is shown in Fig. 19. This biomass production effectively doubles

over the period from extreme carbon l-imitation (0.218 9 mannitot rrr-1¡

to where the mannitol is sufficient to maintain the d.o.t. at zero

-'l(0.305 g hr -). The respiratory index for the various mannitol- con-

centrations is plotted in fig. 20. As had occurred at very high

oxygen concentration, respiration is given priority for carbon fl-ow

under these extremely carbon limited conditions. The RI value de-

creases rapidly as the dissolved oxygen tension decreases and reaches

its minimum val-ue when the d.o.t. equafs zero. The relationship

between RI and d.o.t. is shown in Fig.2I. Above 6 pM oxygen there

appears to be a l-inear relationship between the d.o.t. and the

efficiency of respiration indicating that these ce11s respond to the levels

of dissolved oxygen rather than simply to its presence or absence.

Effect of carbon starvation on dissolved oxygen concentration,

I14



115

Fig. 19. Variation in biomass, CO, evolution and

oxygen tension \,rith different mannitol

a continuous cufture of A. vinelandii

1.5 x BU medium.

Biomass o----------o
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Fig. 20. Variation in the respiratory index (mote

gram dry weight produced) with different

supply rates to a continuous culture of

at 20% O, with 1.5 x BU med.ium.

CO Þer2-
mannitol

^ vinelandii,
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Fig.2L. Rel-ationship between the respÍratory index (mofes

CO2 per gram dry weight produced) and the dissol-ved

oxygen tension for a continuous curture of a. vinel_andii,

at 2OZ Or, with l-.5 x BU medium, D = 0.20 hr-l.

l-19
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The rate of oxygen uptake was determined for the ce1ls at the

different degrees of carbon limitation. These results are shown in

Fig. 22. The rate declines almost linearly as the mannitol- supply is

increased from 0.2I8 to 0.304 *g ht-l. veeger and Haaker (1976) claim

that the rate limiting step in carbon limited cells as to oxygen

uptake is the transport of the carbon into the cel-Ì. The rate of

carbon uptake was determined; the results are shown in Fig.23. A

comparison of Fig . 22 and 23 makes it appear unlikely that under the

conditions used to measure oxygen uptake with a plentiful supply of

carbon substrate, the rate of oxygen uptake woul-d be limited by the

rate of mannitol- transport. The ratio of the translocase activity at

0.218 to 0.3O4 g hr-f irrdicates an almost 3-fotd decrease in trans-

locase activity. However over the same mannitol concentrations, the

rate of oxygen uptake, measured in the presence of 1% mannitof is

only reduced by one-third.. Tf the translocase activity determines

the rate of o^ uptake in the oxygraph, a similar ratio in activities
¿

would be expected. Undoubtedly the rate of respiration of carbon

l-imited cells in the chemostat is dependent upon the rate of carbon

uptake; however. when these cell-s are given sufficient carbon under the

conditions in an oxygraph the rate of. O, uptake appears to be deter-

mined by the rate of some intermediate enzyme.

b) Oxygen and carbon uptake rates of carbon starved cell-s.

12r

The NADH oxidase activity represents the overalf rate of el-ectron

fl-ow from NADH dehyd.rogenase to the cytochrome oxidases. The results

of the assay for the enzyme activity are shown in Fig . 24. During

extreme carbon limitation, the NADH oxidase activity is highest;

c) NADH oxidase
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Fig. 22. Variation in the oxygen

in mannitol supply rate

A. vinelandii, aL 20%

_l
- O.2O hr -

uptake rate with changes

to a continuous culture of

with 1.5 x BU medium,o,
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Fig. 23. Variation in the mannitol uptake rate (^

with different manníto1 uptake rate to

culture of

medium,D=0.20hr-l.
^ vinelandii , at 20% 02 with 1.5 x B6

. -t.cpm.mln ^)

continuous
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Fig. 24. Variation in the activity

mannitol supply rates to

A. vinelandii, al 2Oe"

-'lD=0.2Ohr*

of NADH oxidase with different

a continuous cul-ture of

with 1.5 x B- medium,
b

oz
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it then decreases rapidly to a minimum value of o.2g g mannitol
--lhr - At this rate of mannitol addition the d.o.t. is stir_r rer_at_

ively high being 24 ¡tI| oxygen (FiS. 19). Further increases in mannitof
supply resulted in an increasing activity for this enzyme.

lf the respiration of Azotobacter is competitive with growth as

has been suggested. (phirlips and Johnsonr./ 1961), the contror_ of
NADH oxidase would alr-ow the cer-r to divert reducing pov/er away from

respiration under conditions where it is desirable to have this reducing
povùer go toward growth. The high activity of NADH oxidase durins
extreme mannitol rimited growth wourd provid.e a competitive advantage

to respiration in conditions of excess dissor-ved oxygen. L{hen the
amount of dissolved oxygen is reduced, this enzyme activity is J_ower,

thus giving more of a competitive advantage to enzymes involved in
biosynthesis. The increased activity at high mannitol concentration
may reflect the fact that these cel1s are becoming oxygen limited
and in an effort to produce more energy more reducing equivalents are

d.irected toward the respiratory chain.

d) Superoxide Dismutase

The activity of superoxide dismutase \,vas determined in cerr-free
extracts of samples taken from the mannitor rimited cultures. The

results are shown in Fig . 25. The activity of this enzyme is greatest
during extreme carbon limitation (i.e. between .2rg and .243 g of
mannitol per hr) and decreases with increasing mannitol supply.

Thus Azotobacter appear to be capable of inducing the synthesis of
this enzyme under conditions of excess oxygen. This resurt is
apparently contrary to the results of Buchanan (197g) who found reduced

s'o'D' activities per mg of protein when the oxygen tension above the



culture vras increased f rom 5 to 30e¿ .

e) Catalase Activity

hydrogen peroxide is markedly dependent upon the dissolved oxygen tension

The catafase activity measured as the rate of oxygen production from

(FiS. 26 and Fig. 27). The activity at zero dissolved oxygen

that described by Buchanan (1978) . Ho\,,/ever the remarkably high catalase

activity in the presence of high

the necessity to experimentally

order to obtain noticeabl-e affects of oxygen in this organism.

An interesting comparison can be made between the activities of catalase

and that of the mannitol transl-ocase. The enzyme activities show a similar

pattern in response to increasing mannitol supply. At low mannitol supply rates

activities are high and increase slightly with increased mannitof supply. Both

activities decrease and reach their lowest levels when the d.o.t. reaches

zero. It is tempting to speculate that these enzymes may be affected by a

dissol-ved oxygen tensions is a result of

increase this dissolved oxygen tension in

common factor,

L29

dehyd.rogenase.

f) Effect of hiqh dissol-ved oxygen on the activity of isocitrate

The activity of the Krebs cycle enzyme isocitrate dehydrogienase

was determined from cells taken from various degrees of carbon limita-

as yet undetermined.

IS similar to

tion (Fig. 28) . The activity of this enzyme does not appear to be

affected by either carbon limitation or the excess dissolved oxygen

tension.

S) Isocitrate lyase

formation of the glyoxylate phenythydrazine derivative (Fig. 29) -

The activity of isocitrate lyase was determined by measuring the
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Fig. 25. Variations in the superoxide dismutase activity with

different mannitol supply rates to a continuous

culture of A. vinel-andii, at

medium, D=O.zohr-l.

À 20"ó 02, with 1.5 x Bu
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Fig. 26. Variation in the

.-1reteased x min

ma¡nitol supply

A. vinelandii at
-'ìD = 0.20 hr -.

catalase activity (U moles O,

x mg dry weight-l) with different

rates to a continuous culture of

2Oz 02 with l-.5 x BU medium,
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Fis. 27. Variation in the catalase activity

released * *irr-I x mg dry weigrht-l¡

dissolved oxygen concentrations in

culture of A. vinelandii at 2Ot" O,

medium, D=O.2Ohr-I.

(¡r nols O,

with different

a continuous

with 1.5 x B
6



C
A

T
A

LA
S

E
 A

C
T

IV
¡T

Y
 (,

ø
,m

ol
es

 o
2/

nt
n/

ns
l

o fü
 

fu "Þ

\ g
('l

¡
O

)

P (, (t
ì



136

Fig- 28. variation in the activity of isocitrate dehyd.rogenase

with different mannitol supply rates to a continuous

culture of A. vinelandíi. at 20%

medium,D=O.2Ohr-f.

O, with 1.5 x BU
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Fig. 29. Variation in the activity

different mannitol_ supply

culture of A. Iþetgndi!,
medium, þ= -10.20 hr '.

of isocitrate lyase with

rates to a continuous

at 20"< O^ with 1.5 x B-26
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The activity increased afmost linearly with increasing mannitoJ.

supply rates, the activity beinq over Lhree-fold greater when

the cel-l is supplied with sufficient mannitol compared to the extremely

carbon ]imited ceIls.

Although the l-evels of cytochromes do not necessarily reflect

their activity in the cel-l, they were measured to determine if excess

oxygen would inhibit their production. The levels of cytochromes

relative to level-s at 0.33 g hr-l are shown in Fig. 30.

Cytochrome d

Dr:ring periods of excess oxygen this main cytochrome oxidase is

produced in lower quantities compared to its production when no

excess O^ is present. The levels increase as the dissol-ved oxygen¿'
tension approaches zero. The maximum levels of cytochrome d occurred

at a supply rate of 30.50 mglhr and at hígher rates the levefs

decreased.

Cytochrome o

The levels of cytochrome o were determined by CO-reduced minus

reduced spectrum estimated by the difference between OD at 417 and

432 nm. fig. 30 shows how the cytochrome l-evels change with

h) Change in cytochrome l-evels
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mannitol- supply rates. These cytochrome fevefs increased

as the dissolved oxygen tension was reduced. When the dissolved

oxygen tension approached zero the levels of this cytochrome were

more erratic indicating the control of the production to be no longer

dependent upon the d.o.t.

b type cytochromes

The relative amount of b type cytochromes were determined from
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Fig. 30. variation in the cytochrome levels with different

mannitol supPlY

A. vinelandii,

D
-t= O.2O hr *

Cytochrome d

Cytochrome o

Cvtochromes c, & c-
4-5

Þ-typ" cytochromes

D.o.T.

rates to a continuous culture of

aL 2Oz o, with 1.5 x BU medium'

cytochrome levels are expressed relative to the levels

occuring in cells from cuftures provided with 0 ' 330

grams mannitol Per hour-

A_-.-A

H

H
H
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the shoufder occurring on the c cytochrome peak. Levels of b cyto-

chromes, which include cytochrome b, and o, increase with increasing

mannitol supply rates. when the d.o.t. approaches zero the l_evels

of b type cytochromes decrease in contrast to the relative levels of

cytochrome o,which shows a sharp increase when the d.o.t. reaches

zeYo (at .305 g mannitol per hr).

Cytochrome c

The levels of the 9n and 95 tvne cytochromes \dere determined

from the reduced spectrum by measuring the absorption difference

between 551- and 540 nm. The levels of this cytochrome increase as

the cu]ture is given more mannitor and the d.o.t. is reduced. This

pattern of change of the cytochrome c is simil_ar to that described

for cytochrome o levels. Such a similarity may reflect the functional

relationship between these two cytochromes since both cytochromes

are bel-íeved to form the minor pathway in electron transport (Jones

and Redfearn 1967) .

