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ABSTRACT

A netlod for growing Azotobacter vinelandiil under conditions of
optimal aeration hesg bren devised such that the culture could be
sanpled frequently so allowing prowth and metabolism to be followed
contiruously.

At medium culture densitiss a discontinuity wes observed in the
cul ture properties of both =trains used for comvarison throurhout this
work. This discontinuity was attributed to oxygen stervation of the
cells snd the different properties of the expornentially-arowing
cultures before and after this change have been noted,

The intra- and axtra-cellular pools of ritrogen compounds were
examined. The presence of 3,4 dihydropyridazinone-S5-carboxylic acid
could not be confirmed but paper chromatosrephy on its own was clearly
irsdequete to settle the status of hydrazine derivatives in fixatiorn.

The effect of artificisl extracellular nitrogen pools on growth
an? fixetion was rxamined using cultures in various ctates of training
with respect to the cubstreate. The results were confirmed and
expendad using isotopically labelled ammonium and gaseous nitroeern.

Fixntion and ammoniun uptake occur gimultanecusly in treined
cultures: the implications c¢f this are discussed and it is proposed
thet frze amnonium can no longer be rererded as un oblipatory
intermediate in the fixetion process, Urea is metabolised by the
same routes as ammonium though its hydrolysis is not effected by a

simple exomenous ure«se,



Trhoush L-asparasine and, to a lescer extent, L-glutamine are
uced #¢ partial nitrcoen aources, these effectis are of minor
importance., The amidec, in common with L-espartie ecid, L-glutamic acid
ard bL-elanine, stimulate Tixetion (per urit cellulear neterial
synthesised) by quantitiec of up to 70% of its normsl value. The
excecs nitrcgen thus fixed is excreted either as peptides or in the
form of more of the zdded amino zcid itself. Thege recults are
interpreted in terms of specific transport mechaniems and interference
with structurazl peptide synthesis, which is assumed to take place in
the cell envelope.

The results are fitied into an overall schems proposed to
cxplein the fate of saseous nitrosen in the metebelism of

Azotobvcter vinelandidi.
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The natural fertility of the soil is largely determined by the
activities of its microflora and years of extensive research ere
Juet begirning to shed light on the complexities of their metabolism.
Biological nitrogen fixation, the process whereby atmospheric
nitrogen is converted into bound forms by the living cell, has long
been of interest both to the sgronomist and to the microbial
physiologist. When fixing nitrogen, the humble bacterial cell lying
in the soil performs a reaction which, on an industrial scale,
requires chemical plant working at high temperaturee and extreme
pressures. The reductive fission of gaseous nitrogen is an exergonic
reaction and high temperatures wmust be used in the Haber.Process simply
because otherwisge, given the catalysts now available, the reaction
would be infinitely slow. This fact has kindled the interest of the
chemist also but, in spite of such a concerted attack, nitrogen
fixation remains one of the most difficult problems in biochemistry
(143).

The beneficial effect of lepume crops on soil fertility had been
known by farmers for hundreds of years when, in 1887, Hellriegel
and Willfarth suprested its cause: nitrogen fixation resulting from
the symbiotic associmtion of bacteria with the roots of plants.
Though the discovery of free-living fixing agents soon followed -
Clostridium, an obligate anaerobe, by Winogradsky in 1893 and

Azotobacter, vigorously aerobic, by Beijerinck in 1901 - most of the



work in subsequent decades was doomed to futility by the use of
inadequate cultural conditions. It was not until the middle
'thirties that Dean Burk at Wisonein established the trace element
requirements of Azotobacter and so made reproducible growth
experiments possible for the first time (4). His work was carried
on by R,H. Burris and P.W. Wileon and, to this day, Wisonsgsin has
remained the largest centre for research into this subject. Their
most notable contribution was the introduction of isotopic nitrogen
as a research tool, bdoth for detecting more fixing agents and for
studying the mechanism of the process (8).

In spite of peny end varied ettempts, for years it was not
fouﬂd possible to achieve consistent fixation by cell-free extracts
(51, 65). This obstacle to further progress was finally overcome
in 1960 in the Du Pont laboratories at Wiimington. Their extracts
were obtained from Clostridium pasteurianum but other organisms have
been used in subséquent work and this advance now embraces most
classes of fixing agents (205). With the exception of Clostridium
itself, little of importence hes come to light yet concerning the
detailed mechanism bf fixation; many laboratoriee are engeged on
work withvother oréanisms 80 results may be expected in the neaer
future.

Since 1948 a teem in london under E.R. Roberts has investigated
the mechaniem of fixation by Azotobacter vinelandii with a wide range
of physico-chemical techniques centred or the use of isotopic nitrogen.

The work reported in the following pagee is part of this team approach



and was conducted in parallel with reséach into the large scale
production of cell extracte for the purpose of examining the
enzyme systems involved in fixation. In contrast, the author
has studied actively growing intact cells in an attempt to locate

the site of fixation and settle conflicting reports as to the nature

of its first stable product.



SECTION IIT

COMPARATIVE BIOQCHEMISTRY OF NITROGEN FIXATICN




It was originslly thought that the pbwer to fix nitrogen was
of rare occurrence and all early researches were performed on the
Azotobacteriaceae, Clostridia or the lecgume symbionts Rhizobia in
their root nodules. VWith the development of the sensitive isotopic
method for detecting fixation (8) (as opposed to often equivocal
total nitrogen estimations) it has been realize;Ti;is faculty,
though restricted to micro-organisms, is very widespresd: it has
been found in most bacterial families (psrticularly in the
photosynthetic ones) as well as some species of yeast and many of
blue green algae. A comparison of the reviews of Wilson eand Burris
in 1953 (39) and Yocum in 1960 (178) will give an indication of the
steady increase in the 1list of known fixing agents during those years,
an increase which continues unabated in 1962,

Though the majority of cases thus recorded refer only to the
incorporation of isotopic nitrogen, the properties of the fixing
system have been examined in detail for a number of organisms: the
more importent conclusions are summarised and compered with those of
Azotobaoter vinelandii in Table 1. Properties unique to the organism
when fixing nitrogen are normally determined by conmparison with cultures
using ammonium ion &s nitrogen source, In a2ll but one case (192),
ammonium nitrogen is the preferred form, bypassing thé fixation

mechanism and so suppressing it.

It is immediately apparent from Table 1 that behaviour, where
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COWPARATIVE BIOCHREMISTRY OF PIXATION
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known, is remarkably uniform and the common properties of the fixing
acents may be summarised:

(1) Inhibition by oxygen, carbon monoxide and hydrogen.

(ii) Trace metal reqﬁirements of molybdenum and iron.

(iii) Presence of the enzyme hydrogenase.

(iv) Michaelis Constant for nitrogen in air 0.025 I 0.005 atm.

Though fixing cell free extracts have been obtained from five of
the organisms listed (ie. excluding symbionts and Aerobacter), so far
the only significant advances towards the mechanism of fixation by
them heve been made with Clostridium'(172, 205). Valuable information
about fixation can be obtained, however, from work done.with intact
cells of two of the other organisms and the results are summarised
belows

RHODOSPIRILLUK RUBRUN. The influence of light gernerates reducing

power st a high energy level which, if not needed, can be evolved

as gaseous hydrogen (66). This evolution is completely inhibited by
nitrogen gas, a fact easily explained if the reducing potential is

then required for fixation and agsimilation of the product into amino
groups. Another photosynthetic bacterium, Chromatium, confirms this
theory since extracts from it will fix nitrogen in the dark if supplied
with moleculer hydrogen (150).

REIZOBIUM. Once congistent fixation could be obtained using excised
root nodules (65), much attention has been paid to leghaemoglobin, o
pigment found with the bacteroids and always associated in their

fixing activity. Bauer found that it interacts weakly with nitrogen



gas (152) and elaborated a theory of reductive fixation based on this
fact (151). Appleby points out that fixation could equally be
oxidative, being brought about by reactive oxonium ion or hyperoxyl
radical, both of which have been proposed as products of auto-
oxidation of oxygenated leghaemoglobin (194). In contrast, Bergersen
found that sonic extracts effect oxidation of leghaemoglobin by
nitrogen gas, and a stable nitrogen/hydrogen difference spectrum can
be obtained (123). Bacteroid 'cells' reduce the pigment back to its
oripinel form. Oxygen itself oxygenates leghaemoglobin, oxidising
it very slowly and, anyway, Bergersen has detected a barrier which does
not permit passage of oxygen into the cells below a partial pressure
of 0.4-0.5 atm. (196). Further work by the same author using
igotopic nitrogen led him to propose & mechanism (154) which, for its
relevance to the problem in Azotobacter, is worth quoting verbatim:
"The primary reactions of the activation of moleculer nitrogen
and its reduction to awmonia occur in the membrane envelope (which
contains the bacteroids); the activated nitrogen is the ultimate
acceptor in an electron transport chain which begins in the bacteroids.
One of the links in this éhain is hemoglobin which lies in solution
within the membrane envelovpe. The hoast supplies as products of
photosynthesis, carbon compounds which esre partially oxidized by the
bacteroids and serve as the source of electrons for the reduction of
activeted nitrogen. Producte of incomnlete oxidation serve as
acceptors of ammonie in the production of amino acids by the bacteroiés.

These amino acids diffuse away and become aveilable to the host



plant.”

After exanining the two hydrogenase activities (irreversible
evolution and deuterium exchange) of nodules and the effect on these
of nitrogen, nitrous oxide and carbon monoxide, Hoch, Schneider and Burris
(164) postulate the same enzyme site for nitrogen adsorption and hydrogen
evoiution. The latter is prevented when nitrogen occupies the site
wvhile both are in competition with nitrous oxide for the same location.
Reduction of the chemisorbed nitrogen is achieved by endogenous hydrogen
sources and, the hydrogen atoms on the semireduced species being labile,

exchange is then poesible with exogenousg deuterium gas.

CLOSTRIDIUM PASTEURIANUM (205). The main conclusions reached after

investigation of fixation by the cell free extracts obtained either by
disruption in a Huéhes press or autolysis sare:

(i) The fixing extract is soluble, remaining in the supernatant
after centrifugation at 144,000 g for one hour.

(ii) By suppressing reactions which tend to convert it into
amides or amino groups, virtually all the fixed nitrogen can be obtained
as free ammonie which is therefore the first product of fixation.

(ii1) By fractional precipitation the extracts can be separated
into two complementary soluble fractions:

Nitrogen Activating System, which is assayed by 2 spectral reeponse

to nitrogen gas {¢ 300 nyp ). This is an inducible enzyme(s) and is
inhibited by carbon monoxide due to the slow formation of an irreversible
complex.

Hydrogen Donsting System is less stable and contains hydrogenase




activity and the clostridial phosphoroclaestic systemn. It is a

constitutive enzyme system and the effect of cerbon monoxide is only

to cause a long induction period.
The conclusions from this work may be summed up diagrammatically:

-
BCHBCO.COZH + 3P04

3002 + 30H300P03H2

eeatt

NE=EN —» =

2NH3
Hydrogen Donating System

Nitrogen Activating System




SECTION III

PHYSTOLOGICAL BACKGROUND TO FIXATION BY AZOTOBACTER VINELANDII




Until very recently workers on nitrogen fixation had perforcé
to treat it in isolation from other cellular processes. This fact,
forced on them by the unﬂeveloped state of bacterial physiology at
the time, meant that many experiments were performed which present-
day knowledge shows to have been futile. A pertinent example of
thies waa the use of uptake by whole cells to test whether the substrate
concerned vaa a metabolite in some cellular process. It is now
realised that such work can be interpreted only in terms of the
specific transport mechanisms in the cytoplasmic membrane. For
thie reason it is highly unlikely that the unravelling of the fixation
sequence in vitro, which can be expected soon, will fully explain the
extraordinary ease with which Azotobacter cells transform and assimilate
a major metabolite like nitrogen. The nitrogen fixing system can be
fully understood only when the following questions are all answered:
(1) where is the mechanism located within the cell?
(ii) what steps between gaseous nitrogen and protein require
mermbrane transport?
(1i1) 'what supplies the electrons reduired for reductive fission
of nitrogen?
(iv) how are these won in competition with oxygen in such a
violently serobic organism?
(v) what carbon skeleton receives the newly fixed nitrogen?

It is fortunate thet there has been, of late, an explosion of
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interest in microbiol physiology and, in particular, that Azotobacter
has been chosen as the subject in researches covering a wide variety
of fields. This is due to its meny favpurable properties - large
cellular size, very high respiratory activity, simple cultural
requirements, fast growth rate. As a result it is possible to build
a reasonably accurate picture of the main metabolic pethways in
Azotobacter vinelandii; the brief survey which follows makes use

of results ohtained with other organisms only when indicated.

CARBOEYDRATE METABOLISK

-6- -3 _ 3y 6 ;
MANNITOL Wg'r) FRUCTOSE 6-PEOSPHATE { 20 9 6-PHCSPHOGLUCOKIC

~ ACID
- ! .
g !
~
- 7(43) 1 (45)

7 . }
EXTRACELLULAR DIBYDROXYACETONE
POLYSACCHARIDE ~ PHOSPHATE

GLYCERALDEHYDE-3-PHOSPHATE
RIBOSE-5-PHOS PHATE N (187) PYRUVIC
JL R A s
NUCLEIC ACID . CITRIC ACID

CYCLE

(Dashed arrows indicate that steps have been omitted for clarity)

In common with Pseudomonas species (135), degradation of hexose
to pyruvate 1s effected in Azotobacter by the Entner-Doudoroff
pathway, a direct route in which 6-phosphogluconic acid is split

yielding one molecule eech of pyruvate and of glyceraldehyde-3-
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phosphate (58). Part of the latter is converted directly to
pyruvic acid and the rest is presumably recycled via a reversed
aldolase sequence, The net effect is

¥annitol ———m>p 2 Pyruvate + 6(H)
and the hvdrogen atoms removed are available at the level of

reduced nicotinamide nucleotides (NADH, and NADPHz).

2
LoV MOLECULAR WEIGHT CARBOHYDRATE METABOLISH

When growing under favourable conditions Azotobacter oxidizes
aporoximately 984 of the carbohydrate supplied to carbon dioxide
(169). It is firmly established (31, 38) that this is done by
means of the citric acid cycle (133) which, for growth on acetate,
gseens to work in coﬂjunction with the 'Glyoxeslate Shunt' (61).
Ignoring the components removed for use as amino ecid skeletons,
1ipid etc. the net effect isas

Pyruvate ————p 3C0, + 10 (7)
and the hvdrogen atoms removed arc mostly available at the level
of reduced nicotinamide nucleoctides. (Though these produced at
the decarboxylation of pyruvate are of higher energy and are probadbly
transferred initially to combined lipoic acid (153, 135).) Pyruvate
oxidase activity in Azotobacter is inhibited by oxygen (sinilarly
elpha-ketoglutarate which is usually analogous) (201).

TERNMINAL RESPIRATION

Azotobacter vinelandii is notable for having the highest
respiratory activity known for any organism (Qozaa 4,000‘L1/hg) (1).

For this reason its respiratory chain has been studied in great
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detail and both Cytochrome ¢ (4 and 5) (138) and Coenzyme Q (134,
211) have been identified as major carriers. Though several
sequences heve been detected (114, 109, 57) the main pathway between
nicotinamide nucleotides and oxygen has yet to be determined.
Somewhere in this stepwise degrasdation three phosphate bonds should
be esterified in order that the electron transport sequence performs
useful work. Cell free extracts have been obtained which efféct
oxidative phosphorylation on NADHz, hydrogen and Krebs acids as
substrates (129, 60) but the preparations are very sensitive and,
when estimated, the P:0 ratio is low and extremely variable (62).

AMINO ACID SYNTHESIS

t

There is overwheiming evidence that in Azotobacter, as in the
majority of micro-organisms, glutamic dehydrogenase is the primary
means by which ammonia is converted into amino groups (184).
Aspartase has been detected in the cells (126) but aspartic acid
receives its nitrogen by glutaric/aspartic trensaminase activity
(16, 182). Pourteen other amino acids received their nitrogen

by transaminetion from glutamic acid in cell free extracts of the
organism (87). Common anino acids which usually receive their
nitrogen by direct transawination onto the corresponding keto-acid
include leucine, isoleucine, valine and alanine. Others obtsain
their nitrogen by rearrangement of the skeleton of one of the two
'Family Heads' - aspartic acid (25) (threonine, methionine, lysine,
diaminopimelic acid etc.) and glutamic acid (arginine, citrulline,

ornithine and proline etc.) - while histidine is unique in that it
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receives part of its nitrogen from a degraded purine ring (133, 177).

PROTEIN SYNTHESIS

It is now realised that proteins are built from amino acids as
units and not peptides, the synthesie of which is 2 separate matter
(145). Protein synthesis in micro-organisms follows a sequence of
three steps (168):

(1) Activation of each amino acid by reaction with a specific
enzyme (coupled to splitting of one molecule of ATP).

(1i) Transfer to sﬁecific soluble ribonucleic acid (sRNA).

(4ii) Transfer to ribonucleoprotein (RNP), sequence determination,
condensation and release of protein.

Azotobacter extracts have been obtained which activate glycine (98)
while incorporation of several amino acids into protein has been
observed, usually with particulate cell fractioms (99, 125, 87).

The effect of chloramphenicol (which specifically inhibits step (iii)
(180)) on fixation and nitrogen metabolism of Azotobacter has been
investigated in several laboretories {157, 99, 198, 160).

Of speciel interest in this context is the incorporation of
glutamic acid into protein. It has always been assumed, without
direct proof, that separate sRNA carriers exist for glutamic acid
and glutamnine since, in the resulfing proteins, they occupy distinct
positions as if they were different amino acids. Very recent work
on E. coli extracts, however, indicate that probably only one sRNA

gspecies exists and that is specific for glutamine: any glutamic

acid being incorporated has to do so via glutamine (212).
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PURINE AND PYRTMIDINE BIOSYNTHESIS

The biosynthetic pathweys leading to purines and pyrimidines
have been elucidated for avian liver cells buf are regarded to be of
quite general application, The examples of nucleotides depicted
here indicate the source of nitrogen stoms to be found in typical

purine and pyrimidine rings (128, 142).

(]
&
ASPARTIC /"@ € e
TR | o GLYCINE AMVONIA
== nC c—-& ‘ - .
I cH
GLUTAMINE b c—-@/ OH ¢— ASPARTIC
ACID
(AMIDE-K) (RIBOSE-5-PROSFHATE | (RIBOSE-5-PHOSPHATE]
(INOSINIC ACID) (URIDINE MCNOPHOSPHATE)

Interconversions among nucleotides usually involve transfer of
ammonia or amide-nitrogen: in effect these forms are equivalent
and may be classed together as 'free and bound emmonia’.
CYTCLOGY

When grown under favourable conditions Azotobacter vinelandii
(Azotobacter agilis var. vinelandii) produces large ovoid cells
(c. 2 x 4‘)) not unlike those of yeast, though of course on a smaller
scale. Reproduction is by simple binary fission and the majority
of cells in a vigorous culture are waisted and in the process of
division. Vhen in stagnant cultures a fluorescent yellow-green
pigment is excreted (131, 76, 110) and the capsule becomes heavier.
This elime layer which consists of a protein-free hemicellulose (43)

also varies in gquantity from strain to strain and can act as carbon
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and energy source for the bacteria (141). The cells are motile
with lateral flagellee.

Azotobacter are gram-negative.  Though the structure of the
cell wall is still largely a matter for-conjecture, it _haes been
proposed that in gram-negative organisms it consists of mucocomplex
(which comprises glucosamine, muramic acid, alanine, lysine and
glycine) a; in gram-positives but surrounded by a plastic layer of
lipoprotein (136). Even as this thesis was being written, a report
appeared which, based chiefly on work with E. coli, led the authors
to propose a new general structure for the envelope of gram-negative
bacteria. It consists essentially of a layer of mucocomplex
sandwiched between two membranes of lipoprotein with polysaccharide
attached on the inner side of both (200).

However complex it may be, the cell wall is & rigid porous
structure which acts as a crude molecular sieve, excluding only
large macromolecules. It also supports the pressure of the
cytoplasmic membrane which in gram-negative organisms (again in
contrast to the gram-positives) is too unstable to be distinguished
readily from the surrounding cell wall (191). For this reason the
cell wall and cytoplasmic menbrane may be considered together as the
'Cell Envelope’'. The fragility of the cytoplasmic membrane is such
in Azotobecter that much confusion was caused when small fragments of
the cell envelope were wrongly identified as intracelluler perticles
(*mitochondria', ‘'elcctron transporting particle', enzymicelly active

RNP etc.) (136).
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Subsequent investigstion has shown that there are only two
'distinct'particles to be found in the cy?oplasm of Azotobacter
vinelandii: polymetaphosphate granules (which are assumed to act
as energy réservoirs) (52) and RNP particles of about 30 np
diameter (116, 102, 136). It is still not clear whether these
latter are the seat of protein synthesis for appreciable amino acid
incorporation hes only been observed with envelope fragments (165,
136). The cytoplasm is compartmcnted by internal membranes (207)
and conteins the nuclear region which is a tightly coiled mass of
DNA without a surrounding membrane (136).

The cell envelope, though not homogenous, is flat and contains
no granules (165). Work with gram-positive bacteria proves that the.
transnort mechanisms and the bulk of enzymic activity of the envelope
regide in the cytoplasmic membrane but, as explained above, it is more
accurate to treat it to~ether with the cell wall. The distribution of
enzyme ectivity between the cytoplasm (soluble) and the envelope
(particulate) is much the same for Azotobacter as for other micro-

organisms and may be summarised (92, 136, 165):

ENVELOFE CYTOPLASM

Part of Citric Acid Cycle Bulk of Citric Acid Cycle Enzymes

(Malic & Succinic Enzymes)
Oxidative Phosphorylation & Carbohydrete Enzymes

Electron Transport Systems
Vetals Pe Cax (107) Catalase, Phosphatases (130, 52)
Hydrogenase (132), Cytochrome c Nucleotide Enzymes (173, 56, 93)
Amino Acid Incorporating System RNP Particles

Polymetaphosphete Granules
? Folybdenum ( & Tungsten) (77)



SECTION IV

PREVIOUS STUDIES ON NITROGEN FIXATION BY AZOTOBACTEN VINELANDII
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Cell-Free Extracts

Though almost two years have elapsed since consistent fixation
by cell-free extracts of Azotobacter vinelandii was first reported
by D.J. Nicholas (166), no positive evidence as to mechanism or
requirements has yet been forthcoming. Extracts were obtained by
lysozyme treatment or ultrasonic shock but the cells had to be
disrupted in their oriéinal culture medium. The initial results have
been confirmed in Imperial College (209) and Nicholas has extended the
scope of his work by using the radioesctive nNz as trecer. This
located the fixing sequence in & soluble fraction which, however,
required cell varticles for sustained activity (190). Hints as to
cobalt and vitamin 312 requirements were recently reported in a
mamazine article (199) but the work referred to has not yet been

published.

letaboligm of Fixed Nitrogen

The earliest and most obvious means of detecting intermediates
in the fixation process was based on the assumption that, if any such
compound were in the medium it would be used preferentially by the
cells and so inhibit fixation. Though the extent and specificity
of the transport mechanisms of the cell membrane, as now understood,
rmake such a conclusicn untenable much valuable work has been done
based on this assumption.

Horner and Allison (13) in 1944 reviewed all previous work in
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wvhich compounds detected as capable of acting as.alternative nitrogen
sources to the atmosphere were ammonium salts, nitrate, nitrite, urea
and asparagine. Long term (6 days +) growth trials of stand cultures
under a nitrogen-free atmosphere of oxygen and hydrogen confirmed
this list and added glutamic and aspartic acids which, together with
asparagine, took a much longer time to attain full growth. Under such
very favourable conditions any nitrogen containing substance capable
of acting as a source should have been detected so the very extensive
list that failed may be eliminated altosether (amino acide, purines,
pyrimidines, amides, amines etc.). Equivocal results with some
pyrinidines were sttributadbles to extracellular deemidation yielding
free ammonia.

It should be noted that glutamine wes not tried and, in fact,
has been reported only once and that was as substrate for a non-fixing
mutant (137). This auxotroph was deficient in & step allowing access
of pyruvate to the fixing site. Tests for utilization were performed
by maeking a small inoculum into sterile medium in & flask which was
shaken in air while turbidity changes were followed over a period of
up to fifty hours. Glutamine was found to be en excellent nitrogen
source, aspartic and glutanic acide and asparagine were used less
readily while others (glycire, valine, citrulline and ornithine)
vere not used at all.

Though they have lons been considered zs possible intermediates
resulting from an initial oxidative step,it is clear that nitrate and

nitrite are metabolised via ammonia. The assimiletory nitrate
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reductase system is well established in other organisms (206) and
its presence in Azotobacter has been indicsted by studies in three
different laborztories (55, 69, 175). Much attention has likewise
been peid to nitrite reductase (148) but Spencer, Takshashi and
Nason (97), haeving separated and charecterised the enzyme, examined
its adaptive propertiee and concluded that it is not involved in
fixation by Azotobvacter. Working at Lahore, Azim and co-workers
have tried to detect utilization of a very wide range of nitrogen
compounds by stegnant cultures (80, 81, 82).

The most reliable work of this type was performed in Wisconocin
where actively growing cultures were supplied fixed nitrogen in
various forms and simultaneously exposed to 'SN2 (9, 18). Under
these conditions ures and ammonium completely suppress fixation,
nitrate, nitrite and asparagine do so partially, while glutamic and
aspartic acids have no effect at all. This work established
ammonium firnly as an intermediate since

(i) both nitrate and nitrite require adaptation whereas
emmonium was utilized at full level immediately,

(ii) when supplied ammonium nitrate the cultures used all the
ammonium first before metabolising the anion,

(1ii) wurea is assimilated as ammonium after hydrolysis by
cellular urease,

Most interesting of these utilization experiments were those
involving inorganic nitrogen compounds suspected as being

intermediates:
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HYPONITROUSG ACID (41), NITRAMIDE (59) and WITROUS OXIDE (50) are

not utilized as shown by negligible incorporation of ‘SN'from the
labelled compounds (though results are somewhat contradictory in the
cape of nitrous oxideg upteke, even if positive, is slight (46) ).
HYDROXYLANINE inhibits respiration and fixation at low concentrations
where it i1s not =z2ectuaelly toxic (47). When the reactive group is
masked in oxime formation there is still no evidence of utilization
(22,232). Hydroxylamine reductese activity was obsérved by Suzuki
using whole cells (48) and the enzyme itself has been isolated from
extrocts of the organism on two occasions (72, 97). Such results

mey be safely discounted, however, since the ‘discovery that a well
characterised hydroxylamine reductase from E. coli was equally

gspecific for sulphite reduction, which function was the more likely

in vivo (184). It is now recognized that the excretion of 'bound
hydroxylamine!' once claimed as a specific property of fixing cultures,
also ocecurs with ammonium &s nitrogen source (96). HYﬁRAZINE is

the only inorganic compound which has experimental backing for its
claim &8 & possible precursor to ammonia in the fixation sequence. As
is the case with hydroxylamine it is very reactive and would react
instantly with countless compounds found in abundance in a living cell,
Por instance, hydrazine can displace ammonia as substrete for glutamine
synthetase (122) whilc it completely inhibits the glyceraldehyde
phosphate dehydrogenase of Azotobacter vinelandii (187). It also

reacts instantly with any keto-acid. Accordingly Roberts and co-

workers found that growth is arrested while the cells detoxify the
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molecule and finally excrete it quantitatively as its monacetyl
derivative (68, 162, 203). Thie work provides & simple alternative
to the claim by Japanese workers that hydrazine is oxidized by whole
cells and extracts of the orranism (48, 174). This 'oxidation' was
stimuleted by respiratory substrates and they avparently did not
check whether the 'disappearance' was merely due to its dbecoming
bound by the products of glycolysis.

c
Bach, working in Wiabnsin, confirmed the general conclusions

\
reached by the London group (83); being in heavy resting suspensions
the cellz could call only on endogenous carbon sources and the bulk
of the hydrazine was found to be sequestrsted by reaction with
d-ketoglutaric acid. FHe then went on to examine the orgunic acids
giving a positive Ehrlich reaction in the soluble ritrogen fraction
from cells grown on (&) ordinary nitrogen, (b) labelled nitrogen,
(c) labelled ammonium.

Both with Azotobacter vinelandii and field pgrown legume nodules
~hromatozr~phir bands were obtained which were identified with the
products of the resction between hydrazzin~ and alpha-ketogluteric
acid. These bands were labelled much more heavily when “NZ was
used as nitrogen source a&s opposed h)l‘NH4+. Basing it on thece
results, Bach propoged & reaction scheme whereby the semi-reduced

nitroeen is removed as hydrazine by reaction with ®-ketoglutarate

and then reduced directly to glutamic acid and ammonia:
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Yocum concidered the thermodynamics of this 'nitrogen
respiration' sequence and estimeted that it could effect oxidative
phosphorylation with a F/E ratio of 0.17. This, while small for
an aerobic organism,is approximately twice the value for anaerobic
glycolysis (178). Bulen and Doughty have since independently
confirmed Bach's main finding: the presence of 3,4-dihydropyridazinone-
5-carboxylic acid (P.C.A.) in extracts of the organism (100). Not
surprisingly, they found that P.C.A., is not utilised 2s a carbon or
nitrogen source by intact cells. Cell-free extracts do however
resct with it forming 0(-ketog1utarate and succinate, Other forms
of bound hydrazine found not to be utilised by Azotobscter are the
diacetyl (174) and pyridoxal (65) derivatives.

Hydrazine is not utilised by Clostridium ﬁasteurianum,being
toxic to the whole cell (27), while extracts neither accunulate
nor metabolise hydrazine or its derivatives (159).

Trace Element Requirements

In common with many other fixing agents Azotobacter vinelandii

requirrs molybdenum and extra iron when fixing nitrogen (73). The
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nolybdenum may be recovered from fragmented cells largely in a esmall
particulate fraction (77). It i=s not involved in a silico-molybdate
complex (108) and carnot be replaced by vanedium or tungsten, though
the latter competes with it in uptake (91, 181). Calcium was once
included in this list but recent work shows that some strains have no
such requirement (94, 158) and, where necessary, it functions in an
indirect manner (being required in smaller quantities for growth on
fixed nitrosen also (186) ). Two explanations have been proposed by
Esposito and Wilson: (i) %ince calcium is nectssary for synthesis

of polymetaphosphate this latter could be required as an energy source
for fixation (74); (ii) alterngtively, calcium being required for
synthesis of w.cetate or some relsted compound, ﬁerhaps its role is in
providing an acceptor for juvenile nitrogen (104). The second theory
has received supvort from the recent discovery that fluoracetate is

a specific inhibitor of fixation (197).

If, as prelininsry reports indicate, cobalt is implicated in
cell-free fixation by Azotobeacter extrects (159) this may well be
another general property of the nitrogen fixing system, since trace
requirements for this metal are alresdy established for fixing
rhizobia and blue-green alsae (171).

Gagseous Inhibitors

The Yichaelis conctant for nitrogen fixation in wir as obtained
in WisEnsin (7) &nd confirmed by the London (49) and Australian (169)
groups, is 0,023 atmospheres. Wilson and Roberts also determined it

in 30! oxymen by an accurute isotopic method and obtained the much



hicher velue of 0.066 atm. This was the first quantitative evidence
for the competitive inhibition of fixation by oxygen, a fact established
later by Parker and Scutt (169). Both hydrogen (€) and nitrous oxide
(32, 50) are competitive inhibitors and have about one sixth of the
affinity of rnitrogen [or the enzyme site. Though this effect is
superimposed on extensive nonecompetitive irhibition carbon monoxide

is yet another competitive inhibitor (12).
ILydrogenase
As is the case with 811 otrer fixine anents, nitroger fixation
by Azotobacter is intimately involved with hydrogenase activity, this
being much lower in cultures which have been grown on smmornium nitrogen
(10, 35). IHydropenage is lrcsted entirely in the cell envelope (132)
and may be centrifuged off without stopping fixatiorn by cell free
extracte (190). The hydrogenase of Azotobacter has been sgeparated
and found to contain iron (36, 167); it transfers hydrogen to a
number of acceptors {oxygen, methylene blue etc.) but rot to nitrogen
itself (210).
Wiscrllanea -
Pre-irradiation of the nitrogen used by ultra-violet light
enhances fixation by up to 237 (19%3) and, since no isotope effect
could be detected, Hoering and Ford concluded thaf the rate determining
step in fixation by Azotobacter cultures does not involve a change in
bonding to nitrogen (163). This result was echoed in quite different

experiments or the fixing extracts of Clostridium which were found not

to effect isotope exchange with a labelled atmosphere (159).
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Nitrogen fixation by Azotobacter vinelandii is specifically
stimulated by low concentrations of hydrazine and nitrite (143)
and specifically inhibited by orthophosphite (88), chloramphenicol
(157), trimethylamine oxide (110), azide (95) and fluoracetate (197).
Except, perhaps, for trimethylemine oxide and azide, it seems likely
that these act indirectly in various ways; by affecting supplies
of reducings power or the reactions involved in removing the products
of fixation etc.

Thermochemistry

It is & practicel impossibility to make accurate estimations
of the energy changes involved in fixation for, even if the nature
and in vivo concentrations of the components were known there would
be insufficient thermochemical data to fill in the equations.

Wilson and Burris estimated the free energy change for the
hypothetical reduction of nitrogen by glucose and found it to be - e
slightly endergonic (19). Bayliss criticised this approach for
using unrealistic concentrations (70) and estimating likely
physiological values himself, constructed the following equation:

CHy,0c(aa) + aN,(g) + 6H,0(1) + 8H' (aq) —% 6C0,(g) + SNH4+(aq)

AG= -112 k cal.