Cytochrome a,
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The level-s of cytochrome 31 were determined by the difference

spectra of oxidized minus reduced at 592 nm. No significant differ-

ence was found in the l-evels of cytochrome af throughout the various

degrees of mannitol limitation. The revels of the cytochrome ar can

al-so be determined by the magnitude of absorption at 42g nm in its

co-reduced minus reduced spctrum, shown for o, l-imited batch cul_tures

in Fig. 31. Ho\,vever no significant absorption peak was found for the

co-reduced minus reduced spectrum at this wavelength, for cell_s from

a chemostat j-n any degree of carbon timitation or oxygen limitation.

since cytochrome a, from chemostat grov¡n cefls does not appear to
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Fig. 31. CO-reduced minus reduced spectrum.

oxygen limited chemostat gro\r¡n ceLi-s, utilizing

mannitol (cytochrome o peak at 417 nm)

oxygen limited batch grohrn cel-l-s, utilizing

acetate (cytochrome o peak aL 4I7 nm and cyto-

chrome 31 peak at 428 nm)
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Fig. 32. Variations in the concentration of

half the observed maximum rates tSl

different mannitoL supply rates to

cul-ture of A. vinelandii t at 2O% O,

medium, D=O.2Ofrr-].

oxygen supporting

0.5, with

a continuous

with l-.5 x BU
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bind CO it probabty does not act as a cytochrome oxidase. Therefore,

under these conditions the main cytochrome oxidase of the minor pathway

would appear to be cYtochrome o-

j ) effinity for oxygen

The affinity of the cytochrome oxidase for dissolved oxygen l^/as

estimated by determining the concentration of oxygen at which the rate

of oxygen uptake is half the maximum. This rate was determined by

drawing tangents to the O, uPtake curve. The resufts are presented

in Fig. 32. During extreme carbon limitation with high d.o.t. the

O^ concentration at I/2 V_____ is equal to 54 UM O The affinitv
¿ max - -1--- - 2

for oxygen remains low when the celt is exposed to extreme carbon

l-imitation, that is from 0.218 to 0.255 gmannitol ht-1. However it

increases as the cul-ture is provided with mannitol supply rates

greater than .268 g hr-f. The maximum affinity was reached at 0.3i

-lg mannitol hr *.
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The exposure to excess oxygen via carbon l-imitation produces

drastic changes in the structure of Azotobacter cel-l-s. These include

changes in cel1 size, pleomorphism,vesicfe formation, separation of

the cytopl-asmic membrane from the cell waII and the appearance of

cytoplasmic inclusion bodies.

Thin sections of Azotobacter celfs, cultured with sufficient

oxidizabfe substrate to maintain the d.issolved oxygen tension at

zero, are shown in ptate 1. The cetl-r¡a1l is fairly uniform with

occasional localized expansion of the peripl-asmic space'

Generally the syteplasm appears to be of constant density, and the

amount of cell wal] cytoplasmic membrane separation is low.
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Pl-ate 1. À vinelandii

culture with

grams per hour and D.O.T. of zero.

x 15,750

from an oxygen limited chemostat

a mannitol supply rate of 0.330

Plate 2. A. vinelandii

cul-ture; mannitol supply rate of 0.218 grams per

hour, D.O.T. of 44 Ut't. These cells demonstrate

vesicles (V) , granular incl-usion particles (G) ,

cell wa]l-ceIl membrane separation (S) .

x L5,750

from a carbon limited chemostat
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In contrast, the cells from cultures which are in extreme carbon

limitation, with resultant high d.o.t. are shown in Plate 2. The

dissolved oxygen tension in the culture from which these cel-Is were

taken was 26 Ul4. The structure of these cel-Is differs from the oxygen

fimited cells by the presence of large numbers of vesicles within the

periphery of the cytoplasmic membrane. The celf membrane of these

cells shows much greater separation from the cefl wall- which may

be the reason why they afso show much more pleomorphism. The cyto-

plasmic volume of the cells grovrn under extreme carbon starvation appeared to

be reduced, with an apparent increase in the elecLron density of

the cytoplasm.

These results appear to be contradictory to the two suggested

roles of vésicles in Azotobacter given by Oppenheim and Marcus (197ù)

and Patc et. al. (1973). Oppenheim and Marcus (197C) suggested

the vesicfes are produced as a response of the cefl which depends

upon whether the nitrogen source is fixed nitrogen or dinitrogen.

The vesicle was proposed to act either as the vehicle in which the

nitrogenase is embedded or the vesicul-ar membrane may allow the ceII

to cope with high oxygen tensions so as to protect the oxygen sensi-

tive nitrogenase enzyme. However my results indicate vesicle production

to be dependent upon the d.o.t. in the med.ium rather than on the

N-sources. ' The increase in vesicle production in the presence

of high dissolved oxygen does suggest that a respiratory protective

role is played. by these structures which may, as Oppenheim and Marcus

suggest, protect the oxygen sensitive nitrogenase. It is therefore

likely that the respiration is adequate to protect the nitrogenase

when the d.o.t. is zero, however at high d.o.t. this protection is
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augmented by higher membrane production. A second proposal was

suggested by Pate and Brill (1973) who reported greater vesicfe

production when the d.o.t. is very low and therefore proposed that

increased membranes woul-d provide increased surface area enabling the

cel-l to be abl-e to take up more oxygen. My results demonstrating

increased vesíc1e production in the presence of high d.o.t. are

directly contradictory to the results of these authors.

Structural chanqes accompanying a transition from C-limitation

to C-sufficiency.

To examine the effects on structure of transition from high dissolved

oxygen to zero dissolved oxygen, samples were taken and examined by electron

microscopy at various degrees of carbon limitation. The most extreme state

of carbon limitation was shown in plate 2. These cell-s produce a large

number of vesicles, the cel-l wall and cell membrane shows separation and

the electron density of the cytoplasm is hiqh. Within these cell-s granular

L52

incl-usion bodies occur which resembÌe

Cells grown at a mannitol supply

and formed cytopJ-asmic organel-les which had been seen neither in the

extremely carbon-limited cel-1s nor in carbon sufficient ce1ls (Plate 3) .

These organelles vrere often of a different efectron density than the cytoplasm,

appearing darker or

by a characteristic

the cytoplasm or the

encl-osed by a membrane (Plate 4), and often within

inclusion bodies can be found.

polyphosphate granules.

rate of O.243 g f,r-] had fewer vesicles

l-ighter than the rest of the cel-l. They are surrounded

light zone which is ]ess electron dense than either

interior of the organeJ-1e. The organell"e is

the organeJ-Ie, granular
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A vinelandii from a carbon-limited chemostat

culture; mannitol supply rate of 0.243 grams per

hour, D.O.T. of 29 pM.

Cytoplasmic organelles (O) .

x L2,600

Plate 4. A. vinelandii cell_

contained in membrane (M). Conditions of growth

as for plate 3.

with cytoplasmic organelle,
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Ceffs which are provided with O.255 g mannitol hr-l (Pl-ate 5)

also form organelles, and have fewer vesicl-es than observed in cel-ls

grovrn at 0.2I8 g hr-1. The organelles in these cells appear to be

predominantly situated at the poles of the cel-I.

trnlhen the mannitol supply rate is increased to 0.263 g hr-l

(Plate 6) the organelles are still formed. The cell-s appear to be

much more normal and have very few vesicles. Increasing the supply

rate to 0.280 g h.-1 produced an entirely different type of cell

(Plate 7), which did not appear to produce organelles, the cytoplasm

contained a large number of vesicl-es; the cell wal-f and cell membrane

showed much more separation.

lrlhen the culture was provided with O.2g3 g mannitol- hr-f the

cells lacked organelles, there was still a high production of vesicles

but the cell wall--cytoplasmic membrane separation occurred to a l-esser

degree, Plate 8.

Cells from a culture with sufficient mannitol to maintain the

d.o.t. al zero (0.33 g/hr) are shown in Pl-ate 9. These cel-ls appear to

have fewer vesicles and rarely show organel-fe formation. The cytoplasm

general-ly completely fi11s the cel-f wafl and the cefls appear to be ful-l-er

and rounder.

The rofe of the organelle has not been defined. Those cefls

which contain the organelles appear to have fewer vesicles. The

terminal location of many but not al-l- of these organelles raises

the possibility of a mechanism existing to draw the organel-l-es

to the terminals. Often more than one organelle is present in a ceIl,

although no organelle-to-organelle relationship was observed.
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ñ1 -!^ tr
rrdLc J. À vinelandii from a carbon-limited chemostat

culture with a

grams per hourf

mannitol- supply rate of O.255

D.O.T. of 32 pM.

x 22,OOO

Plate 6. vinelandii from a carbon-limited chemostat

cul-ture with a mannitol supply rate of

per hourf D.O.T. of 25 pM. Note polar

mature cytoplasmic organelles.

x l-2,600

0.268 grams

location of
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Pl-ate 7. À vinel-andii from a carbon-limited chemostat

culture with a mannitol

grans per hour, D.O.T.

supply rate of 0.280

of 3 ¡rM.

x 12,600

ñì 
-!^ 

ôrldLe õ - A. vinelandii from a carbon-limited chemostat

culture with a mannitol supply rate of O.293 srams

per hour, D.O.T. of I8 UM.

x 12,600
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Plate 9. A. vinelandii

culture with a mannitol supply rate

per hour, D.O.T. of zero.

from an oxygen-limited chemostat

of 0.330 grams

x 12,600
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The organelle did appear to be abl-e to affect the cell wal-l- when

in cfose proximity. Pl-ate 10 shows how the cel-f wall in one cell appears to

have disintegrated at the point of contact with the organelle. The light peri-

phery of the organelle has disappeared at this point of disintegration and it

would appear that the interior of the organelle is in contact with the medium-

A similar type of phenomenon is shown in Pl-ate 11, whereby the organelle

appears to be connected to the medium by a channel.

Cytoplasmic division

In order to provide equal opportunity to both daughter cells, the division

of cytopJ-asm shoul-d be equal between the two newly formed cells. If this does

not occur one cel-l may be placed at a disadvantage whereby it woul-d be required

to produce much more cytoplasmic material- before it too can divide.

Normally in a cell which has the volume, contained by the cell- wal-l,

fifled to capacity with cytoplasm, the separation into equal cytoplasmic vol-umes

would not pose a problem. But A. -¡inelandii

d.o.t. have greatly increased vol_umes in the

in a state of plasmolysis. I/ïith a great deal

163

essentially empty, cell division by the pinching off by the cell wall may

produce an unegual sharing of cytopJ-asm between cel-ls. To take an extreme

example ceIl division coul-d occur with al-f the cytoplasm in one daughter

cell, the other being an empty cel-l-. Several observations lead to a possible

mechanism whereby Azotobacter would overcome the problem. The separation of

cytoplasm membrane from cel-f wa1l occurs generally in the mid section of the

cell (Pfate 12). The cytoplasm rarely separates at the terminals

índicating a tighter binding at these points. This wourd provide a

grov¡n under conditions of high

periplasmic space similar to cells

of volume within the ce11 wa1l being
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Plate 10. Rupturing of the cell wal-l

a carbon-limited chemostat

supply rate of 0.268 granìs per hour, D.O.T. of 25

pM. Cell- wall is indicated by (CW), area of

rupture by (R), the organelfes (O).

x 31,500

in A. vinelandii from

culture with a mannitol

Plate ]1. A. vinelandii ce]l from same chemostat described

in plate I0, showing desintegration of cel-f wal-l-

at (R), with apparent channel formation (C),

organelle (O).

x 31,500
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Plate l-2. Longitudinal-section of carbon-starved

dividing cell demonstrating separation of the cel_l

wall from celI membrane. Mannitot supply rate was

0.280 grams per hour, D.O.T. of 3 ¡rM.

x 3l-,500

Pl-ate f 3.