Since, during glycolysis and the citric acid cycle, lerge
quantities of NADH2 (and HADPHz) are produced by dehydrogenase‘
reactions, these may be taken as typical of the more energetic
reducing agents available in the active cell. A good idea of the

thermodynamics of fixation may be obtained by assuming the following
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reaction under physiologically plausible conditions (data from
Bayliss (70) and Burton and Krebs (34) ):

N, + 3WADE, + oH —y 2NH4+(aq) + INAD

2
AG= -9.9 k cal.
Conditions: pH7, substrates 0.01 M., 3000, nitrogen at 0.8 atm.
For simplicity, it is assumed in the above equation that the six
hydrogen atoms added to the nitrogen molecule during reductive
fission are all at the level of nicotinamide adenine dinucleotide
(Bo,pH7: -0.32 v.): 4t is more probable that each successive pair
hrve different energies which could range from pyruvate (Eo, pH7:
-0.63 v.) through hydrogen (Eo, pH7: -0.42 v.) down to flavin
nucleotides (Eo, pH7: circa 0.22 v.).

It is clear that, though nitrogen cannot hope to compete
directly with oxygen, there are plenty of routes whereby the
reduction could be usefully exergonic allowing (as was demonstrated

by Yocum (178) ) coupling to phosphorylation on an appreciadble level.

Isotopic Tracing Experiments

Between 1941 and 1957, Burris and co-workers &t Wisconsin have
performed a series of experiments on Azotobacter vinelandii using
labelled ammonium and nitrogen as substrates. Their intention was
to detect the hierarchy of labelling amoncs the nitrogen compounds
of the cells and s0 deduce the pathway travelled by newly fixed
nitrogen. Earlier work was greatly handicapped by the crude, non-
quantitative methods evailable at the time for frractionation of the

amino acids, Nevertheless these experiments - the results of which
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were confirmed using a host of other fixing agents - showed that
the lable became distributed similsrly whether the cells were grown
on “172 or ‘sﬂHd+ (39); the order of enrichment inevitably found
in thece moderastely long-term (20 to 30 mins.) experiments wes:
Glutamic 2> Aspartic > Neutral Amino Acids %> Basic Amino Acids

In 1953% it wes found that heevy resting suspensions would fix
ni*rogen and assimilate ammonium simultaneoucly (37). Glutamic
acid agrin etteined the heaviest label but a notadble discovery was
the fact that the newly fixed nitrogen beceme randomised with adcded
ammonium in the ertificial extracellular pool. Though obtained in

s metabolicrlly constrained experiment, this result corresponded
to the normal situation with cultures and cell-free extracts of
Clostridium pasteurianum (159).

The final refinement care in 1957 when Allison and Burris
exposed actively gfowing cultures of Azotobacter tc»}'Né for chort
times (1, 2 and 5 minutes) sfter which the cultures were killed with
acid and separated into two fractions - cells and supernstant (79).
These were then enalysed by ion exchange chromatography and the label
on eech nitrogen compound was determnined. Steady state conditicns
were assumed allowinge precursor/product relationships to be deduced
from the extent and the movements of the label. The results may be
summarised as follows:

Total Culture: 1In all the short duration of these runs the supernatént

fraction was enriched to a much greater extent than the cells. After

5 minutes a % Total Activity plot gave a characteristic NH3—9 Glutaric
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precursor/prodnct relationship with glutamic present in thirteen
times the quantity of its precursor.

Cellular Nitrogen (Analysed after totdl hydrolysis): Amide nitrogen
(which was virtually all accounted for as glutamine and asparagine
residues) when plotted in a ¢ Total Activity graph was clearly
indicated as beins precursor to the bulk of cellular bound nitrogen.
Likewicre the sequence  Amide —» Glutamic Acid —#Aspartic Acid  was
indicated. All of the other nitrogen compounds {&mino acids,
purines and pyrimidines) showed steedily incressing enrichment as
would be expected from metabolic 'dead-ends’. The exceptions

vere adenine and guanine whose labels fell off slightly between two
and five minutes. This is eesily understood since, apart from
beine nitrogen donors to histidine, purines can act as 'bound
ammonia' for instance through the sction of cytoplasmic adenase.

The order of enrichment after five minutes was:

Amide N Glutamic, ;>Neutral Anino Besic Amino Purines and
Aspartic Acids Acids l:>PWTimidines

%4 N
Excess  0-13 0.09 0.07-0.02 0.04-0.02 0.02-0.01

Supernatant Nitrogen: Approximately ESﬂ-of thie frection was peptide
nitrogen.- mainly two peptides composed mostly of glutamic acid
residuss, An odd fact was that amide nitrogen had a lower
enrichment than its corresponding amino groups. The order of

enrichment in the supernatant after 5 minutes was:
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Free Glutamic Acid Free Glutanine :>pther Anino Glutamine

& Peptide Glutamic NH3 Amino-N Acids Amide-K
Residues
Atom %
\gEXxcess 6.0 1.7 1.0 0.6 0.4
N

Of these glutemic acid (free and peptide), glutamine amino-N end
neutral amino acids became enriched steadily throughout but glutanine
amide-N hardly increesed after the start while ammonia-N first
increased then became less heavily labelled.

Trhis last result is, of course, incompatible with any mechanism
in which ammonia is precurscr to glutamic acid. Though it was
established thet acid killing mixed an unlebelled pool of 'old'
ammonia with the hirshly labelled product of fixetion the same
puzzling result waes obtained when the culture wes cooled quickly and
separated by centrifugation. The zuthors were forced to ignore this
difficulty =2nd assume that, in bhoth caées, the real !'juvenile' ammonia
pool had been diluted somehow on killing. Indeed, excellent though
thig regesrch was, its great weaknecs lay in the drastic method
employed to stop mertabolism abruptly. The early, long-exposure, runs
vers ctopped by coolings in ice but it was demonstrated thet, before the
cells could be centrifueed off, they managed to assimilate considerable
quantities of the nitrogen in the medium. In order that fixation be
stopped instantaneously in these short-term experiments the cells
were speedily mixed with acid to a final pH of 2. Unfortunately this
mode of killing extracts nitrogen compounds preferentizlly from the

cells and the supernatant (examined after centrifugel removal of the



3C.

cells) conteined almost four times its originel quantity of nitrogen.
The label cn the free ammonie was halved by diluticn with metabolicelly
'0ld' frections which had been loosely hound in the cell while the
enrichment of the rest was increased over savenfold. Thus the acid
extractable portions of Azotobacter cells contein zany highly labelled
compounds,

This experiment was repeated by Burma and Burris using labelled
anmonium rather than nitrogen as the substrate (86). Again the
enrichment of the supernatant was birher and apveared instantaneously
vhereas there was ¢ short delay before the cells became labelled.

The ratio of excess label in supernatant to that in cells dropped

from 50 (after 1 min.) to 15 (5 mirs.). The labelling of cellular
constituents took plece in the same order as with fixing cultures
except for the fact that purines and pyrimidines had an extraordinarily
high enrichment - thev were second only to glutanic acid after five
minutes expocure. Since part of the nitrogen going to make up these
heterocyclic rines doas not have to go through the glutamic acid
'bottleneck'zthis result is not surprising - it does however constitute
a major difference betwern cells that are fixing nitrogen and those
that ere metabolisings ammonia.

Scope of This Work

As will have become obvious in the preceding section, our
understanding of the mechanism of nitrogen fixation by Azotobacter
vinelandii - even though extensive - contains a number of outstanding

obscurities and contradictions. ¥Yany will doubtless be resolved when



3l.

work on cell free extracts is successfully completed (gg. nature of

the reactive site, source of reductive power) but there remain others

which can only be fully understood by recourse to whole-cell studies.

It is these, listed below, that hezve provided the incentive for the

work reported in this thesis:

(1)

(11)

(ii1)

the status of hydrazine derivatives in fixation: the work
of Bach is in direct contradiction to all other reports from
¥Wisconsin.

the precursor/product relationship of glutamic acid/ammonia:
the contradictory naturc of Allison and Burris' and Burma
and Burris' findings on this point should be resolved,

the location of the nitrogen fixing system: Burris (79)
claims that "rapid excretion suggests that fixation may
occur cn or near the surface of the cells" yet fixing
extracts all seem to be soluble (cytoplasmic) and the

system must be protected from competition with oxygen.



SECTION V

EXPERIMENTAL METHODS
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(2) BACTERIOLOGICAL

Organism

The orgenism used throughout this work was Azotobacter vinelandii
(A. amilis var. vinelandii) a vigorous aerobe which, though commonly
ohnerved in the form of large gram-negative ovoids, frequently
exhibits marked plecmorphisn (43). In order to distinguish behaviour
of fundamental importance from varietion due to strain differences, two
straeins were used in parallel during the mein part of this work:
S.K. Originelly obtained from Holland, this has been the subject of
most previous work at Imperial College. It is heavily encapsulated
end gives smooth mucoid colonies on nitrogen-free egar (with no pigment
formation in the modified Burk's medium used here).
0 Kindly supplied by Professor Burris, this is the strain used at
Wisconein and in many other laboratories. The cells are only slightly
sncapsulated and colonies on nitrogen-free eger tend to look rough.
%hen fully grown they excrete a yellow-preen fluorescent pigment.
Medium

The medium used was Burk's Mineral Salts (37) with 1.5 mannitol
as carbon source, To reduce the turbidity of uninoculated medium,
and supprecss pigment formation, disodium citrate was added at a
concentration of 0.5 x 1072 ¥.  This complexed the iron and prevented
it forming insoluble phosphate. As noted by Diamantis (127), this

citraete concentration was insufficient to effect growth through
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sequestration of masnesiunm. Previous workers in this lsboratory

rad used a modium of glipghtly different composition but the one

described rere was adopted becauee its lower salt concentretion

made anslysis of the superratant much easier. It was &lso more

econonical and comparative growth runs hsd shown that, once trained,

cultur~ properties were the same on both media. Yanniteol, the

traditionul carbon source, was retained since, havins no tendency

to char, it could be edded to the nedium before sterilization.

medium used had the following composition per litre:

Kannitol 15 ¢ HgSO4.7H20 0.2 g FeSO4.7H20
E,HPO, 0.64 g NaCl 0.2 g NaHMa0,

Py
KH, PO, 0.16 g CaS0,.2H,0 0.05 g Na B [063507].1;,520

it hed a pH of 7.2 and cultures were never found to drop below
sven sfter growth in the presence of substrates,

For convenience, two stock solutions ot one hundred times
above concentrations were uged:

(A) Conteining phosphates, chloride and molybdate.

The

0.015 ¢
0.00215 g
0.13 g

pH 7.05

the

(B) Containings magnesium, calcium, iron and sodium citrate.

The latter wes a suspencion containine finely divided celcium sulphete

end had to b: well sheken before use.

To meke one litre of clear medium suitable for turbidimetric work,

10 ml each of solution (A) and (B) end 15 g of manritol were dissolved

and mrde up to the mark with distilled water. The mixture was then

brought to boiling point and cocled back to room temperature.

Tiltration at the pump removed excess calcium sslts producing a

clear,
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colourless medium containing well above the minimum requirement of
calcium in solution. S0lid nitrorsen-free medium was prepared as
above with the addition of 2% agar.

Sterilization

All mediz and cul ture apparatus were sterilized by autoclaving at
15 1bs for 20 minutes. Tor shake cultures, 65 ml portions were
dispenged in 300 ml Kjeldghl flasks and closed with cotton wool
plues. For storage in bulk, quantities of 200 to 500 ml were
dispenced in screw-cap round bottles. When substrates were to be
used, the medium wes mede up in 80% the correct volume of water and
80 ml portione were autoclaved in screw-cap bottles. The substrate
was made up in water &t five times the desired concentration,
sterilized by filtration through a 'Sterimat' (Fords 7GS Grade)
and sdded to the medium by pipette (using the usual precazutions to
preserve sterility). The same procedure was adopted on a smaller
scele when shake cultures were required to train the oresnism to
grow in presence of a substrate - 8 ml of concentrated medium were
nede up to 10 ml with substrate solution at five times the desired
concentration.

Stock Cultures

At the outset, nitrogen-free slopes were prepared from rigorously
purified strains end stored at +4°C in gealed MacConkey tubes, The se
master slones were used in turn, each being subcultured to prepsre
six slopes which sufficed for a period of one to two months beforse

desiccation became serious. In these subcultures the cells became
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heavily encapsulated after 4 to & weeks and the growth rate slowed
to about 605 of its optimal value. Full activity was easily restored
by two subcultures with vigorous shaking at 3000. For this reason,
when a master slope was being subcultured its meximal prowth rate vas
first regained by successive transfers, dilution and plating. After
such treatment the properties of a strain were found to return to
their original vazlues even over a period of two years. Towards the
end of this recearch it was decided to avoid the hazards of desiccation
and master slopes for future work were preserved by freeze-drying.
Purity
Except when heavily encapsulated {which seems to reduce the

cells' sensitivity) both strains grow slowly on nutrient agav at 30°C,
producing small colourless colonies of abhout 1 mm diameter after 24
houre incubation. The following was adopted as a routine purity test
and applied to every run for which results are quoted in Section VI:

(1) Two loopfuls of t~st culture were spread on a nutrient
plate.

(ii) This. was examired after 12, 24 and 48 hours incubetion
at 30°C.

(iii) A smeer was taken from the surface of the agar and
examined by grams stain.

Yhen active cultures of '0' strain are being examined, about 50%

of the resulting cells are .prossly distorted, meny being large 'balloon!
forms of random shepe end size (up to 12§ in length). 'SK' is more

resistant and about 10%0 are pleomorphic forms. The rest are neat
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ovoids {of up to 2 x >y in size), wrich stain with blotches and
heve an easily rccognizable 'puffed wheat! appearance,

After growth on nitrogen-free agar, both strains exhibit a
yeast-like morphology being large ovoids (typically 2 x 4 '))lTBecap&Ae)h\
- 8K ernd o0ld cultures of O, can be readily picked out using nigrosine
ag a negative stain.

Inoculum

4 culture in middle lozurithmic growth could be obtained by
24 hours vigorous shakins of an inoculsted €5 ml portion of medium.
When ready b~fore it was needed, a culturec could be stored at +4°C
Tor seversl deys before any effect could be noticed in its suhsequent
performance.

(b) CULTURE TECHNIQUES

Special zpparetus (Fifure 1) was developed so that an optimally
aerated culture could be sanmpled at intervals with negligitle effect
on growth conditions or sterility. The whole spparatus shown was
immersed in a water bath at 30.0°C p 0.01 and at lezst an hour
elapced before the start of edach run to allow rverything to attain
this temperature. Adr was sucked through the train by means of a
éimplﬁ vacuum pump and compressor (W. Edwards 5 1bs/sq.in.). Before
meeting the shallow layer of culture it was passed through a copper
spiral A, a cotton wool filter B, and sterile water C. In this way
equilibrium was ensured between the incoming air and the culture.

The culture vessel wnas & three-necked flask of one litre capacity

fitted with 2 central inverted bubbler D in the form of & fritted
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¢less plete (Pore Size 0) located at less than one centimetre from

the bottom, Growth rate experiments showed that aeration was constant
until the ligquid volume exceeded 190 ml when it beceme progressively
less efficient as the vescel filled up.

formal aseration was achieved by drawing the eir off via a trap
E but, in order to sample the culture, the suction was diverted by
roteting tap F. On opening clip G culture sawples of any desired
volume could be siphoned off via the narrow bore tube leading into
the culture near the bubbhler, It was collected in & clean flask
fitted onto the szmpling unit H. Just before sampling, the tubing
could be flushed by openins the clip G, possible contamination being
prevented by a cotton wool filter I.

The apparatus was made entirely of pyrex glass with Quickfit
Joints except flexible verts which were of heat-resistant polymer
tubing (Escorubber). Before use all new glass apparatus was boiled
for 30 minutes in 5% nitric acid to remove any trace metals, arsenate
etc. which could act as growth inhibitors (1€9). At the end of e rum,
after n thorough wash, the spnaratus wes entirely rinsed with distilled
witer, It was sterilized in two prrts (water saturator and culture
vessel + siphon and traps) then clipped into one piece before use.
Since evaporation altered the volume of any liquid sterilized in the
culture vecsel, mediz were slways prepared separately and poured in
Just before the run was commenced.

Once the procedure described above had been perfected, sabout two

hundred growth runs were performed each lasting from three to five
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hours. In all these, only three cases of contemination occurred
and each time the cause wag traced back to the medium: not once
could it be atiributed to deficiencies in the apparatus.
{c) ANVALYTICAL

Turbidity

The turbidity of cultur~ samples freshly removed from the
vesgel was rekd off apeinst a water blank ir & Unicam SP 300
Colorimeter using a Tricolour Green filter (which transmits from
4,800 £ to 6,100 & with a maximum at 5,300 £). A small correction
was subtracted to allow for the turbidity of uninoculated medium.
Both straing used form notably stable end uniform aqueous suspensions
and, provided readings were taken within 30 seconds of removel from
the growing culture, the results were reproducible to I 2.
Dry Weight

10 ml culture samples were pipetted into accurately weighed 15 ml
centrifurse tubes, The cells were centrifuged for 20 minutes, the
superratant poured off and the residue was agitated with an equal
volume of water, After 2 second centirifupgztion the tube containing
th~ washed cells was placed in an oven at 10503 for 24 hours. The
tubes vas then cooled in a desiccator and weighed to the nearest 503
on en accurate balance., With careful washing a reproducibility of
¥ 39 could be obtained.

Isotopic Nitrogen

The sample was prepared and admitted to the mass spectrometer

tube as described in Section IV(g) Once a steady flow of gas was
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visible through the leak - as observed with a Tesla discharge - the
peaks corresponding to ions of mass number 28 and 29 were tracksd
and their heights measured. After corrections for zero and peak
residuals the percentapc oflsN in the semple was readily determined

by application of the equations:

100
ol Peak Nt. 28
es .
1+ 2 Foaxht. 29 %5

5 1s the shunt ratio required to bring peak heishts to the same
order of magnitude. Percentzrge enrichment wrs obtained by deducting
natural abundance ofLSN (0.38%) from each value,

In order to reduce errors fue to fluctustions in megnet current,
eech value was determined at least three tinmes. This fluctuation
was the only serious source of error end, due to the nature of the
above cquetion, varies with the untuzl enrichment treing measured,

To estimate its effect, some readincs were deliberately repeated
geveral tim:s and the following may be taken as indicetions of
maximur probable errors:

Atom % Excess 15.0 T
Error + 1% + 2% + 1%

Nitrogen Determinaztions

A1l forms of nitroger vere converted ultimately to ammonia which
vas distilled from a 50 ml ball-jointed flask into water using & one-
piece semi-micro Kjeldahl apvaratus. The emmornia thus collected was
titrated with 0.02N hydrochloric acid using brom-cresol green as

indicator. Blank valuea were always deducted since the end-point
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of yellow-green was not cxactly at equivalence (p¥ 3.6 - 5.2) and,
anyway, the pH of the distilled water used fluctuated slightly from
day to day.

These titrations werec easily reproducible to within I 0.02 ml.

Cellular Nitrogen (Acid Killed)

This was determined using a modification of the total nitrogen
method of Willits and Ogg (26). These analyses were performed in
duplicate on 25 ml portions of culture yielding results accurate to
I 0.%. The sample was acidified to a strength of 0.1N by addition
of 5N sulphuric acid (0.5 ml) with vigorous agitation. After 20
minutes centrifugstion the supernatent was poured off, the residue
agitated with an equal volume of distilled water end the centrifugation
was repeated. The washed residue was then transferred quantitatively
to & Kjeldahl flésk containing sulphuric acid (1.5 ml) and e mercury
catnlyst tablet (B.D.H., containing 1 g sodium sulphate and 0.1 g
mercury). A chip of porous tile wes added and the mixture was
evaporated vigorously until it haed become brown. Heating was
continued cazutiously until pure acid refluxed from the brown mixture.
A further chip of porous tile was then added since the danger of loss
by bumping was always greatest at this stage. The mixture was
refluxed vigorously (to one-third of the way up the neck of the flasgk)
until colourless a2nd then for one hour. On cooling, the residue was
taken up in distilled water and the emmonia vas releaced using 10 ml
of & mixed solution containing esodium hydroxide (35%) and hyirated

sodium thiosulphete {6%).
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Cellular Nitrogen (Filtered)

25 ml., portions of culture were analysed in exactly the same way
as for Cellular Nitrogen (Acid Killed) except that the cells were
separated from the fresh sample by filtration through & cellulose
ester membrane (Oxoid Divisien, Oxo Ltd., € em. diam.). This wae
fitted in an 21l glass holder to which gentle suction could be epplied
by means of a conventional Buchner and water pump unit. After washing
the filtered cells with an equal volume of cold distilled water the
membrane wa:r renoved carefully and the residue w3 transferred to a
Kjeldrhl flask. Thie wes done using generous amounts of wash-water
followed by scraping with & smell spatula so ensuring quantitative
recovery.

Total Nitrogen

This techniqu~ had to be developed specially to anelyse 10 ml
culture samples which contained up to 0.15 g of carbohydrate.  They
were pipetted directly into the Kjeldahl flask and the routine was
the same as that described for cellular nitrogen except that an extre
2 ml of sulphuric acid was sdded to aid destruction of the organic
matter without concommitant loss of nitrogen. Extra caution wes
necessary at the roasting stege and, at the end, the excess acid was neut-
ralised by addition of 10 ml of 8N sodium hydroxide before the alkali/
thiosulphate mixture.

Wiith the semi-micro apvaratus aveilable this method could not be
sceled up fully for 20 ml portions of culture medium so recovery was

rarely quantitative when more then 10 ml vwas being analysed,
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Ammonia Nitroeen

10 m1 culture samples were distilled in the normal way efter
addition of 7 ml of & pH 8 buffer (0.2F sodium hydroxide in N boriec
acid) and one drop of antifoam (Silicone ¥S Antifoam Emulsion; Hopkin
and %illiams),

This mathod gives unreliablc results in the presence of 0.01N
rlutamine because a portion of the amide is hydrolysed under these
conditions.

Amide Nitrogen

10 ml culture samplecs were pipetted into the Kjeldshl flask
conteining 2 ml of dilute (SO% v/v) sulphuric acid and the mixture
wes boiled gently for 30 nminutes. During this time the volume
diminished to about two-thirds of its origsinal amount. The ammonia
was released by addition of 7 ml of 8N sodium hydroxide and one drop
of antifoam,

This process hydrolyses glutumine and asperagine quantitatively
but decomposcs urea only partially so it could not be used in presence
of the latter.

Urea Nitrogen

For this analysis the Kjeldahl flasks had [irst to be frecd from
traces of mercury by 3C minutes exposure to boiling dilute nitric
acid (50%4). After 10 ml of the cultur- sample had been pipetted in,
the bncteria were killed by quickly heating to boiling point. On
cooling bock to room temperature four drops of urease solution

(saturated agueous extract of Jack Bean Neal) wer~ zdded and the
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mixture wrs allowed to stand for 30 minutes. Durine thies time the
urea present was hydrolysed guantitatively yielding ammonia which
was then cstimated in the usual way.

Pre-Reduction Schemes

In case any compounds were oresent, in samples, which were
resistant to a2 mercury-catalysed Kjeldahl analysis, two methods of
pre-reduction were tried preliminary to normal Total Nitrogen analyces:

(a) Priedrich ¥ethod (84): Involving reduction in constant
boiling hydriodic srcid, this was gpecially useful for hydroxylamine
compounde and hydrazides.

{(b) Tinc/Iron Zouple in the presence of dilute acid (115).

This reduced nitrate, nitrite and hydrazonecs quentitatively.

(4) PAPER CHROMATOGRAPHY

Paper

The paper used throughout this work was Whatmens Wo. 1.
Solvents

(4) n Butanol-icetic Acid-Vater (100/22/50, v/v).
A single phase mixture which wes prepared just before use,

(B) Aqueous Phenol (39 m1/100 g).
A single phase mixture which was used in the presence of hydrocyenic
ecid vapour (potassium cyanide + water) in order to iummobilise metal
impurities,

(C) Methyl Ethyl Ketone-Acetone-VWater-Formic Acid (30/10/10/1, v/v).
A quick running non toxic mixture which yields gpots with good

definition end is economical in use,
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FIG.2. CHROMATOGRAPHIC MAP
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Though several other mixtures were tried at various timec the
abov> threer proved ertirely satisfectory for all routine work. vhere
gquick, convenient separations were needed, particularly for linear
work, (C) was used. For two-dimensional analfsis of amino acid
mixtures the 'traditional' combination of (A) followed by (B) was
edopted. Figure 2 illustrates a reference map of all common emino
acids obtained using synthetic mextures. They are in good agreement
vith the Ry values, when recorded, in Stepka (85) and Block, Durrum
and Zweig (53) for the same solvent combination.

Jifficulty was experienced as = result of the tendency for RF
values to alter efter acid hydrolysis. For instesnce, glutamic and
aspertic acids move towards the origin while the basic amino acids
move almost to the front in the phennl dimension only. In such cuses,
Stepka recommends that the paper be satursated with ammonia after the
spot has been applied btut this precaution did not always work. Careful
co-chromatography with standard mixtures was required before such
errant spots could be identified with a fair degree of certainty.

Detection of Spots

Spots were detected on the dried chrometograme by spraying the
eppropriate reagent from an ell-glass atomiser (Shandon Scientific Co.)
and allowing to dry. This process was of ten speeded up by careful
warming in a current of hot air. Two rearents were used:

(1) MINUYDRIN. Applied in = 0.3 solution in acetone. This
resgent gives a purple (brown or yellow) colour with amino acids and

most small peptides.
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(i1) EHRLICH'S REAGENT. Freshly prepared by dissolving
para-dimethyl aminobenzeldehyde (1 g) in a mixturs of concentrated
hydrochloric acid (1 ml) end ethenol (100 ml). This reagent forms
vellow to red spots with hydrazine derivatives (75), urea, urea
derivatives and a host of other compounds (eg. indoles) (54). They
often take a lone time to appear and sometimes undergo colour
chenges after beconing visible,

Chroma togranhic Procedures

CIRCULAR pave very quick, crude separations. A specially designed
vessel was used (Monax) which was fitted by filter paper dises
(14.5 cm. diemeter) divided by slots into six segments.

LINEAR DESCEYDING was performed in a glass tank accommodating four

sheets of 57 x 46 cm. A pencil line was drawn 12 cm. from the
short side and the sclutions to be examined were spotted at 2.5 cm.
intervals along this, so allowing eighteen analyses per sheet,

TWO DIMENSICNAL DESCLDNDING used the same paper as linear with the

samnle applied at the intersection of the first line with a second
drawn at 12 cm. distance from the other side.

Preperation of Samples

As obtained from the ion exchange purification (Section V (f))
the solid was taken up in C.2 ml of aqueous 10% isopropsnol vhich acts
as a preservative, Y¥hen the presence of peptides was suspected, the
remaining sxtrict was diluted with 1.25 volumesg of conc;ntrated
hydrochloric acid and trensferred to a2 clean pyrex tube (c. 12 x 0.4 cnm.

internal size; one end closed) which was then sealed. After 24 hours
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in an oven at 105°C the tube was opened and its contents were washed
out. The hydrolysate was evaporuted on a water-bath and could then

be made up and chromatographed exectly a«s before the treatment. Af'ter
21lowance had bheen made for scme amino acide which are destroyed by
acid hydrolysis (cystine and hydroxyacids) direct comparison of the
chromatograms led to detection of peptide components in the original
extract.

Application of Samples

The normal aliquot was 5‘x applied in two succegsive portions
by micropipette. when hipgher loadirg wes desirable three to four
times this ouantity could be used. To avoid variable RF values
resulting from spplication of samples sometimes in salt form and
other times as the free =zcid, all mixtures were spotted a2s ammonium
galts. Where necessary the chromztogram was exposed to ammonia
fumes after application of the 'spot!'.

e) PREPARATION OF REACENTS
(e)

Amino Acids, Urea and Ammonium Acetate were all A.R. grazde and obtained

commercially (Hopkin and Williams, B.D.H.).

Labelled Ammonium Acetate was prepsred by distilling & weighed

<

quantity of“. NH4N03 with pE 8 buffer (Section V {c)) into decinormal
scetic acid. The exact amount of the lelter vas determined in a
blank run usiné an equivelent apount of unlabelled ammonium nitrate.
The resulting solution was mude up to the merk in e gradvated flask:

and its scrurste nitrogen content and enrichment was determined by

analygis of small aliquots.
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Pyridoxalazine wes the gift of M.C. Stewart,

co H
3,4-dihydropyridazincne-S-carboxylic zcid (P.C.A.) 2 N
]
Alpha-ketorlutaric acid (3 g) dissolved in water FH.H,0
0]

(15 m1) was mixed with hydrazine hydrate (1 ml).

The solution hecame pale yellow and a fine crystalline
precipitate ap-eared immedistely. Yield 919 Theory. Recrystallized
(charcoal) from water to M.Pt, 196°C (Lit. IF.Pt. 198°C).
Monacetylvhydrazine. CﬂscONH.NH2. Hydrazine hydrate (20 ml) and

ethyl acetate (26 ml) were refluxed tormether (for c. 30 minutes) until

they formed one phase. After distilling off excess solvents up to
90°C trhe liquor was conled overnicht et 0%c. The solid thus obtained
was recrystallized from ethanol as Tlaky plates L.Pt. 65 - 67°C (Lit.
Beilstein GTOC). It was extremely hygroscopic and had to be stored
in vecuo.

Diacetylhydrazine. CHBCOKH.NH.COCHB. Hydrazine hydrate (10 ml)

and ethyl rcetate (15 ml) were refluxed together until the mixture

became homogenous and, after cooling in ice, acetic anhydride (10 ml)
was added slowly in drops. Intenge heat was evolved and, on standing
overnimht a crystalline mass weg formed. Recrystellization from
ethanol/e ther yﬁflded an anhydrous microcrystalline, colourless
product. M.Pt. 138 - 139°C (Lit. 138°, 139°, 140°).

Pyruvic Acid Azine was prevpared by A.B. Blake as an unstable yellowish

powder which, from physical evidence (155), he deduced was the diazide
form (a). In solution it behaves identically with a mixture of

equimolar gquantities of aqueous sodium pyruvate and hydrazine. This
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yields three distinct spots on chromatosraphy: with Ehrlich's reagent
they give salmon pink, lemon yellow end orange. The sjitumtion is
unnalogous to thet found by Bach with alpha-ketoglutaric acid and
hydrazine though, in that case, one component (PCA) could be separsted
on account of its sparing solubility. Though there is insufficient
evidence to identify them they must be the three theoretical producte
of such a reaction, ie. the diszide (a), the diazine (b) and the mixed

azide/azine (c):

iO2H COZH CO2H CONH.NHCO
C:::N-—-N:::i ?:::N-—-?HUO 1::0 =0
Cc
H3 CH3 CH3 ?0 CH3 CH3
C
i

() () (b)

Oxaloacetic Acid Azine. On mixing equimolar quantities of solutions

of hydrazine and oxaloacetic acid - even at low temperastures - there
wvas effervescence, the solution became yellowish and a pale yellow
precipitate was obtained. The latter could not be conveniently
recrystallized, hrd a high melting point and gave a cherry-red spot
with Ehrlich's reagent after 48 hours. The reaction mixture gave
two main spots on paper cﬁromatography. They werc the cherry-red
one mentioned 2bove and an orange one which, on co-chrometography in
five different solvent mixtures, was iderntified as one of the pyruvic
acid azine components, The insoluble product may be tentatively
identified as the lower homologue of P.C.A. (d) and, if the mixed

hydrazide/hydrazone vere formed inter - rather than intre - molecularly,
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it ig easy to see that decarboxylation would then be favoured by

the alpha-diketo group (e) acting as & powerful electron sink.

COoH
T (a)
cogn H COH cris
=0 ° by £0
CBy  + Ny to }(e) COpH  CO
COLH (02 fooll €O > G=ti— I
\ C=N— i, Comp— L _ /2?0/ éHB
fHZ > ?H2 - 2 Pyruvic
COoH COoH Azide/Azine

(c)

(£) ION EXCHANGE CHRONMATOGRAPEY

3mall ion exchange columns were used, preliminary to paper
chromatography, in order to remove interfering solutes (salts, sugars)
and to concentreste the desired components (amino =cids, weak organic
acids, small peptides). The resins used were 8% crosslinked but
this could only hold up the larger peptices. All were packed in
columns of 1 cm. diameter closed with & fritted glass plete snd fitted
with & siphon wagh to prevent draining of the resin bed. The
procedure zdopted ns a routine was as follows:

(1) the solution to be analysed (ususlly 50 ml) was run
onto the resin (which had been prepered beforehand as in the table
and washed with distilled water).

(it) this was followed by three bed volumes of water.

(ii1) 41t was eluted with the relevant solvent, rejecting the

first bed volume and collectings the next three.
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(iv) the eluate thus collected wes then evaporated on & water
bath. Since theleluants were all volatile the extract was obtained
in #0lid fcrm which could be taken up in small volumes of werm water
and transferred to a squat 'polytop' bottle of c. 5 ml cepacity.
EQﬁporution to dryness 4in » vacuum desiccator produced an extract
suitabl. for paper chrorctography.

The prooertics of the resins (211 from Permutit Ltd.) used

mey be summarised as follows:

Resin Particle Total Bed Wash Liquids for
Size Capacity Storage Use Elution
‘mcsh} milli
equivs
Zeo-Karb 225 <& 200 5 2N.HC1 oN.HC1 1.5N. 1,
DeAcidite FF < 200 Te5 N.HC1 N.NaOH ¥ Acetic Acid
Deicidite E +16~ +5C 15 N.HC1 O.SN.NH5 sut.aq.502

Zeo-Karb 225 consists of culphonated polystyrene beads and was used

{following Yandelstan,(111))to remove eamino acids - particularly
bagic ones - from aqueous extracts of filtered cells,

De~-Acidite E, u weakly besic elinhatic amine resin, wea used (after
4 . 3 )

the method of Bach (83) ) to detect orpanic ncids in cell extracts.

De-Acidite FF cortains trimethylammonium grcupe and is strongly besic.

It was adopted (2s with Dreze, Moore and Bigwood (42) ) for use with
cell-free culture medium since it allowed quantitative separation of
anpholytes and weeker organic acids from metel ions and the anions
of stronger acids (citrate, chloride, phosphate etc.).  The former

pacsed straight through the column while the latter were left on the
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resin when it was eluted with N. acetic acid. The recoveries are
less than guantitative for some basic amino acids but these were not
important components anyway. The size of the resin bed was chosen
such that it could separate the amino acids and small peptides from
& 50 ml sample of culture medium containing 0.84 milli equivs. of
strong acid anions as well as 0.5 m eq. of amino acid when that had
been zdded as substrate. A Tivefold excess of resin was packed to
allow for inefficient equilibration and, at times, up to 80¢-was
seen to be in use (by observing the lighter colour of the acidified
resin).