^ vine landii

Cross-section of carbon

cell- demonstrating triangular binding of cell

membrane to the cell wal-l at sites indicated as

(B) . Mannitol- supply rate \,üas 0. 280 grams per

hour, D.O.T. of 3 Utt.

x 31, 500

starved A. vinel-andii
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Plate l-4. Cross-section of carbon starved

cell-, cel-l- a showing cefl membrane separating from

the cell waIl on only two sides, whereas cel-l- B

shows separation at three sides. Condition for

growth same as described in P1ate l-3.

Plate 15.

Ã vinelandii

Cross section of a carbon starved A. vinelandii

cefl demcnstrating cel_l wal-I-cel_l membrane

tion at three sides. Mannitol supply rate

O.243 gralns per hour, D.O.T. of 29 UM.

x 31, 500

separa-

was
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means t^/hereby the growing celt

two daughter cel_l_s. Al-ong \^rith

of logitudinal- binding may also

wall- would draw out cytonl-asm between

tight, terminal binding three Ìines

occur between the cell membrane and

cross sections can be seen incell- wal-I. The resultant triangular

Pl-ates 13, 14 and 15.

Role of the granul_ar inclusion bodies

The apparent intimate nature of the granul-ar inclusion (cr¡

particles and the cytoprasmi-c organelles suggest a functional

refationship between the two- The Gr particles were observed

in cell-s prior to the appearance of the organelle and since Gr

particles appear in apparentry immature organel-les it is tempting

to speculate that the organelle is produced from material- within the

Gr partic]e arthough evidence is as yet insufficient. pl-ates l-6

and l-7 show the formation of a J-ight zone within the cytoplasm

possibly formed by the granular.incl-usion bodies. rn plates 16,

l-8 and 19, the Gf particle appears on the interior edge of an

el-ectron transparent zone with the possible concurrent unwinding

of electron dense materiaf (pl_ate 19, cell A). The electron trans_

parent area may be poly-g-hydroxybutyrate (Leung L979) however the

carbon l-imited nature of growth makes this unlikery. The

unwinding of the material- appears to be more complete in the
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ñ1-L^ ì -t.Id, LE IO. Formation of electron transparent zone (T) within

the cytopl-asm of A. vinelandii from a carbon-

limÍted chemostat. Mannitol supply rate was O.263

grams per hour, D.O.T. of 25 pl.{. Granular incl-usion

particles (c).

Plate 17. Cross-section of a carbon-starved

cel-l demonstrating invol-vement of

particles (G) in formation of two

organelles. Mannitof supply rate

per hour, D.O.T. of 32 piv1.

x 31,500

À vinel-andii

the G.I.

cytoplasmic

was 0.255 grams

x 31,500
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Plate 18. Longitudinaf section of a carbon-starved A.

vinelandii cel-l demonstrating involvement of the

G.I. particles in formation of the cytoplasmic

organelle. Mannitol supply rate was O.263 granrs

per hour, D.O.T. of 25 pM.

x 31,500

Plate l-9. A. vinelandii cel-1s from

chemostat cufture, demonstrating in cel-l A

apparent unravell-ing of the G.I. particle during

formation of the cytoplasmic organelle. In cell-

B at least three G.I. particles are involved at

an electron transparent zone. Mannitol- supply

rate v¡as 0.243 grams per hour, D.O.T. of 29

UM.

a rnannitol-limited

x 3f,500
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rig. 33. Variation in the rate of oxygen uptake, at different

dissolved oxygen concentrations, and the effect of

sparging with pure oxygen for various times on

cells from an oxygen-limited-chemostat culture.

No sparging

2 mins

3 mins

H

a--a
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Fig.34. Eadie-Hofstee

No sparging

2 min.

3 min.

plot of

H

a----{

H

the data presented in Fig. 33.
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l-ower organelle of the cell indicated in Pl_ate l-7. plate lB shows

completed organelles in which the granular inclusion body

appears to have essential-1y disappeared, posÉibly having

completely unwound, filling the organelle with electron dense

materiaf.

2.3 Effects of 100s" oxygen upon the oxygen uptake rate of A. vinelandii

fimitation with excess oxygen present in the medium was a reduced

affinity of the cytochrome oxidase for oxygen. This was reflected in

higher apparent [t]0., values when the rate of oxygen uptake \.^/as deter-

mined by measuring dissolved oxygen tension in solution. Oxygen

limited cel-ls from a chemostat al-so exhibited this reduction in

affinity for oxygen after sparging with pure oxygen. Fig. 33 shows

how the rate of oxygen uptake depends upon the dissolved oxygen tension,

and how the affinity for the oxygen decreased after two and three min

of sparging with oxygen. Rates were determined by drawing tangents at

specific dissolved oxygen tensions as the d.o.t. \iras reduced by

respiration. These results were then expressed in an Eadie-Hofstee plot

shown in Fig. 34. From this plot at least two cytochrome oxidases

appear to be operative in cell-s which have not been exposed to pure

oxygen. One cytochrome oxidase appears to be operative at low oxygen

tension and has a low V*u* and Km. The second oxidase has a higher

V and Km. The exposure to excess oxygen for two min resul-ts in
max

the reduction of the activity of the low I(m and V*r* oxidase. A

three min oxygen treatment resulted in complete suppression of this

oxidase.

Among the effects noted for

179
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Oxygen-limited mannitol or acetate oxidizing ce1ls from batch

cul-tures d.o not exhibit this loss of affinity for oxygen after sparging

with pure oxygen for 10 min. It appears that the cytochrome oxidase

responsible for reduction of oxygen at very low pO, is inhibited by

pure oxygen. However inherent limitations in the measurement of rate

and d.o.t. at such low oxygen concentrations must be taken into account,

therefore it would be only reasonable to conclude that excess oxygen

rapidly changes the cytochrome oxidases with a resultant apparent

loss of affinity for oxygen.

2.4 Effects of High Oxygen Tension on the Nitrogenase Activity of

The effects of oxygen on nitrogenase have been reported as

producing complete loss of activity in purified nitrogenase prepara-

tions (Bulen and LeComte 1966). Dalton and Postgate (1969) have also explained

the loss of viability of A. chroococum placed. in a medium with high

d.o.t., as being due to the toxic effects of oxygen on the nitro-

genase enzyme. Contrary to these results, Buchanan (1978) demon-

strated an increase in nitrogenase activity after a chemostat cu1ture

of A. chroococum has been exposed to high partial pressures of oxygen

in the gas phase. I repeated the work of Buchanan using the same

orqanism in a chemostat under an initial atmosphere of 10% 02 which

was subsequently increased to 30%. l{ith the increase to 3Oe" C-2,

nitrogenase activity rose rapidly and stabilized for approximately

one hour. Simultaneously within the first 15 min of this period,

dissolved oxygen tension increased sharply, (Fig. 35) . Commensurate

with this rapid rise in d.o.t., the respiration rate of the culture

increased sharply about 30 min after the atmospheric O^ level had been

A. chroococum.
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FiS. 35. Variation in the dissol-ved oxygen concentration and

nitrogenase activity of A.

after increasing oxygen concentration from 10 to 30%

in the gas phase above a chemostat cufture.
_l

D = 0.20 hr '.

Nitrogenase activit-v

Dissol-ved oxygen concentration

chroococcum with time

H
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adjusted to 30%. The increase in respiration produced a rapid drop

in d.o.t. of abouL 80 UM within a further 30 min period' During

the period of high oxygen uptake nitrogenase activity remained con-

stant, but then increased rapidly after the respiration rate had

stabilized reaching an activity five-fol-d greater than that observed

before the oxygen tension was increased. Ihis experiment was

repeated. with similar results but one such attempt to demonstrate

this increase in nitrogenase activity with an increase in atmospheric

oxygen \,üaS not Successful. The culture, under identical conditions to those

described above, \ilas apparently unable to decrease the oxygell tension of

the medium once it had been raised. under these conditions the

nitrogenase activity did not increase; rather, the activity diminished

and the cul-ture washed out-

In the first case, it appears that the nitrogenase activity was

not inhibited when excess oxygen was present in the cul-ture ' On the

contrary these cells appeared to exhibit greater nitrogenase activity

after continued exposure to high dissolved oxygen tensions. since

the activity of nitrogenase increases only after the respiration

rate has stabil-ízed, the plateau of nitrogenase activity occurring

within the first hour after the atmospheric oxygen concentration had

been increased may be due to competition for reducing po\'ver between

the terminal oxidase and biosynthetic processes'

The loss of nitrogenase activity in cefts frorn a culture which is

unable to remove excess oxygen may be used as evidence for the

inactivation of nitrogenase by oxygen' But thathigh nitrogenase

activityincellscapableofincreasingrespiration,promotesthe

hypothesis that the loss of activity may be due to the above mentioned

J.ÕJ



competition. The main reguirement for cells to increase respirative

rates to adapt to high oxygen solution rates (and increased biosyn-

thesis) would be the capability to rapidly increase the carbon sub-

strate uptake rate. rf the cel-] is unable to increase this uptake

rate, the respiration rate will increase only at the expense of

intracellular carbon reserves and biosynthesis, and thus because

of the lack of sufficient readily oxidizabre carbon substrate the

cell may be unable to reduce the dissolved oxygen tension signifi-

cantly. In the presence of excess oxygen biosynthesís would continue

to lose reducing power to respiration with eventua] washout of the

culture. A prime factor which may determine the efectron flow,

whether to respiration or nitrogenase may be the binding of the

Shethna protein (Fe-S protein fI). This protein has been shown to

render the oxygen sensitive purified nitrogenase oxygen-tolerant

(Robson 1979), but upon binding the enzyme cannot fix Nr. Nitro-

genase activity is reinitiated after sufficient electron fl_ow is

restored, with concurrent dissociation of the Shethna protein-

nitrogenase complex (Britl 1980).

The effect of excess oxygen on nitrogenase was assayed by

measuring the acetylene.reduction capabitity of these cel_ls.

Unfortunately this assay requires that the sample be removed from the

chemostat and the activity is determined under cond.itions of much

lower aeratiorì rates. To determine the effects of an increase in

oxygen from ten to thirty percent on the nitrogenase activity ¿g situ,

samples were taken at various time intervals and assayed for total

nitrogen. FiS. 36 illustrates how the nitrogenase activity in the

chemostat appears to be completely inhibited within the first half-
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Fig. 36. Variation in the total nitrogen concentration and the

dissolved oxygen concentration with time after

increasing the oxygen concentration from I0 to 30s"

in the gas phase above a chemostat culture of A-

-1chroococcum. D = O.20 hr -. Arrow indicates time

of change in atmospheric oxygen concentration-

Tota1 Nitrogen

Dissolved oxygen concentration

Dashed line indicates transition period
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hour after an increase in oxygen tension. The amount of total_ nitrogen
appears to decrease as wour-d occur if the nitrogen was being simply
washed out of the culture, no additional fixed nitrogen appears in
the cul-ture untir the respiration rate stabil_izes as indicated by the
drop in d'o't- îhis absorute r-oss of nitrogenase activi-ty during
conditions when the cur-ture is exposed to high o, tensions was not
expected since the acetyl-ene reduction capabil-ities of ceffs under
simil-ar conditions was fairty high. Therefore it appears that a

competition for reducing power does occur in these cells in situ,
the direction of er-ectron flow depending upon the presence and quantity
of excess oxygen.

2.5 
ation studies.

under conditions of excess dissofved oxygen brought about by
carbon-l-imitation, the rate of oxygen uptake in situ is dependent

on the rate of carbon uptake (Haaker and Veege r I9i6) . ïf a new

carbon source (i.e. one to which the ce'l has not been previously
exposed) is provided in excess after the supply of the initiar_ sub_

strate has been terminated, the rate of oxygen uptake wilf therefore
depend on either the rate of substrate uptake or on the rate of
catabolism. A vortex-stirred carbon r_imited chemostat is ideal for
studies of uptake rates of intermediates already involved in catabolism
and wourd be useful for studies of adaptation to a foreign carbon

source. Such a system has severaf advantages: first, the carbon

starved nature of the culture encourages a rapid uptake of extra_
cell-ul-ar carbon sources when the inf]ow of medium carbon has been

stopped' secondly, very little intracellufar carbon resources woul_d be
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expected to be present because of the prior carbon limitation; thirdly,

an easily measurable parameter, the dissolved oxygen tension, is used

to monitor the respiration rate and fourthfy, the rate of respiration

can be determined over a long period of time to permit studies of the

adaptation of the cetrls to a foreign carbon source '

tion to a pulse of individual carbon substrates was determined. The

cul-ture vfas gro\,fn at a low dilution rate of O. 11 hr-l \^/ith f e" mannitol

in e- medium. During incubation the culture became carbon limited
tl

to an extreme degree. The l-ov,/ rate of carbon supply limited respir-

ation rates to below the oxygen solution rate with a resul-tant high

d.o.t. To remove all- excess mannitol the flow of medium to the cul-

ture was stopped, within seconds the d.o.t. began to rapidly increase

indicating essentially a zero concentration of mannitol in the

medium. tr'Ihen the d.o.t. started to increase a pu1se of the ne\^7

carbon source vüas added to give a final concentration of O.5e:' substrate'

The response of carbon-l-imited Azotobacter

r88

vinelandii respira-

2.5.I Change in respiration accompanying the addition of new carbon
sources.

a) Glucose

The change in dissofved oxygen tension

glucose to a final concentration of 0.5e"

time between the addition of glucose and

is approximately ten minutes.

To determine the rate of respiration,

into a culture must be determined. This

the equation

after the addition of

is shov,'n in Fig. 37 . The

the commencement of respiration

the rate of

fatter rate

oxygen solution

is expressed by



where

R = oxvsen solution rate of the cuftures *"

K-a = oxygen transfer coefficient
l-

C = oxyqen partial pressure in gas phase

C = dissolved oxygen tension.

If a culture is consuming oxygen at a constant rate xgo^
¿

of oxygen supply minus the rate of oxygen consumption will-

rate of change in the dissolved oxygen tension.

dc
ãr=R=-xqo2

= K a(C--C)-xq,-'L = u2

R =Ka (c -c)SLs
(Pirt 1975)

dcPlotting ¡f agaínst (Cs-C) will produce a straight line of slope

K"a and y intercept of -xq This relationship is shown for the cul-
oz

ture after addition of glucose in Fig. 38' . Since the consumption of

OZby glucose-oxidizing cells (xq ) is a constant LAL.6 uMlhr the-o2

oxygen transfer ooefficient can be determined to be 0.590 hr-I.

An interesting point to be made here is that even in the presence

of excess oxygen the rate of change in the dissolved oxygen tension

extrapolates to zero, when the d.o.t. is zero (i.e. Cr-C = 240 uM).

fhis method of determining the oxygen solution rates and the oxygen

consumption rates of a culture of A. vinelandii is much more conven-

ient than by either steady state kinetics or non-steady state kinetics

described by Pirt, I975. Steady state kinetics (see historical

section 9.1) requires separate determination of xø,, , the value of
-2

which may not represent the actual "in situ" rate . Non-steady
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state kinetics, which is similar to the described method, measures the

rate of decline of the oxygen concentration in the culture when the

oxygen supply is stopped, i.e. K"a(Cs-C) is presumed to equal zero

_dcand ;; = xq . When the oxygen supply is resumed the increase indr -o2

d.o.t. is presumed to be linear and. the slope of C versus time is
_dcegual- to --:- .^dt

Rewriting equation (3)

-1 .d.cc = -- (-. + q x) * coL. ctt -o2 s

Plotting c versus tP * q ) wilt have a slope - + .'dt -o2' - KL.

Pirt (1975) had presumed the rate of change in d.o.t. woul-d be

constant and c versus Èime woul-d - dcequal Uy and so suggested varying the

dcterm (;- + q_ x) by varying either biomass value or the partialdr -o2

pressure of oxygen in the gas phase. But this is not correct since

the original presumption that $f would be constant is contradictory

to the equation (3), that is to say * woufA decrease as the d.o.t.'dt

increased. The dcchange i" * could therefore be used to determine

the constants at specific oxygen concentrations wíthout having to change

biomass or oxygen concentration.

This last method has other basic assumptions. The first one being

that the rate of decrease in d.o.t. when the O, supply is stopped is

strictly dependent upon microbial respiration. The rate of diffusion

of oxygen from a culture to an anaerobic gas is ignored, but should

also be taken into account for determination of xg This is especi--o2

ally important if working with eíther a vorËex-stirred culture or

bacterial culture with low oxygen consumption rates. Secondly it is

assumed that an immediate change occurs in the atmosphere above a

culture when the oxygen supply is either stopped or reconmenced.

I90
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Fig. 37. Variation in the dissolved oxygen concentration with

time after addition of gÌucose to a mannitol limited

culture. The mannitol supply was stopped upon addition

of glucose at zero hour. Curve shown is a recorder

tracing.
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Fig. 38. Plot of the rate of change in dissolved oxygen concentration

.dc.(ia) versus the difference between oxygen concentration at

the gas liquid interface and the dissolved oxygen concen-

tration (C-C ).
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Unless the atmosphere is very rapidly replaced, residual oxygen

may influence the apparent oxygen uptake rate of the culture. Both

the steady state kinetics and the non-steady state kinetics method

described by Pirt (1975), require separate determination of *eo^.
z

Utilizing the method described in this text does not require separate

measurements of xq to determine K_ a, rather the value of both may-o2 L

be determined "in situ" under identical conditions.

b) Mal-ate

The change in d.o.t. after the addition of malate to carbon-starved

cells is shown in Fig. 39. Unlike glucose the oxidation rate is not

constant. Rewriting the equation (3)

K a was assumed to be identical- to what it had been for the addition
L

of glucose. Constitutive levels of mal-ate transl-ocase appear Lo be

very Iow, i.e. capable of supporting respiration of approximately

t8 UM O^/hr. The rate of malate oxidation increases linearly with
¿

time after the addition of malate (fig. 40). I,'7hen the d.o.t. has been

reduced (at approximately 1.5 hours) the rate of malate oxidation

decreases to a rate similar to glucose oxidation.

l_95

xq = K*a(c -c) - dc
'o, L s dt

c) Acetate

The change in

acetate is shown

to use acetate as

rate of increase

of acetate. The

period of time,

the dissolvecl oxygen tension after addition of

in Fig. 4l-. The enzymes required by A.

(4)

a carbon source appear to be constitutive. The

in dissolved oxygen is initially high after additj on

respira.tion then appears to increase for a short

(ie. from 4 Lo 7 minutes) , followed by a period of

vinel-andii
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Fig- 39 variation in dissolved oxygen concentration \^/ith time

after.addition of malate to a mannitol- limited

chemostat cufture. Mannitol supply was stopped and

malate was added at time indicated by arrow.



D
IS

S
O

LV
E

D
 O

X
Y

G
E

N
 C

O
N

C
E

N
T

R
A

T
IO

N
(¡

-r
M

 )
r$

..È
-J

q9
Ñ

S
or

u/
ñ.

ì

= o C n u)
b

L6
I



r98

Fig. 40 Variation in the oxygen uptake rate with time after

addition of malate to a mannitol limited cu]ture.
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Fig. 41 Variation in the dissolved oxygen tension with time

after addition of acetate to mannitol limited culture.

ì4annito1 supply was stopped, and acetate \vas added at

the arrow
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Fí9. 42. Variation in the oxygen

addition of acetate to

uptake rate with time after the

a mannito] limited culture.
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respiration (from 7 Lo 12 minutes). After 12 minutes, the respiration

rate is extremely high but inhibition of respiration occurs when the

dissolved oxygen tension is reduced to about 36 UI4 02. The d.o.t.

then undergoes a series of oscil-lations in oxygen tension. The respir-

ation settl-ed to a constant rate about sixty minutes after addition of

acetate. The rate of oxygen consumption is shown at various tíme

intervals after addition of acetate in Fig.42. The rate at l_ow

oxygen concentration (150 Ul¡ Or/hr) is remarkably similar to that of

malate at l-ow d.o.t. and glucose.

d) Citrate

The addition of citrate (0.5e") to a mannitol-limited cul-turcs

produced no respiration. Subsequent mannitol addition did not

support respiration and the culture eventually washed out.

204

e ) i"lannose

The addition of mannose to a mannitol-limited culture did not

resuÌt in its use as a carbon source for respiration or growth. Upon

reconmencement of the flow of mannitol the d.o.t. returned to

what it hacl been prior to turning off the mannitol supply. This

indicates that mannose does not even augiment mannitoL-supported

respiration.

f ) Addition o.f readily metabo]izab]e substrates to mannitol- starved
ce 1l-s

The addition of mannitol- or fructose to carbon starved cells

resul-ted in an immediate commencement of respiration, with the dissol-ved

oxygen tension in the culture being rapidly reduced to zero. Interest-

ingty, after addition of these carbon sources the pH of the culture
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Fig. 43. Change in pH after

concentration 0.52)

stat culture of A.

Curve shown is a recorder tracing.

addition of mannÍto1 (final

to a mannitol-límited chemo-

vinel-andií D = 0.13 hr-1.
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started to decrease and feII from pH 7.0 to below 5.0 within 2 hours

(FiS. 43) . The amount of acid produced was 2.62 meq/I as determined

by titration of the 86 medium. When the acidity of the medium increased

to a pH vafue of 5.2, respiration stopped and shortly after the pro-

duction of acid apparently ceased.

The acid was determined to be a carbonyl compound by its reaction

with 2,4 dinitrophenylhydrazine. Further identification was carried

out as described in lr4aterials and Methods section 1.6. The melting

point of the derivative \.^¡as determined to be 2I7"C 1 foc corresponding

to the melting point of the pyruvate derivative of 2,4 dinitrophenyl-

hydrazine. The derivative l^/as also identified as pyruvate by paper

chromotography using the solvent systems described by DilworLh (196I).

The possibility of other acids being present which are noL carbonyl

compounds was tested by paper chromatographic analysis with ether,

formic acid and water (5:2:I) and detection by sprayinq with 0.1%

207

chlorophenol red in ethanol.