The column's efficiency wes impaired if bubbles of carbon
dioxide were formed during elution so all materials used in converting
the column to its hydroxide form had to be carbon dioxide-free.
Boiled distilled weter was therefore used for such washes and to
prepare the W. sodium hydroxide. This solution was stored in a
flask fitted with soda-lime trap and outlet to allow it to bg poured
while preventinz entry of carbon dioxide. For the same reason it
was found nececeary to acidify the medium filtrate with two drops of
concentrated hydrochloric acid und boil it briefly before running

onto the column.

(g) DLARDLING OF ISOTOPIC NITROGEN

The vacuum line attached to the mass spectrometer (Figure 3)
was used for preperation and transfer of all ges mixtures (188).

Labelled Ges Mixture. This was stored in a large bulb of capacity

1.15 litres and had the following composition:
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v/v cm.He.

.
Nitrogen (31.3% Excess‘ N) 105 7.6 g
et 76.2 cn.

Argon 70% 55.2 total
Oxygen 20% 13.4 % pressure.

The exact amount of lahbelled zmunonium sulphate was weighed out,
dissolved in water and transferrsd quantitatively to one bulb of &
nitrogen generation unit (see Figure 3). In the other was placed
10 ml of freshly prepared alkaline hypobromite (40 ml of air-free
water cortaining 10 g of sodium hydroxide, cooled, and shaken with
4 ml of liquid bromine until dissclved). Both component bulbs were
cooled in methylated spirits/cardice mixture until their contents
vere frozen solid. The gas generation unit was then assembled, with
Jeints well gressed, fitted to the line at inlet A and evacunted to
a hard vacuum. The bulbs were then isolated from the line, wzrmed
in & stream of hot air and their contents were mixed by rotating one
of them. The nitrogen preoduced =as transferred quantitatively by
means of the Toepler pump B to the storage buldb, fitted at position C,
which had previously been evacuated. Using a mercury bubbler to
prevent build-up of pressure, pure oxygen (from a cylinder) was then
introduced via inlet A and tre~ansferred in portions until the requisite
pressure rise had been recorded on the manometer D, In the same way
sufficient argon waz admitted to bring the contents of the bulb to
atmospheric pressure.

Nitrosen Enrichment in Samples, uantities of upward of 0.2 mg of

ammonium nitrogen were converted into nitrogen gas by the same
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procedure ag described above except that & smeller, one-piece generator
fitted with a Thunbers stopper was used. Efter & full Kjeldahl ahalysis
a slight excess of acid was z2dded to the resulting ammonium chloride
solution. The indicator used (Brom-cresol green) was nitrogen-free

end =0 could not contaninnte the sample. Thiez was then evaporated

with the zid of a2 bumping stick to sbout 3 ml. The solution was
transferrcd to the nitrogen generator where 3 nl of hypobromite solution
was more than adequete to decompose all of the ammoniﬁm present. The
libverated gas was transferred by the Toepler pump intc the portion of
the vacuum line behind the lecks E, %hen the pressure in this section
ves at a suitable level (1 to 3 em. of mcrcury) and the rest of the

line wag under hard vacuum, that portion F between the leak and the

meesg spectrometer tube wacs isolated. The leek was then opened and the
sample was released slowly into F and thence into the mass spectrometer
tube. Izotope sbundance measurements were taken as deccribed in
Section V {c).

Labelled Atmosphere Runa were conducted in 100 ml conical flagks with

a Quickfit Joint allowing en inlet with tap to be fitted making ;
vacuum tight seal. After the culture had been pipetted 1in, the top
wes gealed firmly in positior with vacuum prease and the unit was
stored ot +4°C for 20 minutes. This wza done to legssen evaporation
wher, subsequently, the flagks were quickly evacuated first with a
water pump then ar oil pump. The latter was 2llowed to act for sbout
one minute so ensurineg that the vesgel vwas free of gaseous nitrogen.

The evacuated flask,which contained orly water vapourywas then fitted
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on the Toepler pump outlet C and filled with pes mixture from the
astorare bulb at A until atnmospheric pressure vwas reeched. The
culture flagk was closed, transferred to a Warburg bath at 30.0°C
and there shaken laterally for the duretion of the run. Exposure
to ‘SN was nasumed as havine started apnroximately 5 minutes after
immersion since equilibrium with the temperature of the bazih takes

a 1little over this time.



A) - SROWYH OF A7OTOBACTER VINELANDII IN NITROGEN-FIEL MEDIUM

Optimal Growth of Cultures in Air

The initial task of this research wes to establish & reliable,
reproducible pattern for growth in sir on nitroren-free medium, It
rag orly by comparison with such date that experiments involving
variation from normal srowih conditions could be assessed usefully.
The -rowth requirements of Azotobacter have heen well-established for
many years so Burks Witrogen ¥ree 5alts sre unlikely to be deficient
in any component. Likewise the partial pressure of nitrogen in air
is meny times the concenrtration required to saturate the fixing system.
It wes evident at the outset that the extremordinarily high oxygen
requirement of Azotobacter would readily become the limiting factor
for growth. Por this reason it wes important to work with cultures
as light as could be conveniently cstimeted using normal analytical
techniques, The result was a growth renpge from total nitrogen of
0.02 to 0.07 mg. per ml. The culture had to be sanpled while growing
so that it vwes necessary that its volume could be reduced by up to
50 without affectins aersation: this requirement was obvicusly
fulfilled if the liquid were saturated with oxygen throughout the
ranme of volume used. |

After several designs of culture flask had been tried and found
wanting the arrangement illustrated in Figure 1 was devised. Though

quite simple it was found to be ideal for the purpose. By growing
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light cultures and gradually reducing the volume while simultaneously
measurins the growth rate it was found that this became constent below
& culture volume of c. 190 ml. A range between this value and 80 ml
was adopted for all subsequent work. heration of such a shﬁllow
layer of culture maintained the available oxygen at its maximal level
(ic. approachine the saturation prescure for 0.2 atmosrpheres) while
removing carben dioxide as soon 23 it was formed.

Calibration of Growth

In order tou follow cell proliferatior with sevaral samplings
ovsr & ghort period of time, a quick and reliable method was needed
for measurina the concentrztior of cells in an aliquot of culture,
The obvious choice was turbidity; such mogsuremontn being quick and
convenient, particularly so because of the stability of Azotobacter
suspensions. Since they ver- measured in a simple colorimeter
using 4 filter of comparatively broad wiveband, the turbidity values
vere an entirely empirical measure of cell dencity. They were
therefore correlated with the following quantities (see Fijures 4
and 5):

(a) Acid-Filled Cellular Yitrogsen - precipitated from a culture
mnde'O.IN with dilute eculphuric acid.

(b) Filtered Cellular Nitrcgen - wished cells collected on 2
membrane filter. T™1ie hega curfece poren of 0.5 to 1.0 micron
dizmeter ond anythine lurger iv collected, with negligsible pernetration,
on the surface,

(¢) Total Kitromen - measured usine a Kjeldahl technique modified
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to ellow quantitutive recovery of nitrogen in presence of large
quantiticg of carhohydrate.

(&) Dry Weight of wnshed cells,

In a1l of these calibrstions, the values obtained for strzin
'SK' were found to b~ hishly reproducihle, even when subsequent
determinations were nmadec after the lapse of a yegr. Unfortunately
strain '0' wacs more sensitive to slipht variations in growth conditions
such that reproducible correlations of (b) or (c) with turbidity
vere possible only after careful training. Acid-killed cellular
nitro~en and dry weight were not susceptible to such influences and
neen values for the latter chow=d that cultures of e given turbidity
of either otrein khad the same dry wei~ht. Unfertunately, individuel
mesacurenerts of dry weigsht vere too inscourate (being performed on
10 1 aliquots) to be of value as u calibration. Tris result did
lemomstrote however thot turbidity was s measure of something which
trenecnnied the effects of strein variation. Luckily the cane could
he ssid for acid-killed cellulny nitrogen since if these values for
'0' strain were multiplied by a {zctor of 1.03 the rerult, when
plotted aruinet turbidity, wac suverimposable on the same mraph
for 'SK' strein, For this reason acid-killed cellular nitropen
wag &dopted as the paranmeter by which culture density was estinated
throuzhout all subsequent work.

Propertier of Zulturce on Nitroren-Free Media (Tables 12 & 13)
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TABLE 12 COMPARISON OF TIE TWO STRAINS: GENERAL PROPERTIEJ

STRAIN '3K* STRAIN 'O
GROWTH ON SOLID MEDIA:
Capsule Formation Very Heavy Yedium
Pigment Formetion (Nitrogen- Rone Extensive
Free Ager) (on 01d slopes)
Colonies (FMutrient Agar) 48 hrs 2 mm diem 1 mm diam
Distorted Cells (Nutrient Ager) <104 circa 50%
GROVITH IN NITROGEN-FREE LIGUID WEDIUR:
Optimal Mean Ceneration Time (hrs) 1.7 1.7
¥ean Dry Veisht - as a multiple of 6.3 8.1
acid-killed cellular nitrogen
Turbidity - relative tc the same amount 0.7 1.00
of acid-killed cellular nitrogen
Extrucellular nitrogen - as fraction 35 11-25%

of total culture nitrogen

Fraction of Filtered Cell Nitrogen
extracted by Acid Killing:

Light Culture (0.26 mg Cell /10 ml 7. 49 1.6%
Eeavy Culture (0.43 mg Cell N/10 ml 8. 4% 5« 4%

Nitromsen normally nresent in Fedium - as
fraction of Filtered Cell liitrogen:
Light Culture (0.26 mg; 2.8% 565
Heavy Culture (0.43 mg 9
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FREE ANMINO ACIDS

PROIENTILS OF NITROCLN-FREL CULTURES:
Cm

AND SMALL PEPTIDES DETECTABLE IN VARIOUL EXTRACTS

Aliquots examined derived from c. 0.05 mg of cellular nitrogen obtained
in late los phese.

Tha following abbreviaticns are used:

BASICS; Glutamic Acid GLU;

Serine OSZR; Peptide PLP;

SCURCE OF IPRACTICK

(1)

(4)

Membrene Filtrate:
lajor Components
Abundant

Trace

Extracted Filtered Cells
(Water):
Trace

Extracted Filtered Cells
(0.1¥ Acid):
Abundant

Trace

After hydrolysis of (3):
Abundant

Trace

Leportic Acid ASP;
Valine VAL; Leucine end Isoleucine LEU; Cyatine
Gamma smino butyric ecid

STRAIN 'SK!

GLU
AL:, GLY,
SBER, BASICS
VAL, LEU,
GABA

BASICS, CYST,
PEP

BASICS, CYST,
ALA, GLY
GLUT, VAL,
LEU

Lycine, Fistidine, Arginine
Alsnine ALA;

e

’3Ty Glycine GLY;

GABA.

STRAIN 'C!
GLU
CLY, BASICS
VAL, LEU, CAB4,

ALA, GER, ASP,

PEP

GLU

BASICS, PEP

VAL

BASICS, AlL4,
CLY
GLOT, VAL,
LEU, A5P, SER
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(A) Extrecelluler Nitrormen Compounds (see Table 13%)

These membrane filtrates comvrised about 3% of the total nitrogen
of 'SK' cultures and 11 - 25% of '0!' (the latter dropping considerably
ag the culturr becomes more dense). By visual estimztion of 2-D
chromatoerams 1t vas clear thet ~lutamic scid was by far the wost
abundant rsmino ecid componert of the mixture. Yine other amino =ncids
were ohserved in filirates of both straine and 'C' had two more:
aspartic acid end an unidentified slow moving spot. 3ince the latter
disanneared on acid hydrolysiec it w=g presumably n peptide or mixture
of peptides,

(B) Intrecellular Free Anino Acids and Peptides (see Table 13)

Extraction of filtered cells of either strain with water yielded
only one feint chrometorraptic spot - thet of glutamic acid.

Extraction by shaking with 0.1N hydrochloric acid yielded the
three basie amino acids &nd the peptide mentioned before together with
crstine in strain 'SK' and traces of valire in '0O', Hydrolysis of
theae extrszcts from both streine yielded glutamic acid, and four neutral
anino acids torether with zspartic ecid and serine from '0O' strain only.

(c) Compounds Giving Ehrlich's Reaction

For purposes of comparison and, if possible, iderntilicetion a range
of compounds giving such a reection were synthesised or otherwise
obtained. Trose used may be classed in three groups:

(1) hyirezine derivatives of ketones und organic acids abundant
in a groving cell (pyruvic, rcetic, oxaloacetic a2nd alpha-ketoglutaric

acide and pyridoxal).
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(1i) urea and its deriveative citrulline.

(iii) +tryptophan (as representative of irdole derivetives) and
hisgtidine. After trials in a variety of solvent mixtures (many of
which made the spots from the hydrazine derivatives 'tail' badly)
mixture C was adonted. RF valuas for the compounds and deteils
ol their colour reactions are recorded in Table 2, together with
the RF values in &queous phenol for comparirsorn. Extracts were
prepared from whole celle - of '0O' strain only - using beiling
aqueous ethanol which was then separated =nd concentrated using
two procedures: |

Extract A - 804 mtlanol used which was then siuply evaporated
suczh that the chrom=tiographic aliquot wa equivglent to 0.33 ng
cellular nitrcoen,

Extract B - 50% ethsnol used. After eveporstion of the alcohol
orgaenic acids present werc seprrated «nd purified by adsorption on
Deacidite E. The resulting 'spot' wvas eguivalent to 0.0327 mg
cellulcr nitrozern, |
Co-chromatosraphy in mixture C with the c~ynthetic compcunds gove

the folloving results:

Extract Time for Injitial RF Jdentificaticn
Colour Resction Colour e
A (1) 12 hrs Red (fading 0.56 ?
soon)
§ii) 12 hrs Yellow 0.54 ?
ii1) 24 hrs nle Yellow  C.42 Citrulline
B (1) 12 hrs Prnle Yellow 0.21 ) Peptides containing
(i1) 12 hrs Pale Yellow 0.25 g fitrulline, Histidine
or Tryptophan?

(111) 24 hrs Pale Yellow 0.41 Citrulline



TARLE 2 SHROL
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ATCORAPIIC PROFLERTILS CF 72CLPOUNDS SIVING

4 CCLOUR REACTICYN WITH ENRLICH'S REAGENT

F

Subgstrate

Yonacetylhyirazine

Diacetylhydrazine

P.C.A.

Pyruvic acid azine (i)
(i)
(iii)

Oxaloacetic acid azine

Pyridoxualazine

Urea

Citrulline

Histidine

Tryptophan

and solvent

c

Approx.Time
for Spot
to Appear

12 hrs
24 hrs
12 hrs
nil
ril
nil
24 hrs
nil
nil
nil
48 hrs

48 hrs

¥ indicetes » badly diffuse spot

R, values compnred in solvent (B) - Aqueous Phenol
- Formic Acid/Ketones Hixture

dnitiel
Colour

Pale Yellow
Yellow
Crange Yellow
Crange Yellow
Lemon Yellow
Oran:e
Cherry-red
Orange
Lemon Yellow
Lémon Yellow
Pule Yellow
Pale Yellow

EF Values
Solvent Solvent

B

0.05
.57
0.60
0.24
0.66™
.08
0.17
0.76
.62
0.65
0.73

c

0.82
C.6E
0.70
0.56
0.85
0.65-C.95%
.81
0.61
0.58
C.42
0.32
0.80

*



These results are sadly inconclusive though fres citrulline can be
identified in both extracts. Also the slow-moviny components held

on Deacidite and yieldins pale yellow spots semm likely to be =mall
peptides containing one of the aminco acids which give such & celour
(citrmlline, histidine or tryptophen). The fzct that these latter
were not detectable in extrrcts taken with a higher ethanol concentration
supports this theory. Ths: other two spots were no longer found after
Bxtract A had been stored at room temperzture for a week; neither
could they be identified with any of the synfhctic compounde used.
Thou-t nc component recorpnizadle as P.2.4i. wzs detected,it is possible
that the iwo unknowng vere hydrazine derivatives of some cell
constituents, Lven if this were co,they were not present in
gprreciable quantities since total nitrogen analyses on replicate
samples of culture vere not enhanced by either of two pre-reduction
techniques.

(D) Free and Bourd Ammonia

These fructions weres very smell and, since their quantities did
not alter over the ﬁsual range of cell deraity, both seem to be functions
of culture vclume rsther then obliratory cell components., For either
strrnin the values were {per 10 ml) Free Ammonia: 0.0l mg Acid Ladbile
+ Free Ammonia: 0.02 mg. The acid-labile nitrogen vas equally
distributed between cell envelope and cytoplasm since repested
extraction of air dried cells ('0' strain) with 807 ethanol left its
propertion virtually urnchanged - 6.3? cellulur nitrogen before

extrection, 6.2% after.



64.

(E) Capsule ond Dry Weircht

The mesn dry wei~ht of centrifuced cells after two waches with
vater was 8.1 times acid-killed cellular nitrogen for etrain '0' snd
8.7 tines for strain 'OUK'. These values ure the mean from nine
ctinatione cpread uniforrly over the whole growth ranse for not
orly did the ratic vary with culture density but it also fluctuated
considerably due to the inacruracy inherent in gravimetric analysis on
such small quentities. Torether theze led to & mean deviation of
b

To sec if the wush vas having any effect it was perforred only
once, and not at all, on several replicate szmples of a culture of
'5K'. The mean factors werc then 8.6 (ons wesh) ard 16.6 (no wesh).
Thic is eclearly due to the capsule and slime layer which, beinc
soluble, are removed almost entirely by one zritation with wster.

It wrs roticesbls that cultures of sirsmin 'SK' took much longer
times than '0' durine membrane filtrsation. On occesion this wuas
20 marked that the volume used had to be reduced to 35 ml in order
that the separation be finished within 20 minutes - a time ecsily
zchieved by 50 ml of 'O' culture.

(F) Crowth Rate

By sampling rrowing cultures at half-hourly intervals the change
of cellular density (x) with time (t) wee obtained. From these

the exporentiel orowth constant (k) for each interval could be

eatimated ucines the equation k = ElOgloxg - 1og10x; 2.3%03 (24).
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In practice & more convenient measure of growth rzte wos the lMean
Generation Time (¥.5.T.). This i5 the time taken for the frzction
beine examined to double ir quentity and equals Q;éﬁi . Though
plots of logyg (cellular nitrogen) sguinst time were smooth curves

for newly inoculated cultures it became clear that, as they prew,

they ell approeched a maximum slope which, in the cese of active
cultures, could be sustained over periods of up to 13 hours (Figure 6).
The optimal mean meneration time for growth in air was found to be

the geme for both strainu and to equal 1.7 hours. Cultures freshly
inoculated from an 0ld slope or heavy ones just diluted would grow

at a much slower rete (¥.G.T. 2.5 to 3.0 hrs) but subculturing once

or twice &lways restored the value to 1.7 hours. The mean pgeneration
time inevitably rose towsrd the end of the normal growth range
(cellular nitromen circe 0.06 mg/ml) vhen the whole culture started

to declin~ through oxyrsen starvation.

Discontinuity in Growth Curves

fven in those ceges when logarithemic growth could be meintained
for long periods, a point was always found in the middle of the graph
which fell appreciably off the line. At first dismissed as random
errors, discontinuities of this kind continued to apnear until it
becams obvious that some sort of chanee nlwayve occurs in cultures
betwesn a ccllular density of 0.025 and 0.040 mg acid-killed nitrogen/
10 ml, Almost every property of Azotobacter vinelandii is affected
by this chanse and, thourh exhidbited by both strains, it was often

more screntuated with '0' {ec usual the more sensitive of the two).
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Between the linits stated above the rctusl locmtion and extent of
this discontinuity varied unpredictedly. It was, however, always
detectuable in the following properties:

(i) OGrowth Rete. Thourh cernstent for & considerable time
(1 to 1} hours) aftar the break this was lower by anything from 5%
to 205 of‘its earlier value. Typical behaviour is shown below
and in Figure C:

13T (a) MGT (b) Position of Brezk

Strain '3K° 1.70 1.84 0.35 nz cell N/10 ml
Strain 'O 1.84 2.14 0.31 ng cell X/10 w1

(ii) The 2ztiio of Dry Wei~ht to Acid-Killed Cellular T'itrosen
{amein the meen of meny determinations) recched & mirimum juet before
the rarnpe vhen the digcontiruity is normally obmerved. This ney be
takén to indicite ¢ high protein, or conversely, low carbohydrate
corlent at this point. The average factors for the range when they
become minimum cen be compared with the mesn values for all culture

denpnitiecs:

Cverall Minimum Renpe Where Determined
Factor “actor
Strain 'SK? 8.3 8.1 0.30-0.39 mg cellular N/10 ml
Strain '0' 8.1 7.6 0.22-0.29 ng celluler /10 ml

(1i1) Tha Traction cf Filtered Zell Witroser extractuble by 4cid.

Thic irecreases for hoth straing ofter the diccontinuity; by ac nuch

Q1
)
W

frctor of 10 with 'C'.

(iv) Extracellular Vitrogen Fraction: =+ith 'C' strain only



this is redvced (to approxim-ioly 2 of ite previous velue).

(v) Mixation: close exzuincticr of gFrowth ratc plots revesls
thut fixetion actuclly ctops for e short time; thie varies ir Suretion
from 2 to 10 minutes. o such prcak is detentakble in the culture
density thouch its rztz «f incre:se ic slower once Lhe chance hig
b=en efTectod,

Incedintely »fier diluticn of a2 heevy culture to low “enrity
it would continue to behuve in & marmer cherecteristic ol its previocurs
etate. Virorous arratiorn for an hour or ro rsralually recstored the
properties of = young cultur: thus proving that the effents of the chanre
vere only clowly reversible.

It is cleer that thic change iz not merely due to exhsustion
of & netebolite cr sceunulation of & wicte product - these would cause
& gradual felling off as is indeed Tound with very heavy culturcs which
zcannot be agerated cufficiently. Rather, it is a profound re-organication
of the cellular economy brouzht 2boul by come such symptom of increasing
culture Jdensity. Growth of '0' strain in medium with the following
alterations wrs studied to see if the discontinuity in growth rete
plots could be remcved or #ltered espypreciably:

(i) Loverings the pH of fresh nedium from 7.26 to 7.03, The
pH of fully prown cultures lies alwsys between 7.10 and 7.20.

{ii) Doublins mannitol corsentration to 3.

(iii) Doubling the truce amounts of iron and molybdenum.

(iv) Increusing available calcium (by meens of & sterile marble

chip).
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(v) Doublines selt concentration,

Yore of these had any elfect so the incomin~g air for o culture
vas anriched with oxygen snd a more gsensitive test zpplied - the
frioction of Tiltered-cell ritrocen extracted hy zeid was measured
at stares when the culture was normslly well into the second phass cf

lornrithmic growth. Thie yielded the followins results:

Cellulsry Nornel Praction
Nitrogen Traction in Air
in air + 15% C,
0.37 me/10 ml 8.1 .o
0.44 mg/10 ml 16. 3% 10. €5

Thus increcaced oxygen supply offsets one of the most marked

symptoms of this chanre.

B) EFFLCT OF EXTRACSLLULAR IITROGEY SOURCLS ON GROWTH AND FIXATICH

One of the primary aims of this reseirch was to estublish whether
the fixing mechanicm is directly accessible from outside the growing
cell, To this end the «ffect of artilficial extrzcellular pools of
known intermediates (”H4+, Slutemic Acid) and pocsible ones (Glutamine
und Asperacine) on growth and fixation by optinelly prowing ~ultures
was neasured. In order that, if utilised, there would be sufficient
substrate present to =2ct s sole nitrogen cource over the range of
culture densities studied, a standard concentration of 0.01K in terms
of available nitrogen atoms was adopted. Three compounds which are
unlikely to act as intermediates (Urea, Alanine and Aspartic Acid)

vere also studied in order to provide controls for the above runs.
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Training

It was thought that the cultures might tske verying periods to
reect to the chang=d environment; for instance, even if & normsl
metzbolic pool were suddenly increased a hundred-fold,time would be
required before itransport mechanisms could be sdepted to deal with
the irereused traffic or hefore its inhibitory effect could be felt
on fixation. For this reason three different periode of trazining
were allowed for each substrate. In commonyu1l experiments started
with the mixing of an active cultur- with an equal volume of medium
containing substrate st twice the desired concentration. In the
three different types of run the mensurements were started (a) 15
mirutns, (b) 14 - 2 hours, {c¢) 13 ~ 2 hours, afier mixinz. The
inoculum for (c) had been trained by three previous cubcultures on
medium contzinings the subsirate a4t the same corncentration. AClitional
information obizined from runs of itype (a) (TRAINING: UTIL) wes the
final composition of intra- and extra-celluler nitrogen pocls, the
relationship of dry weight to acid-killed cellular nitircgen (this on

unmixed subsir:tes only) end the acid-lubile ammonia to be feund in

filtersd cells., The runs of type (b) (TRAINING: OIE !'.G.T. DELAY)

end (c¢) (TRAINING: FULL) were followed in much greater detail so that
continuosus curvec for growth, assimilstior and fixation could be plotted
for each run.

Mode of Comperison

Parhaps the most difficult problem in the whole research wvas

celontion of 2 suitadble means of 'proceczing' the results {rom over
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seventy growth runs such that significant trends could be distirsuished
from the results of 'biological'! fluctuations in behavieur. In particulsar,
tha confusing affects of tha discontinuity noted in Sectio@ﬁ{A) had to be
minimised. It wes finally decided to straddle the difficult period and
base all comparisons on the growth during a standard interval of apprex-
imately ene generatien. The range adopted wss the increase of 0.25 mg
acid-killed cellular nitrogen/10 ml betmeen 0.18 &nd 0.43 mg/10 mi. All
values quoted in the results that fellew (Tables 3 - 8) are nat changes
for that interval per incresse ef 1.00 mg cellular nitrogen. The error
due to @nalysis in these ratios is : 0.04 but random fluctuations are
greatly in excegs of these limits. Wher p~rforming runs of tvpe (b) and
(¢) samples vere teken for various analyses at half-hourly intervals. The
rasults were plotted (exsmples of typical graphs Figures 7 - 13) as tetal
nitrogen in the given fractien (ig. Total Culture Nitroéen, Free NH3,
Acid Labile + Free NH3' Urea + Free NHf) versus acid-killed cellular
nitrogen, From the smooth curves thus obtained the net changes over the
stated interval could be read off. In some cases the culture density
wa.s rather high when starting so, being more cenvenient, a slightly
different intervel was chosen, These results were corrected by applying
& factor obtzined by the same tresatment applied to fixation by nitrogen-

free cultures grown over & wide range of cell-densities.

Cencentration Range Ratie Het Fixation
(mg cellulsr N/10 ml) Cellular Nitrogen
ISKI 'Ol
0.18 - 0. 1.20 1.20 tStandard Range!
0.25 - 0.50 1.20 1.24
0.30 - 0.55 1.20 1.26

0035 - 0.60 1.24 1030
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EEY TO TARLLI 3 - 8: fBOULTC OF “ROWTID QUKS

I The pH of all SUBSTRATE SOLUTIONS was adjusted to 7.1-7.2. After
mixing with the nitroren-free culture the TOTAL POTENTIALLY AVAILABLE
NITROGEN was 0.01N. This meant that half molecular quantities were used
for urea, glutamine and aspar=gine and that the two componentsz in a

mixed solution were &t hulf their normel values,

II All results are recorded s MNET TURNOVER per UNIT INCREASE in
CELLULAR NITROGEN (acid-killed) over the standard range from 0.028 to
0.043 mg N/ml. When the results available did not allow this treatment
they were adjusted with the 2id of total assimilation values obtained

with pure cultures, Such rerults are merked with an asterisk ™.

II1 The desree of TRAINING was determin~d by the time allowed for the
culture to become accustomed to the substrste before the measurements
queted hrre were taken. They =are

NIL: measurements commenced 15 minutes after mixing. Before
dilution with substrate-medium the culture was of medium density, about
0.4 mg celluler N/10 ml.

DELAYED: measurements commenced, on average, one generation after
mixing. Before dilution the culturs was light, having between 0.2 and
0.3 mg cellular N/10 ml.

FULL: the time g&llowed was the same as in 'DELAYED' except that the
ineculum had been trained beforehand by three successive subcultures through

media conteininmy the stated substrate at the usual concentration (0.01K).

IV TOTAL ASSIMILATICN is equivalent to NET FIXATION in the cases of amino
acids and amides but, whenever ammonium acetate or urea are present, the
net ammonia used must be added to the latter. ¥e.ximum errors on all
values quoted are :0.04 units. Whensver detected ASPIRATION LOSSES have
been corrected for by deducting them from apparent smmonia utilization and
adding to apparent net fixation - which is usually a negative quantity in

such cases.



TABLE 3 SEFLCT OF AMMONIUM ALCETATS ON SROWTH ALD FIXATICN
BY AZOTOBACTER VINLLANDII

TRAINING rrn peiar’l) wuLn FULL
g§4) (ThEh)

STRALIN 'K

Tots) Assimilation 1.39 1.32 1.36 1.20
llet Fixation C.62 0.40 0,32 C.16
Ammonium Used C.77 C.92 1.04 1.04
Amide Tormed c.12 0.06 0.08 C.08

5TRAIN 'O

Total Assimilation 1.18 1.57 l.g92 1.92

Net Fixation 0.12 C C.48 C.16

Anmonium Used 1.06 1.57 1.44 1.76

Anide Formed .16 0.22 0.32 C.2

Agpiration Louses 0 C.54 0.20 1.00
* * »

(1)

These results, for both strairns, z2r. the mezn of two aseparate

'DELAY' crowth runs.
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TABLE 4 EFFLCY OF VIXED SUBSTRATES OI SRCYTE AND FIXATION
3Y AZOTCBACTER VINELAUDII

AVIONTIN® ACETATE + L-CLUTAVIND

TRAINIYG: Both 'DELAY!

STRAIN 'SK! STRATIN 'C!
Totel Assimilation 1.16 1.41
et Pixation 0.36 0.46
Utilization of Amide + 0.80 C.55
Free NH5
Aspiration Losses .12 0.04
'
URLA + AMVONIUNS ACETATE 4
STRAIN 'SK! STRAIN 'O
TRAINING IIL DELAY NIL DuLAY
Total Assimilation 1.35 1.48 1.47 1.60
Net Fixation C.44 C.44 0.22 0
Utilization of HH5 .21 1.04 1.25 1.60
Urca Hydrolysed C.n3 0.76 0.82 0.56
Aspiration Losses o 0.08 0.22 C.z28

x YOTE: NH3 utilized is that derived from wrea as well as that already

added, 'Trea hydrolysed' indicetes the former portion.
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TABLE & EFFECT CF AMIFO ACIDS ON IIXATION
BY ATOTOBACTER VINELANDII

TRAINING: NI DELAY FULL
STRAIN 'SKY
L-Alanine . 1.56 1.72 1.36
l-Aspartic Acid 1.26 1.48 1.36
L-Glutemic Acid 1.50 1.16 1.52
STRAIN *O!
L-4lanine 1.73% 1.66™ 1.48
L-Aspertic Aecid 1.62 1.52 1.48
L-Clutamic Acid 1.46 1.32% 1,43

(The key to these tables may be found on P. T1.)



TABLIE 6 ETFE
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CT CP ANINGC ACID ANIDES ON FIXATICN

BY AZOTOBACTER VINELANDII

TRAINING: NIL DELAY FULL
STRAIN 'SK!
L-Asparagine: Fixstion 1.56 1.00 1.72
Extra Amide 0.42 0.20 0.36
L-Glutamine: Fixation 1.68 1.80 2.44
Extra Anice 0.3%2 0.33 .24
STRAIN 'O!
L-Asparersine: Fixation 1.€64 1.55 1.40
Extra Amide (-0.05) 0.50 0.28
L-Glutemine: Fixation 2.00 0,30% 1.79*
Extra Amide 0,52 .38 0.61
Extra Runs 'Sk', L-Asparagine Fixation 1.96

Fully Trained on Glutamine Lxtra Amide .28
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TABLE 7 EFFECT OF URKA ON GROVWTH AND FIXATION
BY AZOTOBACTER VINGELANDII

UREA
TRAINING: NIL DELAY FULL FULL
(URER) (YH,)
STRAIN !'SK!
Total Assimilation 1.03 1.40 1.20 1.00
Net Fixation 0.71 0.32 0.64 0.56
Utilization eof NH5 0.32 1.08 0.56 0.44
Urea Hydrolysed 0.32 1.00 0.36 0.24
STRAIN '0Q'
% * x
Total Assimilation 1.35 1.52 1.43 1.41
Net Fixation 0.33 1.20 0.46 0.30
Utilization of NH 1.02 0,32 0.97 1.11

3
Urea Hydrolysed 1.87 0.2%2 0.77 0.81
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TABLE 8 EFFECT OF MIXED SUBSTRATES ON GROWTH AND FIXATION
BY AZOTOBACTER VINELANDII

AMHONIUM ACETATE + L-GLUTAMLIC ACID

TRAINING: NIL DELAY FULL
( GLUTAI'INE)

GTRAIN 'SK!

Totel Assimilation 1.73 1.60 2.00
Net Fixetion 0.65 1.04 0.3%2
Utilization of NH3 1.08 0.56 1.68
imide Formed 0.16 0.32 0.56
STRAIN '0'
Total Assimilation 1.74 1.72 1.80
Net Fixatien 0.24 0.52 0.32
Utilization of NH3 1.50 1.20 1.48

Amide Formed 0.12 0.24 0.08
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FIG.||. GROWTH IN MEDIUM CONTAINING
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Apparent Nitrogen Losses

When growing strain '0' in presence of ammonium acetate it was
usually found that total nitrogen decressed steadily concurrent with
& notebly high disappearance of ammonium ien (see Figure 7); It
was first theught thet the extra nitrogen taken up was being cenverted
into some form which is not detectable by a straightforward Kjeldahl
analysis, but two pre-reduction techniques were attempted and failed
to substantiats this, By inserting a water trap en the eutlet side
of the culture vessel all of the 'lost' nitrogen could be recevered
as ammonia. Surpfisingly enough the pH of the culture never rose above
T.2 during this time o, if it were a resulf of alkaline conditions,
thie would have to be highly localieed. Though these aspiration locses
were extensive only for '0' strain growing on smmonium acetate, thé&
were detected with both st£ains &t or around the transition point when
growing on mixed substrates containing ammenium., These losses are
corracted for in the results with requisite adjustments being made to
total nitregen and ammonium nitrogen values.