2.6 Pyruvate Production

2.6.I Role of excess oxygen in pyruvate production

The presence of excess oxygen may have a detrimental effect on

the pyruvate dehydrogenase complex thus resulting in re]ease of

pyruvic acid (Dilworth, f961) . To test this hypothesis cultures were

maintained in three states prior to introducing the pulse of mannitol.

These were extreme sulfur limitation, extreme carbon limitation with

reduced oxygen and thirdly moderate carbon timitation with no

detectable oxygen in solution. Cultures grov/n under extreme suJfur

limitation had reduced ce1l production with resulLant accumulation

of excess dissolved oxygen. Unlike mannitol Iimited cultures, when

No other acids were detected.



exposed to a pulse of mannit.ol no accumul-ation of acid was observed.

cultures vrhich were gror,rrì in carbon-limited conditions at 207. oxygen

and subsequently reduced to 5% so as to permit a zero d.o.t., pro-

duced pyruvate when supplÍed with a pulse of mannitol. There-

fore, it appears that the production of pyruvate by Azotobacter

is not dependent upon the presence of oxygen, rather it may be a

consequence of overfl-ow metabolism (Neijssel and Tempest, 1975) .

Because of carbon starvation the mannito'l- uptake mechanism of the cell

may be over active, resulting ín an overaccumulation of carl¡on within

the cell- when suddenly exposed to high levels of mannitol. The

importance of carbon limitation rather than excess oxygen for pyru-

vate excretion is best demonstrated by a culture which had been gro\^7-

ing under carbon-limited conditions but was supplied with sufficient

mannitol to reduce the d.o.t. lo zero and maintain it so for severaf

days. Upon exposure to high mannitol concentrations, this cul-ture

still produced acid, which accumul-ated in the medium.

2.6.2 Effect of uncouplers

208

The effects of uncouplers al-so were investigated to determine if

an energy activated cel-l- membrane is required for the cel-I to produce

acid. Cefls were gro\dn as previously described to produce a carbon

limited condition. To this cul-ture 2,4-dinitrophi,:nol was added to a

final concentration of 3.0 mM. The respiration of the culture decreased

three minutes after the addition of the uncoupler, this inhibition was

slightly relieved by the addition of the mannitol (0.5%). Fifteen

minutes after the addition of the excess mannitol, the pH of cul-ture

medium started to decrease, The production of acid was, however, at

a much slower rate than had occured with no uncoupler and to a lesser



extent, i.e. to pH 5.9 from 6.5. Tn order to reduce the concentration

of dissolved oxygen, which \,vas approaching 20% due to inhibition of

respiration the concentration of oxygen above the culture was reduced

to 5%.

The addition of mannitol- in the presence of the uncoupler also

all-owed the cel-ls to produce a large amount of carbohydrate (Table 3).

This was probably fructose, since fructose is a direct oxidation

product of mannitol and the levels of ketohexose increased in a similar

pattern to the carbohydrate. The apparent difference between the carbo-

hydrate and ketohexose concentrations observed in the first two days

is due to the fact that the carbohydrate analysis was done on the ceII

culture whereas the ketohexose assay was done on the cul-ture super-

natant. On cont.inued incubation over a period of eight days, at a

low dilution rate (0.05 f,.-1) and under low oxygen (5%) the levets of

carbohydrate and ketohexose initially increased for a two day period

then drastically decreased on the third day, in the case of the

ketohexose to zero. By day four, leveIs of carbohydrate again began

to increase, but this was not accompanied by an increase in the

ketohexose level-s. This increase in carbohydrate was accompanied b1'

an increase in viscosity of the culture indicating polysacchai:ide

production (Table 3) . The re]ative viscosity was determined by the

flow of culture though a one milliter pipet and by the volume of the

culture. For example, highly viscous solutions would have a reduced

vortex (i.e. the liquid in the cufture would not rise as much up

the wal-l- of the vessef) thus the vol-ume of the chemostat would

increase. The culture, by the fifth day, had becorre very viscous

and haC the consistency of l-oose jeJ-ly. The experiment was repeated
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Table 3. AnaJ-ysis
cul-ture
presence

Total- Total-
Day Nitrogen Carbohydrate Pentoses

fis/nt.) (vg/ml, 1uslml)

of samples from a
after exposure to
of dinitrophenol.

l

1*

115

100

105

l-69

L52

r37

L27

l_L2

2

3

mannitol- limited A. vinclandii
a purse of mannitor itt thã-

130

355

720

2A^

283

445

ca1

515

597

5

6

7

Uroni c
Acids Ketohexoses
(uslml) 1uqlml)

18

22

46

36

30

23

t9

1B

20I 100

2I0

aviscosity is describecl as time for medj-um to ffow through a I ml pipet (secs)
or the volume of tire culture (m] ).

153

IT4

2L4

245

270

L94

259

264

285

*B hours after addition of manni-tof-

Control- cultures without 2,4 DNP addition accumul-ate pyruvate ' see text '

Residual Rel-ativea
Mannitol viscosity
(nq/I) (secs) (ml)

0

290

440

0

0.0

(tr

4.4

.)2

1.8

)a

?l

f?

0

0

6

1

8

II

Jb

t6

1B

235

,2q

230

230

230

245

255

260

260



using identical condit.ions but with no addition of 2,4-dinitrophenol.

There was no production of ketohexose or polysaccharide under these

conditions.

In an attempt to induce production of the polysaccharide using

another uncoripler, Na-arsenate (to-2 ¡l), under otherwise identical

conditions, the culture again produced a large amount of carbohydrate

vrithin one hour after addition of mannitol. However these cel-ls do

not produce copious amounts of polysaccharide as had been demonstrated

with DNP.

3.0 A Comparison of the Kinetics of Mannitol- and Fructose Oxidation

The high oxygen uptake rate of mannitol starved cel-ls exposed to

either fructose or mannitof, and the productior. of pyruvate by mannitol-

l-imited cells exposed to fructose, along with the production of

ketohexose after addition of mannit.ol to carbon starved cells in the

presence of an uncoupler, raises the possibility that mannitol is

converted to fructose at the cel-l membrane, with little expenditure of

energy. The fructose so formed may be taken across the membrane by an

energy dependent transl-ocator enzyme.

In order to examine the relationshio between those two suJ¡strates

and their translocases the maximum rate of oxygen consumption

2TI

by carbon-starved A.

concentrations. The relationship between the oxygen consumption rate

and the substrate concentration is shown as an inverse plot in Fig. 44.

The maximum velocity for the oxidation of both substrates appear to

be quite similar. However the affinity of the uptake system is much

greater for mannitol. Tt is likely that mannitol is oxidized to

fructose however the uptake of the fructose so formed may de¡end upon

vinelandii was determined at various substrate
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Fig. 44. Inverse plot of oxygen uptake

carbon substrate concentration

Fructose o-o

Mannitol A----A

rate (UM

(mm) .
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a transfer of fructose from the mannitol dehydrogenase to the energy

dependent translocase; the unbound fructose may afso be taken up by the

translocase but with less affinity than the mannitol dehydrogenase

enz).me has for mannitol-.

4.O Effects of Krebs Cycle Intermediates on Respiration

The inhibition of respiration by citrate raised an important

question as to why a Krebs Cycle intermediate apparently acted as an

inhibitor. To determine íf other intermediates in the catabolism

of mannitol coul-d also act as inhibitors, the rate of oxygen uptake

was determined for unwashed cells from an oxygen-limited chemostat

in the presence of a number of these intermediates. Table 4 lists the

carbon sources tested and their effects on respiration. All Krebs

cycle intermediates tested

trations of I% completely

2l-4

Acetate al-so showed some inhibitory effect but its inhibition \,üas

incomplete.

The effects of KCN on the respiration in the presence of the

various carbon sources was also determined. This inhibitor, at very

low concentrations of 10 ¡rM, will slightly suppress the oxygen uptake

rate of cells in the presence of mannitol, glucose and pyruvate.

However, the rate of oxygen uptake in the presence of acetate and KCN

is greater than in the presence of acetat. .ronu.

The effect on oxygen uptake of sparging the sample with pure

oxygen for ten minutes prior to the measurement of oxygen uptake in

the presence of these substrates is also shown in table 4. Such

treatment causes a small increase in oxygen uptake rate in the

presence of mannitol, glucose and pyruvate. The inhibition of

plus lactate and glycollic acid at concen-

inhil;ited the respiration of A. vinelandii.



Table 4. Effect of various substrates
exposure to Pure oxYgen for
uptake (ymole or'min-''ml-r)

Substrate

Endogenous

Mannitol

Acetate

Glucose

Pyruvate

Succinate

Malate

Lactate

Citrate

Fumarate

GlycollaLe

None

(10 mglml), KcN (10
10 mins on the rate
of chemostat grown

0.63

o.82

0 .1_6

0.78

o.77

0 .00

0.00

0 .00

0 .00

0.00

0.00

oz
Effector

0.6s

0.87

0.41

^ aa-

o ).94

0.00

0.00

0.00

0.00

0.00

0.00

2r5

UM), and
of oxygen
A. .¡inelandii

KCN

Organic acids were added
The initial maximal rate

o.62

0.78

^ îtr

o.67

o.7r

0.00

0.00

0.00

0.00

0.00

0. 00

KCN + 02

o.49

0. B3

^ 
lo

o.7?

0. B8

0.00

0.00

0.00

0. 00

0.00

0.00

as the sodium safts.
of oxygen uptake rate \,ras recorded



respiration by acetate is refieved to a large extent by the exposure

of the cells to pure oxygen prior to measuring oxygen uptake, but the

complete inhibition by Krebs cycle intermediates, lactate or g1ycollic

acid was not relieved by such treatment.

Treating the cells with pure oxygen and measuring the oxygen

uptake rate in the presence of KCN did not result in a very significant

change in oxygen uptake in the presence of mannitol, glucose or pyru-

vate compared to cells which have not been treated with Pure Or. The

relief of acetate inhibition by treating the sample with excess

oxygen and KCN is not cummulative, since combined treatments result in

oxygen uptake rates similar to that of the oxygenated culture alone.

5.0 Effect of NADH on Respiration

The complete inhibition of respiration in

cycle intermediates, Iactate or glycollic acid

of the NADH dehydrogenase activity by NADH. A

inhibition \^/as reported by Hatefie and Stempel

dehydrogenase from membrane bound mitochondrial-

5.1 Inhilrition of NADH dehydrogenase by NADH

2L6

by a decrease in NADH l-evefs) to various concentrations of NADH was

determined (Fig. 45). The rate of NADH oxidation increases with

increasing NADH concentration to a maximum at 0.6 mM NADH. But the

activity of this enzyme was reduced considerably when the concentration

of NADH in the assay preparation \.'nas greater than this value' Simllarly

NADH dependent oxygen reduction by cell free extracts also demonstrated

inhibition of oxygen uptake in the presence of high NADH levels.

The response of A. vinel-andii NADH:ferricyanide oxidoreductass (measured

the presence of Krebs

suggests an inhibition

simil-ar type of

(1969) with Neou

NADH dehydrogenase.
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Fig. 45. Variation in the NADH-ferricyanide

with different NADH concentration.

free extract of mannitol-limited A.

continuous culture. D = 0.20 hr-f.

oxidoreductase activitY

Assay performed on cell-

vinelandii from a
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Fig. 46. Effect of different

Ievefs in anaerobic

A. vinelandii.

mannitol

l-actate

substrates upon the NAD(P)H

batch-grown mannitol-oxidiz ing

citrate

Curves shown are recorder tracings -
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5.2 Effect of Citrate, Lactate and Mannitol upon the intracel-]ular

The effect of citrate, l-actate and mannitol on the intraceffular

l-evel of NADH in A. vinelandii grown in batch culture oxidizing

mannitol was determined by addition of each substrate to anaerobic

cel-l-s and folfowing the increase in O.D. at 340 nrn (nig. 46). All

three substrates produce an increase in the NADH levels within the

cell-, however the rate of the increase in NADH level-s in cells given

citrate or lactate is greater than for the cell-s provided with mannitol.