Preperties of Cultures Grown in the Presence of Fixed Nitregen

(A) Extracellular Nitrogen Compounds

Details will be discussed later but all subetrates caused an
increase in the proportion of non-cellular nitrogen in a culture (not
counting added nitrogen, of course), At the end of runs of type
(a), jQ ml portiens of culture were fractionated by membrane filtration
and thé'filtrate wag examined, after purification on an ion exchange

resin, by two-dimensional paper chromatography for free amino scids
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and peptidea. Only one spot identifiable 8s a peptide was ever

found - the same &8 wa.s present in the filtrate ;f '0' cultures in
nitrogen-free medium - dbut hydrolysis on three different occasions

led to thre~ different amino acid components being enhanced. Thus

it probably representad a mixture of similar peptides, which from

its position near the erigin, may be sssumed to contain many acidic
residues, The chromatographic technique used was, however, not
quantitiative and glutamic acid -~ always a strong component - could
never be definitely said te have bren reinforced by hydrolysis. This
applied to any amino acid which had been added deliberately. The
strength ef such components was such thatadjacent spots were swamped
and ,though several dilutions were applied for each sample to evercome
this, the results can only be interpreted aus indicating major changes.
Luckily the affects b-ing investiguted were on a relatively large scale.
Another limitation, inherent in the use of Deacidite FP, was the fact
that the amides glutamine and asparagine were hydrolysed and could not
be distinguished from their parént acids, large scale extracellular
amidation or deamidation were tested for by examining filtrate samples
directly. When the substrates were glutimic acid + ammenium acetate,
glutamine or asparagine ne such conversions were ever detected. The
spots which were detectably reinforced aft=r peptide hydrolysie were
leucine, valine and an unknown which moved further than any recorded
eninc &c¢id in both sclvents. It has been found impessible te identify
this component and it iz hereinafter called X.

Since there were rarely any notable differeances between the
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strains, filtrate coﬁponents are listed for both 'SK' end '0C' under
the substrate and any exceptions ere specially noted.

AMNONIUM led to the excretion of a comprehensive range of amino acids;
zlutemic acid (major component), alanin=, gamma-aminobutyric acid and
serine (sbundant) with varying smaller quantities of valine, leucine,
glycine, aspartic acid, the peptide component and the three basic
amino acids,

UREA + AMMONIUE caused a greatly diminished range. Only glutenic
acid was abundant together with small quantities of alanine, glycine
and aspartic acid.

URFA alone also resulted in a smaller selection of amino acids notable
for the absence of alanine. Glutamic acid was sgein the major
component topether with varying amounts of aspartic acid, gamma-
aminebutyric acid, serine and glycine.

GLUTAMIC ACID (with and without AMMONIUM) caused excretion ef
appreciable quantities only of gamma-aminebutyric wecid. A notabdble
strain difference vas observed here: with strsin '0' only traces of
valine and leucine were detected. This was the only occasion on
vhich these were found free after growth on fixed-nitrogen substrates
apart from ammonium. Peptides formaed in the presence of glutanmic
acid yielded amino acid X’which was together with leucine for strain
'Q!' only.

GLUTAMINE, '0O!' strein yielded no detectoble quantities of any amino
acid while 'SK' gave only small quantities of aspartic acid and glycine.

A peptide component was present giving valine and amino acid X en
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hydrolysis,

ASPARTIC ACID snd ASPARAGINE gave similar patterns characteristic for
each strain. With 'SK' the full range of amino acids was found
excluding only veline and leucine. The latt~r was present in
abundance in peptide form. In contrust '0' contained glutamic acid
only in abundance,with faint trsces of the basic amino scids and =
few others, Th~ peptide wes agsin present and again gave leucine

on hydrolysis (net found with agparagine but this turned ;ut to be

an anomsleus case with uptake of amide definitely proved).

ALANINE caused & restricted spreed with glutamic acid and serine the
only abundant amino scides together with traces of gamma-aminebutyric
acid end glycine. No peptide components were detectable (though,

of course, one composed ef glutamyl and a2lanyl residues could not have
been recognisrd with the technique used).

To sum up:

(1) The full rangs of twelve amino acids - as in filtrates ef
strain 0! on.nitrogen-frne mediun - wae enly detected with ammenium
&8s nitrogen seurce,

(11) Glutamic acid was always the major compenent.

(ii1) The unusual amino sacid gamme-aminebutyric scid was detected
free in all filtrates except those with glutamine or urea + ammenium
substrates,

(iv) Paptides are detectable and consist of the added amine mcid
presumebly temgether with

(4) 1leucine and perhaps glutamic with aspartic acid and
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agparzgine,
(B)- amino wcid X with glutamic acid and glutamine (tegether
with leucine (glutamic acid) and valine (glutamine) ).

(B) Intracellular Free Amine Acides and Peptides

Ammonium a&s nitrogen source csused a striking increcse in the
variety of water-extrauctable amine acide. Glutamic end aspartic acids,
sarine, glycine and glutathione were present in beth stresins while
'SK!'! alse contained detectable alanine, peptide and basic amine acids.
The ether substrates - including urea - caused much the same
accumuletion as was found on nitrogen-free medium; the enly appreciable
component was'glutamic scid usually accempanied by traces of aspartic
acid, occasienully by serine and glycine.

(C) Free snd Bound Ammonia

No increase in free ammenia over the small quantities present in
aliquots ef nitrogen-free culture wus ~ver detected with glutamic er
aspartic acids, alanine or aspuragine (the methed of analysis precluded
such & test being applied with glutamine). Likewige the tetal beund
ammoniea in cultures was unaffected by the presence of glutamic acid,
s.spartic acid or alanine, Extra quantities eof amide were fermed when
amaonium or amides were substrates. Washed cells which had been
centrifuped from 27 ml portions of cultures were analysed fer tetal
bound ammonia. Smell increases (0.0l to 0,02 mg/lO ml) were detected
when the subatratec were glutamine, urea, urea + ammonium and glutamic
gcid + ammenium but not when it was ammenium, asparagine, aspartic er

glutamic acids, or alanine. These increumses in cellular bound smmenis,
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even when detected, were never very large (at most their ratie to the
increase in acid-killed cellular nitrogen was 0.08) se the bulk, if
not all ef ~xcess amide detected in cultures was present in the
medium,

(D) Capsule and Dry Weight

Direct determinatiene were net made en the capsule but the speed
of membrane filtratien indicated little variatien from substrate te
substrate except in the case ¢of ammenium. On this strain 'SK' became
28 easily filterable as 'Q' implying that preductien ef extracellular
pelysaccharide had been suppressed, As mentioned before the accuracy
of individual dry-wdicht determine tions was much teo low for them to
be of much use, Three or four measurements were taken - spread over
the whole range of cell density - feor each substrate. The overall
mean ratice of these to acid-killed cellular nitrosen are eof use,
hewever, since sgheer weight of numbers gives the results an appreciable
degree of accuracy:

N.-Free Ledium All Substirates

—

Mean Ratie (Readings) Mean Ratio (Readings)

Strain 'SK! 8.3 (9) 8.1 (29)
Strein '0' 8.1 (9) 8.1 (20)

These are needed to back up the reliadblility ef turbidity reedings in
presence of substrates containing fixed nitrogen. In spite of the
fuet that micrescopic examination failed to reveal any such effect,
it could be argued that the apparent stimuletien of fixatien was due

to the turbidity calibratien becoming invalid us a result of changes
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in cell shape or compesitien. This wss rendered unlikely by the
fact that all recorded results sre compared over a commen interval
gso that turbidity need be only a relative measure anyway. The
unchanging ratios recorded above provide unequivecal preof eince,
corresponding to mean increase= in total nitrogen uptake of between
204 and 2%%, they show that during these changes, turbidity remains
& faithful measure ef acid-killed cellular nitrogeﬁ.
(B) Growth Rate

Ne appreciable changes eccumed in the M.G.T. on any substrates
except those consisting of,er producing,ammenium. Ammonium acetate
itself allowe growth to accelerate to a N.G.T. of 1.5 hours. This
vas the same with '0' strain en urea but 'SK' once accelernted en
this substrate down #s low as 1.3 hours.

(P} Transition Peint

The effects of the transition on growth rrte and fixation were
very marked on all substrates but ammonium itself where it was coempletely
absent (see Figure 6). Striking changes were obgerved between a’
cellular nitregen of 0.28 and 0.40 mgz/10 ml in plots of total nitrogen
versus acid-killed cellular nitrogen. Unfertunately, shortage of
space prevents all but a refresent&tive few being reprcduced hers
(PFigures 7 - 13) but, eince these effects fall into a limited number

of categeries, they may be summerised as follows:
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DISCONTINUITIES COBSERVED IN FIXATION PER UNIT INCREASE IN
ACID-KILLED CELLULAR NITROGEN: A SUMIIARY

No Effect :  Amnmonium & Glutamic Acid

Fixation Enhanced (by c. 25¢ : Aspartic Acid, Alanine & Glutamine(‘)
over aversge)
eg. Figure 13

Fixatien Stopped or Diminished: Asparagine(b), Urea(c), Glutamic Acid
eg. Pigure 11 + Ammenium

Aspiration Losses (Temperary) : Ammonium + Urea, Ammonium + Glutamine
eg. Figure 10

Notes: (m) With fully trained 'O' strain the accelerntion took place
much later starting at about 0.39 mg/10 ml as oppesed to
0.3%2 as before. There is strong evidence for utilization
in this case,

(v) 'SK' fully trained is an exception. This culture (Figure 9)
showed pesitive evidence of assimilatien and fixatien was
enhanced during the discontinuity.

(¢) This effect is detectable only en fully trained cultures.

The actual extent and pesition of these discontinuities vaeries batween
wide limits but most occur betwern 0.320 and 0.40 mg acid-killed cellular
nitrogen/10 ml (typically it was 0.32 - 0.39 wg/10 ml). The only
notsble exceptions are urez and glutemine in '0' strain only (both when
fully trained) whese ranges occur at higher cell density (gg. 0.38 -
C.44 mg/10 ml).

Sunmmery ef Results

It muet be confessed that, even @s presented in Tables 3 - 9, the
reaults of growth runs are difficult to interpret readily. For this
reason sumprrised tables have been prepsred (Tables 14 - 16) in which
arithnetic mean velues heve been derived for growth by beth strains on

each substrate. By inspection the effect of training on fixation, or
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TABLE 14 COMPARISON OF THE TWO STRAINS: SUMMARISED RESULTS
FROM GROWTH RUNS IN PRESENCE COF FIXED NITROGEN

All figures queted are mean values derived from the experiments reported
more fully in Tebles 3 - 8.

STRAIN 'SK! STRAIN 'O

AMIIONI UM

Total Nitrogen Agsimileted 1.32 1.63

Frection obtained by Fixetion 28% 9%

Amide Produced 0.08 0.23

Effect of Training Tixation Dreps Fixatien Rises

te 24% to 25%

UREA

Total Nitrogen Assimilated 1.16 1.43%

Fraction ebtained by Fixation 48%. 394

Net Urease Activity (in excess -0.12 +0.09

of utilizatioen)

Effect of Training Nil Nil
UREA/AMMONIUK

Totel Nitrogen Assimilated 1.42 1.54

Prezction obtained by Fixatien 319 19

Net Urease Activity -0.18 -0.74

Effect of Training Nil Fixation Dreps

te Zero
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TABIE 15 COMPARISON OF THE TWO STRAINS: SUMMARISED RESULTS
FROM GROWTH RUNS IN PRESENCE OF FIXED NITROGER

All figures queted are mean values derived from the experiments reperted
more fully in Tables 3 - 8.

STRAIN 'SK' STRAIN 'O
CLUTAMIC/ANMONIUM
Total Nitrogen Assimilated 1.78 1.75
Fraction edbtained by Fixatien 37% 214
Amide Produced 0.35 0.15
Effect eof Training™: on Fixatien A A
on Tetal B B
Assimilation
Evidence of Utilizatien of Glutamic +ve -ve
after training
GLUTAMINE /AMMONIUM
Total Nitrogen Assimilated 1.16 1.41
Fraction ebteined by Fixatien 30% 3 3¢t

®NOTE: EFFECT OF TRAINING

Characteristic types ef behaviour en training are described by the
follewing shorthand:

A Behaviour stimulatad by delay then falling eff after full
training

B Behaviour stimulated with training
C Behavieur suppressed with training

D Behaviour depressed by delay followed by stimuletien en full
training



TABLE 16 COMPARISON OF THE TWO STRAINS:

8.

GROWTH RUNS

IN PRESENCE OF FIXED NITROGEN

GLUTAMIRNE
Total Nitrogen Fixed
Amide Fermed
Effect eof Truining! on Fixatien
Evidence for Utilization

ASPARAGINE
Tetal Nitrogen Fixed
Amide Feormed
Effect of 'l‘rxaining’|E on Fixation
Evidence for Utilizatien

ALANINE
Total Nitrogen Fixed
Effect of Training! on Fixation

ASPARTIC ACID
Total Fitrogen Fixed
Effect of Training” on Fixatien

GLUTAMIC ACID
Total Nitrogen Fixed
Effect of Training“ on Fixstien

*Por Key, see Teble 15

STRAIN 'SK!

1.97

0. 30

B
S1ight

1.43
0.33
D
Definite

1.55

1.37

1.39

STRAIN '0O!

2.04
0.50
.3

+ve after full
training

1.53
0.24
c
Definite

1.62

1.67

1-40
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tetal nitrogen assimilation, er beth, has been found and recorded.
Since treining can effnct these activities in feur different ways
they have been represented by letters as shown en Table 15.

Grewth en ammenium acetate leade to a stimulation ef tetal
nitrog=n assimilation per increase in celluler nitregen but alse te
production of extracellular aﬁide. 1If, as seems likely, this is
carried by the abundant glutamic acid molecules and residues detected
in the filtrante ene can deduct twice the zmeunt eof nitrogen feund in
extra amide from the total assimiletien. The resulting raties

(1,16 fer 'SK', 1.17 fer '0') are sufficiently near those for
nitrogen-free cultures (1.20) to justify this approach. If such a
procedure is repested with the full results from asparagine and glutsmine
runs the discrepancy is often too great to be explesined away even by
assuming that all the normally eccurring cerbexylic acid residues in
the filtrate heva bheen amidated. In these cases the only explanatien
is that the gubstrate - in perticular its amine nitregen - has been
utilized feor cell synthesis. Such conclusions ere noted in Table 1€,

The effect of alanine, glutamic acid and aspartic acid en fixation
is, quite simply, stimulation. The percentage excess fixatien ever
that in nitregen-free cultures growing ever the same range eof cell

densities is recerded below:
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MEAR PERCEINT STIMULATION OF FIXATION BY SUBSTRATES

Strain 'SK' Strain '0O!
Glutamine 64 %39") 70 %29")
Lsparagine 19 (-8%) 29 ( 8%)
Llanine 29 35
Aspartic Acid 14 39
Glutamic Acid 16 17

Xafter deduction of the extra amide produced

C) EXPOSURE OF GROWING CULTURES TO LABELLED SUBSTRATES

The final part ef this work entailed the use of isotopic nitregen
te test whether the =xtracellulur amine acids are intermediates in the
fixing process or merely the result of side reactions. For this
purpose membrane filtratien was used in erder te make a quantitative
separation betwesn cells and oculture medium witheut the confusions
resulting from acid-killing. Since the heavy capsule en 'SK' strain
mede filtration slow 2nd separations difficult, '0' strain was used
in all these Tuns. As eriginally suspected, and confirmed in Sectien
B of these results, the only possible candidates as intermediates were
ammonium, glutamic ecid and the two amides. Cach ef these was added
to form an ertificial extracelluler peol in a growing culture which
was then exposed to labelled atmosphere for 40 minutes (Table 9).

If any of these compounds was a normel extracellular intermediate it
would have diluted the label on the newly fixed nitregen. The bulk
of the newly assimilated X would then be feund in the filtrate with
only secendsry quantities in the cells. In ces= the oxygen supply

affected uptake of extrecellulsr amine acids the experiment was

perfermed on both light and heavy cultures. The anticipated
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TABLE 9 EXPOSURE OF CULTURES {GROWING IN THE PRESENCE OF AN ARTIFICIAL
EXTRACELLULAR POOL) TO A LABELLED ATMOSPHERE

20 ml of (a% heavy culture 0.62 mg cellular R

(b licht culture 0,39 mg cellular N
centaining subgtrate at a concentration ef 0.0025 N, expesed te a
labelled atmosphere (31.3% Excess '® N) for 45 minutes, with shuking,
at 30°C.

On reroval, separated into cell and residue fractiens by membrane
filtration: ammonia er amide znalysed alse where indicated.