The extent of NAD(P)H accumultation was determined 2 minutes after the

addition of substrate by measurement of the difference between the

absorbance at 340 and 310 nm (Table 5) . Citrate produced the largest

increase of NADPH level-s fofl-owed by succinate; acetate and malate had

equal effect. Mannitol addition to these anaerobic cefls induced only

a small- increase in the leve1 of the reduced pyridine nucl-eotides.

6.0 Effects of Cyanide on the Respiration of Azotobacter

NADH leveI.

22I

characteristically different susceptibilities to CN Cytochrome o

being extremely sensitive wrth a Ki of 0.5 ultlKCN whereas cytochrome d

is believed to be very tolerant with a Ki of 15-115 pM and cytochrome

a. , may not be affected at all.
--L

To examine the effect of KCN on oxygen uptake, a sample of ceLl-s

grown under oxygen limited conditions in I-5 x BU medium with I.5z

mannitof at a dilution rate of O.2O hr-] were removed from the chemo-

stat. Aliquots (0.20 mI) were added to a solution of BU medium plus

l-e" manniLol with varying concentrations of KCN in the wel-l of a Gilson

oxygraph.

The cytochrome oxidases of Azotobacter are befieved to have



Table 5. A¡¿o - A:to 3

pension of A.

Substrate (25 mM)

Mannitol

Na*-citrate

Malic acid

Na*-succinat e

Na*-acetate

minutes after addition of
vinelandií cells grown in

substraËe to a sus-
batch culture.
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Ag¿o - Agto x Lo2

0.3

1.8

0.9

1.3

0.9
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Fig. 47. The rates of oxygen uptake at different dissolved oxygen

tensions for oxygen-limited chemostat growrt A. vinelandii,

in the presence of

No KCN H

15 UM KCN o----------o

UM KCN A-----A20
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Vlith regard to oxygen uptake measurement, a lag period that

foflowed the addition of the cells to the medium made it virtuallv

impossible to measure the initial velocity at various oxygen tensions.

Therefore the rate of oxygen uptake at each oxygen tension was deter-

mined by drawing tangents to the oxygen uptake curve.

Fig. 41. demonstrates the relationship between oxygen uptake

and oxygen concentration at various concentrations of KCN. The max-

imum oxygen uptake rate appears to be onty sl-ightly affected by 15.0

UM KCN. Yet, 20.0 UM KCN reduces the affinity for oxygen consider-

ably producing a linear decrease in activity with decreasing oxygen

concentration. Such a J-arge effect over a small concentration range

of KCN was also seen when the rate of oxygen uptake was determined

at specific oxygen tensions with various KCN concentrations (Figs.4C

and 49). At high oxygen tensions (12 uM o) 15.0 uM KCN reduces the

oxygen uptake rate by 4Ìe", this same concentration of KCN reduces the

oxygen uptake rate by 66% where O, tension is at 15 U[1.

Fig. 4? al-so íllustrates a very large reduction in oxygen uptake

rate between 11.5 and 11.8 UM KCN at 7 UM 02. Such a reduction over

a narrow range of KCN concentrations indicates a possible titration

effect of KCN on the t.erminal oxidase. To test if KCN is titrating a

specific group, the concentration of cel-l-s in the oxygraph was

increased by one-half. This assay was carried out with batch grown
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À vinel-andii. with 1.0 mI of cufture in the oxygraph well, 10 uM

KCN was required to obtain a noticeable reduction in rate of oxygen

uptake but wit.h 1.5 m1 approximately 25 UM KCN was required to obtain

a noticeable reduction in rate.
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Fig. 48. The rate of oxygen uptake at different dissolved oxygen

concentrations for oxygen limited chemostat-grown

A. vinelandii, in the presence of

No KCN H

11. s0 uM KcN Hl

11.75 uM KCN A---A

I5.0 ul\4 KCN

2O.O uM KcN l-----[
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Fig. 49 The rate

grown A.

trations of KCN, measured at the following dissolved

of oxygen uptake

vinelandii in the

oxygen concentrations :

7 2 V¡"t o---€

l-s uM H
7 uM A----Â

for oxygen-limited chemostat

presence of various concen-
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6.1 The effect of KCN on oxygenated cells

In order to determine if oxygenation inhibits only the minor

terminal oxidase pathway, (i.e. terminating with cytochrom"t 3l and 9)

the rate of oxygen uptake of cel1s in the presence of low concentrations

of KCN was compared to the rate of oxygen uptake by cells which had

been exposed to pure oxygen. The cefls used were teken from an

oxygen-limited chemostat (0.20 ¡,r-1) and the rate of oxygen uptake

was immediately d.etermined. Oxygenated cells had been prepared by

sparging with pure oxygen for IO mins immediately before use. The

results are presented in Fig. 50.

The rate of oxygen uptake of untreated cells at oxygen tensions

below 6 ul4 o^ appears to be dependent upon the dissol-ved oxygen
¿

concentration, however the rate of oxygen uptake at dissolved oxygen

tensions above 6 Ul'1 becomes independent of the oxygen concentration.

since the rate of o, uptake may depend on either electron flow or

oxygen suppty it is like1y that the rate of oxygen uptake would

become limited by the fl-ow of reducing equivalents to the oxidase at

high oxygen concentrations.

The reduction in the maximum rate of oxygen uptake, in the

presence of l-O UM KCN represents a decrease of 10q" of the electron

flow to the terminal- oxidase. Therefore 1ow concentrations of KCN

which are known to inhibit the minor path (Jones & Fedfearn 1967)

also reduce the efectron flux to the terminal oxidase. That is to

sê!r electron flow to the terminal oxidase is dependent upon the

amount of active oxidase Present.

Prior exposure of the cells to pure oxygen induces an inhibition

of respiration resulting in the loss of affinity to a much greater

230
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Fig. 50. The oxygen uptake rates at different dissolved oxygen

concentrations, for oxygen limited chemostat-grov/n

A. vinelandii cel-l-s, which

and have not (--) been sparged with oxygen, and

presence (A) or absence (!) of 10 ¡rM KCN.

by pretreatment have (-)

in the
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extent than seen in cell-s treated with low concentrations of KCN.

Although the maximum rate of oxygen uptake is slightly greater than

for cell-s which have neither been exposed to excess oxygen or KCN/

the rate of oxygen uptake at oxygen concentrations below 20 UM is

Iower for oxygenated cel-ls compared to untreated cells or to untreated

cell-s in tO uM KcN (i.e. l-28 vs 318 uM o^ min-l *-f u.t 7.3 uM o^).2¿

The effect of KCN on the oxygen uptake rate by oxygenated celfs

is also shown by Fig. 50. At very low oxygen tensions there is no

apparent effect of 10 UM KCN on oxygenated cell-s. Above 8 UM 02 the

rate of oxygen uptake appears to be affected to a greater extent

and the curve relating oxygen uptake rate to d.o.t. demonstrates

a definite biphasic response v¡ith regqrd to dissolved oxygen

concentration.

t?r



6.2 Effects of KCN on acetate oxidation

The apparent relief of acetate inhibition of respiration by KCN

l-ed me to investigate the effect of this inhibitor on acetate oxidation.

Cells grown in batch culture utilizing acetate as the sole carbon

source \^/ere exatnined with respect to their oxygen uptake rates in the

presence of various concentrations of KCN. The results of these

assays are shown in Fig. 52. At high concentrations of KCN these cel-ls

also appear to develop a reduced affinity for oxygen, but unl-ike

chemostat-grown mannitol oxidizing cells, cells oxidizing acetate appear

more resistant to KCN being capable of reducing the d.o.t. Lo zero

aL 20 yM KCN. The concentration of KCN which produces the dramatic

Ioss of affinity for oxygen is higher for acetate grown cel-l-s, i.e.

between 20 to 30 pM KCN compared to approximately 12 yM KCN for

mannitol- oxidizing chemostat growrl cells.

The oxygen uptake rate of acetate utilizing cells at 40 UM

KCN is non-linear with respect to the d.o.t. in contrast to the linear

response, observed at 20 UM KCN in mannitol- oxidizing chemostat-grown

ceIls. The electron flow to the acetate oxidizing celts also appears

to be rapidly reduced by CN , as indicated by a decrease in the V
max

for oxygen uptake by these cells.

6.3 Effect of oxygen on KCN inhibition

234

The apparent linear decrease in the oxygen uptake rate with

decreasing dissolved oxygen observed in cells from oxygen-limited

chemostat cultures in the presence of high concentrations of KCN

(Figs. 47 and 48) was al-so observed in batch grohTn A. vinelandii cel-Is

from mid-log growth. This linear decrease in activity does not

intercept the dissolved oxygen tension axis above zero as had been
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Fig. 5I. The oxygen uptake rate for batch gro\^,n acetate oxidizing

A. vinelandii at d.ífferent dissolved oxygen concentrations,

in the presence of:

No KCN

20 U¡4 KCN

30 UM KcN

40 pM KCN

o-----------o

H
A--A
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observed for chemostat grown-cel-Is. Rather, the oxygen concentration

decreased to zero at an extrapolated rate value of 25 mmole *i.-f *I-1 (Fig. 52)

These cel-ls were allowed to remain in the anaeroi¡ic state for approx-

imately two minutes, at which time they were lightly sparged with

air. The cxygen uptake rate of these aerated cells returned to

approximately what ít had been prior to anaerobosis (Fig. 52)

indicating the reduced cytochrome oxidase does not bind CN , confirming

the spectrophotometric analysis of Kauffman (1973b). The rate of

decline of activity with decreasing d.o.t., of these aerated cells

was al-so slightly reduced (I¡ig. 53). Such a reduction in the rate of decline

in activity indicates a higher oxygen-to-cyanide ratio occuring after

a significant amount of CN has been bound, which would provide a

competitive advantage to the oxygen over CN for binding to the remain-

ing active sites.

To test whether the oxygen to CN ratio is a factor in the
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inhibition of the termina] oxidase, batch grolvn A.

were exposed to KCN. The oxygen tension was either 1) al-Iowed to

dec]ine due to respiration, 2) maintained at a high d.o.t. and then

allowed to decline, or 3) al]owed to decline and then maintained at

a low d.o.t. The oxygen uptake rate at different oxygen concentrations

is shown in Fig.54- At low d.o.t. the rate of decline was fastest for cells

which rvere allowed to immediately reduce the d.o.t- by respiration' Cells

which had the d.o.t. maintained artificially high had intermediate rates

of decfine and cell-s which had been maintained at l-ow d.o.t. had the

Iowest rate of decline.

The rate of oxygen uptake is similar for C¡l treated celts which

have been maintained at a high oxygen tension and cells maintained at low

vinelandii cells
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FiS. 52 The oxygen uptake rate for batch-grown mannitol--

oxidizing cells at different dissolved oxygen concen-

trations in the presence of 25 UM KCN (o------rc) and after

the d.o.t. is manually increased to approximately 120 pM

(H).
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Fig. 53. Results from Fig. 52 as a function of time.
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r.ig. 54. The oxygen uptake rates for

A. vinelandii at different

the presence of 25 UM KCN after either

allowing oxygen tension to decrease immediately

or

oxygen tension was maintained at approximately
180 UM for 2 minutes.

or

batch-grown mannitol oxidizing

dissolved oxygen tensions in

oxygen tension \.{as allowed to decrease to
approximately 60 UM and maintain at this con-
centration for 2 minutes

n_____-(" ")
o-------------o

(H)

(^--^)
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oxygen tensions. yet the deceleration of rates was greater for

cells maintained at high oxygen tensions. This indicates that the

amount of cN present after inactivating a given amount of oxidase

is greater if the cells have been maintained in a fairly high con-

centration of oxygen. Therefore there may be a detoxificat.ion process

occurring in cell-s at l-ower oxygen concentrations which removes a

large amount of cx . The most fikely enzyme responsibr-e for t.his

process is nitrogenase. This enzyme is capable of reducing cyanide

to ammonia and methane. The enzyme activity, as \^7as previously

shown, is afso reversibfy sensitive to or, i.e. no N2 was fixed

when the dissolved oxygen rose above 60 UM.

between the batch grown and chemostat grown cuftures.

A r¡rorcl of caution shoufd be included \,vith regard

ences in cytochromes along with other differences (i.e. polysaccharide

fevels and cytochrome levels) make it difficutt to rel-ate conclusions
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from the resufts of one type of cul_tural_ condition

to compari-sons

The large differ-

to the second type.
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DISCUSSTON

1. Control of respiration in A. vinelandii

The very high rates of respiration, as well- as the ability of Azoto-

bacter cells to adapt their respiration to the rate of oxygen supply raises the

question as to what specific enzymes are controlling the rate of oxygen up-

take. Haaker and Veeger (L976) have suggested control of respiration may

occur at the level of the uptake of carbon in carbon-limited ceffs. They

found the rate of sucrose oxidation which is low under oxygen-limited condi-

tions equaled the rate of pyruvate oxidation when the dissolved oxygen ten-

sion was high. These results suggest an inducible transfocase enzyme, which

may meter the carbon flow into the cell. Also, since the oxygen uptake rates

of these two substrates are similar for cells grolvn in the presence of excess

oxygen, the activity of the pyruvate dehydrogenase complex may limit the oxi-

dation rate of both sucrose and pyruvate. The results presented in this

dissertation indicate the controf of respiration in Azotobacter may exist

at three sites: the carbon substrate translocase, the pyruvate dehydro-

genase complex and the NADH dehydrogenase.

Control over the first site, mannitol uptake, occurs under

conditions of oxygen-l-imited growth. Cel1s taken from a chemostat

culture grown under conditions of mannitol limitation demonstrate a

much greater rate of l4c-mannitol incorporation than oxygen-limited

cells. The absence of significant acid production by cells in an

oxygen limited state in the presence of excess mannitol also indicates

that "in situ", the rate of mannitol incorporation into the cell is

tightty controlled. As opposed to this, the rate of glucose uptake

is apparently not under such strict control since an 02 límited-

culture oxidizing glucose produced a significantly greater amount of

246



acid than mannitol oxidizing cultures.

The increased activity of the transl-ocase in mannitol-limited

cells places the cell- in a very competitive situation: however, a

sudden increase of mannitof concentration turns the advantageously

high transfocase activity into a detrimental process. Under these

conditions the ce]I absorbs a large amount of mannitol which is not

completely oxidized but rather excreted as pyruvic acid. The

reduction in pH of the medium to 5.2 then results in complete cessa-

tion of respiration. This situation is analogous to the excretion

of metabolic intermediates by K. aerogenes, termed overffow metabol-ism

(Neijssel and Tempest 1975) . One important feature of overflow metabol-

ism is that the products formed are always of a higher oxidation levef

than the substrate from which they are derived j-ndicating acid

production is not due to oxygen limitation. In K. aerogenes the two

most important physiological consideratj-ons descril¡ed by Neijssel and

Tempest relate to (a) the affinity for the carbon substrate and (b) the

pyridine nucl-eotide dehydrogenase. Both factors are apparently

important in Azotobacter. The increase in translocase was observed

during extreme mannitol limitation and since glucose, which is not

immediately oxidized, allows the production of acid, the fevel of

NADH in the cell may not play an important role in determining the

carbon uptake rate.

The high rate of pyruvate production after mannitof addition

and its continued production after the d.o.t. has been reduced to
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zero indicates that the increased activity of the transfocase is

not mediated by Èhe NADH/NAD ratio, nor by the levels of some inter-

mediate nor by the presence of excess oxygen in the culture. The



control of the translocase activity by adenine nucleotide fevel_s al-so

seems unlikely since a cul-ture which has been completely without an

easily oxidizabfe carbon source for several- minutes, and so woul-d be

expected to have very row ATp levels, is stirÌ capable of producing

pyruvate when given mannitor. Reduction in the amount of acid

produced in the presence of dinitrophenol suggests that either ATp

hydrolysis or an energized cytoplasmic membrane is required for the

uptake of carbon. However since acid is stil_l produced under these

conditions it would appear that production of acid is the result of
the high ]evels of transl-ocase rather than simpry high ATp l_evels.

The large amount of pyruvate produced and the apparent absence

of other acids being formed indicate the second control-led site of
respiration is at the pyruvate dehydrogenase enzyme. Dir-worth (196r)

described the activity of this enzyme to be inhibited by oxygen, on

the basis that very high oxygen concentrations induced pyruvate pro-

duction in A. viner-andii. However my resurts show pyruvate is pro-

duced when a purse of mannitol is sunplied to mannitol-rimited cultures,

under air,which had only sufficient mannitol to maintain the d.o.t.

at zero. Therefore it appears unlikely that "in vivo" the pyruvate

dehydrogenase wou]d be inhibited by oxygen. Bresters (r975)

has shown the activity of the enzyme to be competitively inhibited by

NADH with respect to NAD+ (Ki = 5 UI\4) or by acetyl--CoA with respect

to pyruvate (Ki = 40 uM). under conditions of a sudden high rate of

carbon incorporation, the ratio of NADH/NAD+ may be expected to

increase thus inhibiting the enzyme. Therefore the high levels of

pyruvate so produced may be a direct result of two factors, the

increased translocase activity and the inhibition of pyruvate
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dehydrogenase

The rol_e

also demonstrated. by the nature of substrates which can induce the

complete inhibition of oxygen uptake under cond.itions used to measure this activ-

ity. All- substrates tested, with the exception of lactate' uhich enter the

by

of

NADH.

catabolic pathway prior to pyruvate dehydrogenase do not induce inhibition of

respiration; however, Krebs cycle intermediates, glycollic acid and

lactate all wil-1 inhibit respiration completely. This inhibition

appears to be mediated by high NADH levels, which become inhibítory

to NADH oxidation. This reduction of activity is similar to that

pyruvate dehydrogenase as a regulating enzyme is

reported by Hatefi and stemper (1969) in which high NADH concentra-

tions reduced the activity of mammalian mitochrondrial membrane-bound

NADH dehyd.rogenase.

The pyridine nucl-eotide óf anaerobiô

be completely reduced, however this is not
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Veeger (1976) demonstrated that 5 to 30% of

are present in the

vinel-andii cells.

that the levels of

addition of substrate to anaerobic cerls. However the greater rate

of NADH formation indicate the celLs are unabLe to contro] the

oxidized form when measured in anaerobic A.

The results presented in Fig. 46 al-so indicate

reduced pyridine nucl-eotide increased upon the

oxidation of citrate and lactate

accumulation of reducing po\¡¡er beyond that which occurs in anaerobic

conditions is possibl_e.

The increased levet of NADH in cells provided with lactate is

cell-s might be thought to

the case. Haaker and

the pyridine nucleotides

apparently contrary to the results of Jones and Redfearn (1966), who

showed lactate to be oxid.ized independent of pyridine nucleotids5 and

as well as mannitol and. also that the



suggested a membrane bound lactate oxidase exists. However, unlike

the other Krebs cycle intermediates the translocating system of

lactate is constitutive, (Postma and Van Dam l_971) it may therefore

easily enter the cell- and overwhelm the membrane-bound dehydrogenase

with reducing power. NADH, produced by the Krebs cycle intermediates

present in the cell, would not be oxidized and woul_d tend to accumu-

late.

The oscil-laLory respiration of mannitol-grown, carbon-l_imited

celfs when exposed to acetate may be a result of the reversible

inhibition of NADH oxidation. When the dissolved oxygen tension

of the medium is high the rate of NADH formation is bal-anced by the

high rate of oxygen penetration into the cell. As the d.o.t. is

reduced, the oxygen penetration rate into the cel1 would be lower

than the high rate of NADH production from acetate. This would

Iike1y result in partial inhibition of respiration which in turn

would permit an increased d.o.t. The higher d.o.t. would allow more

oxidation of NADH, which by removat of the inhibitory effect of NADH

woul-d reduce the d.o.t. thus producing regular fluctuations in

respiration noted in Fig . 4I.

The oxygen concentration at which this oscillation occurs is

simitar to the 32 UM O, described by Achrell and Jones (l-971-) as

the concentration at which log growth became limited by oxygen in

batch cultures of A. vinel-andii, and so may represent the oxygen

tension which just provides sufficient oxygen to the terminal oxidase
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to balance the supply of reducing power.

The inhibition of A. vinelandii respiration,

refl-ects the high production of reducing power by

in situ, by citrate

this intermediate.



The apparent lack of inhibition by mafate in situ,

however, rnay reflect the rate of oxygen penetration in highly agi-

tated cells being greater than the uptake of malate and/or the form-

ation of reducing power. Under conditions used to measure oxygen

uptake rate which permit inhibition of respiration by malate, the

agitation of the ceffs is mild compared to the chemostat culture where

no inhibition was observed. In the former condition the rate of oxygen

transfer to the cell- oxidase may be much l-ower than the rate of

reducing power production, thus leading to the inhibition of respir-

ation by the high levefs of NADH.

In order to prevent the inactivation by NADH Lhe

celf must have mechanisms to controf the l-evel- of reducing po\,.ner.

This may be one of the major rol-es assigned to the formation of

poly-B-hydroxybutyrate. Ritchie et al. (1969) and Senior et al.

(1972) demonstrated that und.er anaerobic conditions, reoxidation of

NAD(P)H occurs principally via PHB formation. It \,/as suggested this

polymer acted as an el-ectron sink into which excess reducing po\der

could be channelled. The consumption of excess reducing power woul-d

then release the inhibition of glucose oxidation and citrate metabol-ism.

25I

High levels of PHB were found in A. vinelandii cell-s growing at a

very low dilution rate, Table 1, and PHB granules could be observed

in cells which have been grown with sufficient mannitol to lower the

d..o.t. to zero. Under both conditions the cefls are oxygen-limited.

fn the first condition (tow dilution rate) the rate of oxygen transfer

per cell may be lower than so¡¡e minimum threshold value resulting in

the accumulation of reducing pol,üer which then must enter PHB formation,

^



Competition between Respiration and Nitrogen Fixation

The competition between respiration and nitrogen fixation for

reducing po\¡/er was first suggested by phillips and Johnson (1961).

rn the presence of excess oxygen the two systems compete for reducing

po\der' but the greater affinity of respiration (or the autooxidatior':

of flavodoxin hydroquinone) resufts in the inactivation of nitrogenase

and a greater proportion of reducing power ís transferred to the

reduction of oxygen.

The resul-ts of increasing the oxygen tension from fO to 30s"

above a culture of A. chroococcum showed that the nitrogenase enzyme was

not inactivated by such treatment. on the contrary, the acetyrene

reduction capability of such cell-s was immediately increased. But,

the l-ack of actual- nitrogen fixed in situ indicated the nitrogenase

was inhibited by the presence of excess oxygen. The criticar con-

centrat.ion of oxygen in solution bel-ow which nitrogenase is permitted

to function appears to be between 30 and 60 UM O, which is again

similar to the d.o.t. at which logrithmic arowth changes to oxygen-

l-imited growth in batch cultures of A. vinel_andii.
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The explanation of the inhibition of

oxidation of hydroquinone in excess oxygen

The demonstration of nitrogen fixation in

the presence of excess oxygen, and the ability of these cells Lo

qrow for long periods in a steady state, indicate the reduction of

oxygen is not given complete priority over nit.rogen fixation. Also for

cart¡on-limited cultures, and SOn-limited cul_tures, the R.I. did not

increase much more than twice the value under oxygen-limited condi-

tions. This may be interpreted as indicative of two sites of

nitrogenase function by

may be an oversimplification.

A. vinelandii ce11s, in



phosphorylation occuring in Azotobacter

by excess oxygen. Therefore at a d.o.t. of approximately 35 pM the

amount of energy produced is harf that of oxygen-limited cultures.

And since these cefrs are stifl- capable of fixing nitrogen and so

evidently are capabl-e of transferring sufficient reducing power for

this process at d.o.t. between 0 and 35 uM 02, the nitrogenase func-

tion may be limited by the energy produced from respiration. There-

fore when the respiration becomes uncoupred from energy production

due to the presence of excess oxygen (Achrerl- and Jones L97l_j¡), the

activity of the nitrogenase would al-so be l-imited to the same

extent, resulting in a reduction of biomass production.

Toxic Effects of oxygen on Azotobacter

The presence of excess dissolved oxygen in a vortex stirred

culture of A. vinelandii is apparently required. in order to observe

definite effects of oxygen on the metabolism of these organisms. By

use of carbon limitation which, out of necessity introduces a second

whereby one site is uncoupled
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variabl-e, the d.o.t. of a culture of A. vinel-andii can be maintained

at a high concentration. There are many effects accompanying an

increase in d.o.t. brought about by mannitol limitation. The increase

in R.l. is the most surprising in view of the carbon-limited nature

of growth. These cells are apparently maintaining a process which

wastes carbon at the expense of cell- production, in an environment

which selects for actively growing cel1s.

The increased levels of SOD production under conditions of

excess oxygen is apparently contrary to that reported by Buchanan

(1978) for A. chroococum ce1ls. Hov/ever this worker maintained the

d.o.t. at zero and measured the effect of increased rate of oxygen

A.



transferred to these ceLrs rather than measuring the direct effect

of excess oxygen.

The increased l-evel of catalase refl-ects higher production of

hydrogen peroxide in A. vinelandii under cond.itions of excess d.o.t.

The high rate of respiration of these cells makes it rikelv that

the hydrogen peroxide may originate from the incomplete oxidation

of oxygen at the cytochrome oxidase level-. Both of the main oxi-

dases which are apparently operating are capabl_e of the formation

of an oxygenated species (Kauffman r973, yang and Jurtshuk l97g).

The cytochrome o from Vitreoscilla has been shown

peroxide as a normal product in the reduction of oxygen (l{ebster and o::ii

1977). rn the mechanism proposed for Vitroscirla, two mol_ecules

of cytochrome o bind one molecure of oxygen to form a compound,,D,,;

this compound undergoes further oxygenation to produce the oxygenated
+2 +2form i.e. (b'-b'')-o, which must interact with a second reduced

unoxygenated cytochrome o molecul-e for oxidation. In Azotobacter

the general l-ow d.o.t. as wel-l- as the low fevel of catalase under

conditions of zero d.o.t. suggest the cytochrome 9 may completely

reduce oxygen at the l-evel of compound D. Hov/ever in the presence of

excess oxygen, which resurts in an apparent l_oss of affinity by both

oxidases the compound D may be oxygenated. since total_ red.uction

of oxygen to H.o depends upon the presence of two reduced cytochrome2

molecules bound to one o{ygen molecule, the cytochromes if presenÈ, as

an excess ín the oxygenated form, may be unable to obtain reducing

pov/er to reduce ,2o2 * Hro and so releas. H2o2 into solution after

a simple two eLectron transfer.

The apparent reduction in activity of the cytochrome oxidases at l-ow

d.o.t., after exposure to excess oxygen, is not observed

atr À

to produce hydrogen



in cells which have been grown in batch culture. These cel1s differ
at the l-ever of the cytochrome oxidase by the presence of cytochrome

31, which is undetectabr-e in chemostat-grown cerr-s. rt is tempting

to speculate that the ro1e of cytochrome af in these cerr_s may be to
interact with the oxygenated cytochrome af or o ar-r-owing complete

reduction and thus maintaining high activity in the cytochrome oxi-
dases.

Effect of KCN on the ox

The respiratory response to cyanide by A. vinerandii has been

previousry studied (Kauffman and. van Gelder rg73, Jones , rg73) and

cN has been used as a toof to differentiate the activity of the

terminal oxidases of this organism. Artificiar efectron donor

oxidations which are mediated by the minor respiratory pathway, are

very susceptible to CN inhibition (Ki = 0.5 UM). The d.issociation
constant of the enzyme-inhibitor comprex of the major oxidase (cyto-

chrome d) is believed to be much higher (15_ll5 UM KCN) . Recent]y

the specificity of cN for the minor pathway oxidases has been

questioned (Hoffman et aL r97g), since this author found the V*_* for
cytochrome d to be decreased to armost one fifth by r2.5 u¡r cyanide.

The cytochrome d is berieved to exist in at r-east three forms; one

reduced and two oxidized forms. The reduced form is most preval-ent

when the cell has become anaerobic and it absorbs right at 631 nm.

The first oxidized form occurs when cytochrome d is exposed to excess

oxygen and can be identified by its absorption at 649 nm. The sec-

ond oxidized form appears to be an intermediate species occuring

upon reduction of the first oxidized form. This fast form d.oes not

absorb J-ight in the red end of the spectrum (Kauffman r973a). The

uptake rate of A. vinefandii
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formation of this oxidized intermediate species is dependent upon the

turnover of the enzyme. CN-does not appear to bind either the

reduced or the first oxidized form, but does inactivate the oxidase

when the cytochrome is in the oxidized intermediate form. Therefore,

analysis of the kinetics of the CN inactivation of cytochrome d must

take into account the fact that a J-arge pool of cytochrome d exists,

yet from this pool only a smalf portion may be avail"abl-e for inactiva-

tion at a specific instant. The size of the pool wc'ufd depend upon

the turnover of the enzyme demonsÈrable by the amount of oxygen which

has been removed from solution.

Another parameter which may affect the resul-ts of CN inhibitor

studies is the nucleophilic character of CN . This inhibitor has

been shown to affect other enzymes, i.e. SOD, xanthine oxidase, diamine

oxidase (Mal-mstrome et al. 19'75, Bray 1975) and it also serves as

an anal-ogue substrate for the enzyme nitrogenase. This enzyme is

capable of reducing cyanide to methane and ammonia and possibly

other products. The t(m for cyanide is believed to be of the order

of 0.4 to l-.0 mM,approximately 10 fold greater than the Km for N,

(0.03-0.12 mM) (Burns and Hardy 1915). Normal-ly the relatively 1ow

affinity of nitrogenase for cyanide would not provide a significant

detoxification process, but circumstances which may al-tow greater

reduction rates of N, thus lowering the concentration of this gas in

the celf may induce considerable reduction of Ctl as an afternate

substrate. Such a case may occur if nitrogenase is suddenly activated

by decreasing d.o.t. The activity of nitrogenase under these condi-

tions would. not be allosterically controlled by cellular pools of

nitrogenous intermediates and the high rate of N^ uptake may rapidly
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reduce the N. within the cel-l, allowing greater d.etoxification of2

cyanide to occur. Reduction of cyanide level-s within the celf would

be accompanied by a plateau in the reduction in oxygen uptake rate

with decreasing oxygen concentration. such a plateau was observed

in several assays, the most notable being oxygenated cells in the

presence of l-0 pM KCN (Fig. 50). Another plateau is plotted in

Fig. 48 and occurs at a higher o^ concentration, for cel-l-s treated
¿

with 11.75 UM KCN.

Both detoxification of cN and specificity of cN binding to the

intermediate form of cytochrome d may be used to exptain the observed

pattern of reduction in oxygen uptake activity in A. vinelandii. The

apparent l-inear decrease of activity with decreasing d.o.t, woul_d be

expected if cyanide binding depends upon the turnover of the enzyme.

The refationship between the amount of CN bound and O, reduced

appears to be constant at high d.o.t. (i.e. between 50-l5o uM). This

constant relationship indicates that oxygen may not interfere with

CN binding. However, contrary to this, decreasing rates of oxygen

uptake at very low oxygen concentration (i.e. below 20 pM) (Fig. 46,

15 pM KCN) indicate cN and oxygen may indeed compete for the active

site.

¿5/

Since the slope of the oxygen uptake

50) is less for l-5 UM than for 20 UM KCN,

cytochrome d wou1d have a slope dependent

Initiafly because of an excess of oxidase

flow limits O. uptake the inactivation of the enzyme would not likely
¿

be observable- Ho\,vever when the rate of O, uptake fal_l-s below the

rate of maximum electron frow the decrease in observed rate appears

rate versus d.o.t (nig.

the linear inactivation of

upon inhibit.or concentration.

and since electron



to be dependent on the rate of oxygen consumption. At lower concen-

trations of CN the observable inactivation of oxygen uptake would

occur at a lower d.o.t. as seen in Fig. 50.

During Èhe period when the cells have been maintained at high

d.o.t. the nitrogenase activity would be expected to be reduced.

I¡lhen the concentration of oxygen is lowered to between 50 to 100

yM activity of the nitrogenase would be re-initíated. The

high activity of the nitrogenase during this period may provide

a certain degree of CN d.etoxification resulting in departure

from linearity with a resultant plateau (observed in Figures) .

The large amount of enzyme which has been inactivated by 20 UM

KCN places the previous estimates of the Ki value of CN on cyto-

chrome d in question. Using the maximum observed activity (an under-

estimate) and the minimum observed activity to describe enzyme level-s

the value of the Ki can be roughly calculated to be

f.36 UM. This value is a definite overestimate but

the binding of CN to cytochrome d occurs much more
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previously been shown. The Ki value appears t-o approach the Ki

val-ue of the minor path oxidase ( O.S y¡a¡. Therefore discrimination

of the two pathways on the basis of CN inhibition would not appear

very specific. The main difference betr^/een the cytochrome oxidase o

and I with respect tb CN binding may be the mechanism of binding

rather than the dissociation rate of the enzyme inhibitor complex.

(0.03) (20 uM) _
( (\ 

^A\
illustrates that

readily than has
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