FINAL ATOM % EXCESS IN

SUBSTRATE RUN CELLS RESIDUE LABILE NH,
AMMONIUM ACETATE 2 0.43 - 2.18
L-CLUTANIC ACID a 1.78 0.23 -

b 4.95 0.45
L-GLUTAMINE a 1.55 0.27 0.07
b 2,96 0.28
L-ASPARAGINE a 2.07 - ' 0.15
b 2.88 0.26
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randemisation of the label took place enly with the extra ammonium
pool clearly indicating that this(énd net L-Glutamic Acid, L-Glutamine
or L-Asparaginé)is an intermediate in the majer metabelic pathway fer
assimilation of newly-fixed nitrogen.

The sxperiments were repeated ueins labelled ammenium acetate
as nitregen source and, by shaking in air, cencurrent fixstien was
allewed (Table 10). Unfertunately it was impessible te recever
filtrate nitrogen quantitatively - due te the great excess ef salts
and carbehydrate present - but, since determinations were perfermed
in parallel, the lessez were 21l ef the same erder. The residual
ammonia was determined accurately hewever and the" N used from this
source could be calculated allowing the relative amounts ending up
in cells and residue te be cempared (Table 10). In spite ef
inefficient recoeveries the results were all remarkably similar
indicating that the presence ef extracelluler glutamic acid and amides
had not affected the metesbolism ef ammonium to any detectable extent.

As was cenfirmed in Table 9 all newly fixed nitregen first
randomises with the extracellular peel. The extent ef fixatien during
these runs could therefere be ~gtimated as the sum of unlabelled
ammenia assimileted plus that left in the extracellular peol
(Table 11A). Teo obtain the former it had te be assumed, as an
approximation, that the average label on ammenia taken up by the culture
was the arithmetic mean of that at the bdeginning and at the end. GSince
the quantities were smrll anyway, this precedure has little effect en

the accuracy of the result. Expressed as percentage ef tetal uptake
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TABLE 10 BXPOSURE OF CULTURES TO LABELLED AMMONIUM ACETATE
WHEN GROWING IN THE PREGENCE OF AR
ARTIFICIAL EXTRACELLULAR POOL

20 ml of culture (ag 0.67 mg cellular N

(v) 0.62 mg cellular N
mixed with cencentrsted solutiens ef labelled ammenium acetate (31.8%
Excess ¥ N) and substrate (1 ml each) such that their final
cencentrations are 0,0020N and 0.0025K respectively. Sheken in air at
30°C for 45 minutes then fractionated by membrane filtratien fellewed by
recovery of unused ammenia frem the filtrate.

\s

FINAL ATOM % EXCESS RECOVERED = N (mg.)
SUBSTRATE RUN CELLS NI, RESIDUE CELLS KH, RESIDUE
BLANK (a) 7.08  13.7 3.92 65.1 34.% 31.4
L-GLUTAMINE (a) 6.66 14.6 3.42 60.7 36.5 28.0
L-ASPARAGINE (a) 7.20 11.0 4.46 69.8 22,0 35.7
L-GLUTAMIC (v) 7.01 13.8 3.86 67.3 41.4 29.7
(b) DUPLICATE WHOLE CULTURE 176 ur

ESTIMATED FATE OF EXTRACELLULAR NH, POOL

s -
JMOVEMENT OFls N-EXCESS (TOTAL ADDED INITIALLY i;%)

LOST mg % FOUND o POUND = % RECOVERY

SUBSTRATE FROM NH, 1IN CELLS IN RESIDUE
P
BLANK 138 47 23 70
L-GLUTAMINE 135.5 . 45 21 66
L-ASPARAGINE 150 47 24 71

L-GLUTAMIC 131 51 23 T4
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\s
TABLE 11 (A) ESTINATED FIXATION IN PRESENCE OF  AMMONIUM ACETATE
(TABLE 12) BY CALCULATING TURNOVER
FROM. THE EXTRACELLULAR POCL

\5
ORIGINAL LABEL ON AMMONIA - 31.84 EXCESS N 0.54 mg.

RESIDUE NH
SUBSTRATE MEAN RH, USED UPTAKE 31. 8?x 0 1’! TOTAL ¢ TOTAL
LABEL % AT “TFIS % OF UNLAB. LEFT LEFT UNLAB. UPTAKE
NH NH
— =3
Blank 22.5% 0.61 0.07 0.11 0.14 0.21 34
Glutamine 235.0 0.59 0.05 0.11 0.14 0.19 32
fLsparagine 21.2 0.71 0.17 0.07 0.13 0.320 42
Glutamic 22.6 0.58 0.04 0.13 0.17 0.21 36
\S
!B! SHORT TERM UPTAKE OF N, BY PURE CULTURES:

ATTEMPTED DETECTION OF FRACTION
TO BE LABELLED FIRST

2¢ nl of culture (0.62 mg Cellular N) was expesed te a labelled atmesphere
(31.3¢ EXCESS Y®N) with shaking for (a) 7 mins.; (b) 15 mins. - the
culture atteining 3000 after approx. 6 minutes. After this short
exposures the cells vere fractienated by membrane filtrstien. Cells were
extracted with 0.1N sulphuric acid at 30YC for 15 minutes, then separated
again by filtratien.

NITROGEN mg. % Total Activity Total

Cells Piltrate Lxtract Cells Filtrate Extract Enrich,

(a) 0.59 0.21 0.07 18 72 a.6 1.78
(v) 0.61 0.22 0.07 26 65 8.7 2.80

Ratie: 1.4 C.9 0.9
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of ammonium, it is striking that the asparagine run has a higher value
(42¢1) than that of slutamic acid er glutamine which beth had virtually
the came percentage as the centrel where the cubstrate was added at
the =nd (34 ¥ 2¢). These latter are ebvieusly due entirely te
concurrent fixatien and though it ceuld be that asparagine stimulates
fixatien, it is more likely thet seme utilization eccurred allewing
unlabelled nitregen derived frem asparagine to find its way inte the
extracellular ammenium peel.

A final shert-term a2xperiment wes p=rfoermed te see which culture
fraction (filtrate er acid extract frem cells) is invelved earlier
in fixation. As shewn in Table 11 (B), % Tetal Activity diminishes
in both these fractions while that ef the cells rese steadily. This
indicates a precurser/preduct reletionship vis a vis the cells but,
within the sccuracy of the experiment, it was impessible te distinguish
between the twe, Clearly they must be fractienated inte individunal

compenents befere such comparisons can yield pesitive results.
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In a rrcent and veary penetrating review of bioclogical nitrogen
fixation, Yocum (178) pointed out the need for studies under optimal
conditions of growth so that the various systems concerned could
attain genetically controlled levels, It was to this end that
special culture techniques were evolved and the conclusions arrived
" at checked by comparison of two strains. Having thus reduced the
effect of biological imponderables to & minimum, the resultis -
torether with those of previous workers - allow the status of
extracellular nitrosen compounds in the fixation sequence of
Azotobacter to be established with some certainty.

The success of the culture technique may be measured by the
optimal mean generation time achieved, 1.7 hours (which corresponds
to a k value of 0.41 hrs.'l). This is equal to the best values
cited by Werkman and Wilson (28) and is higher than those obtained
from runs reported by Wilson and Lind (k = 0.30) (11), Wilson and
Roberts (k = 0.25) (50), or, more recently, by Australian workers
(k = 0.28 - 0.41) (169). By comparison, the cultures used for the
important labelling experiments of Allison and Burris (79) grew with
& k of only 0.05 - 0.06.

At the light culture densities used throughout the work there
was clesrly only one rate~limiting factor - the supply of oxygen.
This indeed could be the only possible explanation for the fact that

two strains, having many incidental dissimilarities and whose places



of origin lie thousands of miles apart, should react identically

in certain situations. For instance, strain 'SK' had a heavy
capsule and, perhaps for reasons associated with this, was less
permeable to solutes and gave more easily reproducible reaults.

Yet its trained growth rate and behaviour at the 'discontinuity’
were identical to that of strain '0'. The latter phenomenon was
detectable only because samples were removed continuously from the
growing culture; ite existence should help to explain many contra-
dictory results obtained under apparently identical conditions. In
summary, it can be said that the active growth of a culture of

Azotobacter vinelandii in air falls into three distinct phases:

Approximate Extent
(mg. cellular N/10 ml.)

arly Log Phase ? ta 0.30
Discontinuity 0.30 to 0.40
Late Log Phase 0.40 to 0.70

Thege are, of course, preceded by a lag phase and followed by
a general decline due to exhaustion of nutrients or accumulation of
toxic by~-products. Though the lowering of acid extractable nitrogen
in the late log-phase by supplementing the oxygen supply is not
conclusive evidence, it may be inferred that the uniquely high
respiration rate of the organism is the cause of this discontinuous
log-phase, As the culture becomes denser there must come a timé vhen
the dissolved oxygen is removed from the medium at a faster rate than
it can be replaced. (The respirstion of en Azotobacter culture of

medium density is such that the dissolved oxygen has to be replaced

from the 2ir approximately four times & minute.) In certain conditions
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oxygen supply becomes growth-limiting even with E. coli, & much less
demanding aerobe (208).

When this happens synthesis of unessentisl polysaccharide is
stopped and the proitein content, as percent of the dry weight, rises.
Thic economy is not enough and a profound readjustment of the metabolism
is forced on the culture which switches over to a less extravagant
means of respiration. Logarithmic growth can continue for a
considerable time (at a slower rate) before the cells agein become
starved and the whole culture begins to decline, The situation just
described ie axactly analogous to that found when bacterial cultures
axhaust one csrbon source and then have to adapt to a second whose
upteke had been inhibited bﬁ the presence of the first (21). So what
mey be termed a diauxic growth curve is obtained when a culture of
Azotobacter vinelandii is férced to adapt itself to & low oxygen
supply after growth with abundant aeration. One of the major users
of the products of respiration is the fixation mechanism. It is
not surprising therefore that, when this is suppressed almost entirely
by ammonium, 'diauxie' does not occur until the culture is very heavy
while, with substrates used as part nitrogen sources (*SK' & '0' urea and
'0' qlutamine - all fully trained), it happens at a detectably higher
cell density. Asparagine is also used es a partial nitrogen source
but does not postpone disuxie, & fact probahbly related to the requirements
of transport for this molecule or its products which (in contrast to
glutamine and urea) are not already catered for on a large scale.

When adapting for a new enzyme or transport system, micro-organisms
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need extra energy and nitrogen sources - the raw materials for building
new gpacific protein, Fixation demands large quantities of energetic
reducing agents s0 it is not surprising that a clash of interests is
apparent at diauxie whenever the normal situation is upset. Thus

(in terms of cellulsr material synthesised) fixation is enhanced when
the substrates present are unavailable as nitrogen sources (aspartic
acid, alanine and most instances for glutamine) while it is diminished
or stops completely when assimiletion can occur (asparagine, urea and
glutemic acid + ammonium). Glutamic acid is abundant in normal
supernatants so its addi tion as substrate leads to the same behaviour
as on nitrogen-free medium where no definite effect on fixation is
observed ons way or another, The (acid-extractable) intracellular
nitrog=n pools are, however, augmented and - with strain '0' only -
this is accompanied by a drastic reduction in the amount of nitrogen
excreted,

The increased tendency to lose ammonia by aspiration is readily
explained by the demands of the adeptation process. Vhen growing the
organism on ammonium ac?tate Wilson and Lind (11) found that the pH
of the medium dropped slishtly indicating that the cation wag removed
at & slightly faster rate than its anion. The author's own work hasg
confirmed this and aspiration can only be explained by a localised
condition of slightly elevated pH due to accelerated metabolism of
scetate.

It may be protested that the phenomenon described sbove is of

acadenic interest only and, while a fascinating subject for research
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by a microbiel physiolorist, is strictly irrelevant to nitrogen fixation.
On the contrary, much of the most significant wofk in recent years has
been basged on th; untested assumption that cultures of Azotobacter
exhibit steady logarithmic growth with no substential changes in
properties bstween cellular densities ranging from 0.03 (Parker and
Scutt,(169))to 1.00 mg. N/10 m! (Allison and Burris, (79) ). It is
obvious that, to avoid needless confusion in the future, all results
obtained must be considered in termé of the growth phase in which the

culture was cxamined.

For many years, it was assumed that uniform growth rate implied
uniform cellular composition - that is, conctant relative concentrations
of all metabolites and enzymes (24). Perret {170) has developed an
improved model for the bacterial biophase and demonstrated that this
could be true only when the environment remains constant. This fact
has been confirmed in practice during studies on many bacteria, for
instance Salmonella (144) and E. coli (183). Since the environment
could in no way be described as constant during logarithmic growth by
Azotobacter, one may question the significance of results based, as
these all are, on turbidity measurements. Though long used by the
Wisconsin school as & measure of growth for trace requirement eand
inhibition studies (73), turbidity was dismissed by Parker and Scutt
(169) because they found that the epparent cell-density of a resting
culture increased after three hours standing. The use of turbidity

measurements throughout this work as a valid measure of cell-substance
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is based on three facts:

(i) Measurements were reproducible and mede within minutes of
removal from cultures which, as shown by their mean generation times,
wvere always growing at or near the optimal rate.

(i1) Al11 results were compared over a common turbidity range so
that only a relative measure of cell density was needed anyway.

(iif) The relationship between turbidity and dry weight remained
gsubstantially unaltered even when fixation in the given interval was

stimulated by up to 70% of its normal value.

- —— - — —— - — Y - Y ——— - -

The failure to detect PCA - as found by Bach (83) and Bulen and
Doughty (100) - is puzzling. It is worth noting, however, that Bach
did not find the 'indole bodies' reported by Bukatsch and Schlutter (71)
vhich may possibly be identified as the 'unknowns' of this work. In
the author's exparience, and that of Bach, the RF values of compounds
giving colours with Ehrlich's reasent were very sensitive to salt
concentration. In addition, hydrazine derivatives had a tendency to

'tail'. This st be due to exchange of hydrazine molacules with
reactive components in the paper but it mennt that the only satisfactory
solvent mixture was that which moved at the fastest rate (Mixture C).
Examination of Bach'e results shows that his 'PCA' fraction was labelled
less - on both a relative and absolute basis - than the others he
designated Bands 1 and 3. Band 1 is probably identical with the slow
moving spots attributed here to peptides containing citrulline or

histidine. Band 3 was identified as PCA by co-chromatograephy in
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thres different sclvents (aqueous phencl, ethanol and benzyl alcohol)
but it is worth noting that, in equeocus phenocl, PCA and citrulline
have virtvally identiecal RF values. They are quite distinct in the
mixture used in this work where, in contrast to that reported by Bach,
the amino acid citrulline was identified. Another's results cannot
be dismissed on such flimsy evidence but it is just possible that the
two compounds in question have similar RF values in alcohol solvents
also,

The situation is very confused but clearly paper chromatography
on its own will not settle unequivocally whether hydrazine derivatives
are present in Azotobacter cells. A final decision on this subject
must wait until each compound yielding ‘he colour reaction has been

geparated and characterised.

- ————— —————— . T — A > - o i
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The most important conclusion to be drawn from this work is that
ammonium can no longer be regarded as an obligatory intermediate in the
fixation process in Azotobacter vinelandii. Contrary to reports from
Wisconsin (18) ammonium does not suppress fixation completely. Though
this is indeed observed in short-term experiments with 'O' strain, the
fixing mechanism has been swamped only temporarily and, on training,
both strains tended towards a balanced state in which 25% of the total
nitrogen uptake is obtained by fixstion. The reasons for this
disagreenent are easy to see: '0' strain was used at Wisconsin for
untrained runs only and, in the words of Professor Burris 'Calculations
show that......(ammonia) is used to the virtual exclusion of nitrogen
fixetion' (65). Under such conditions total nitrogen uptake has
increaged so that fixation could be ezsily overlooked when it was found
that utilization of ammonium equalled net fixation in its absence. The
evidence pointing to the fact that extracellular ammonium, while closely
linked metabolically, is not an intermediate in the assimilation of
newly-fixed nitrogen may be summarised:

(1) (Burma and Burris, (86) ). Growth on ammonium as nitrogen
source leads to very heavy labellinr of purines and pyrimidines which
does not occur when using atmospheric nitrogen.

(i1) (Allison and Burris,(79) ). In the extracellular fraction
glutemic acid becomes labelled before ammonium in the manner character-

istiec of a precursor. Thie result has recently been echoed in work with
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non-legume symbionts (Bond, (117) ) and was explained away in the
same unconvincing manner s the above,

(1i1) (Bach, (83) ). The label in orseric acid fractions ie
profoundly different in cells grown on isotopic amnonium from those
fixing geseous nitrogen.

The following have been detected in the course cof these researches:

(iv) With trainsd cultures ammonium uptake and fixation take
place side by side,

(v) Growth on ammonium only produces large quantities of
extra-cellular amide, presumably attached to glutamic acid or peptide
glutamyl residues.

(vi) Extracellular ammonium as nitroger source resulted in a
considerable increese in the number of amino acids which were
detectable‘in the intracellular pools.

Though it may be argued that many of these effects could be the
consequence of swampinz & normal metsbolic pool, points (ii) and (iv)
can be mxplained only if there is = metabolic step betveen extracellular
ammonium and the product of fixetion. Free ammonia has besan actuelly
establicted as the product of fixation by cell-free Clostridium extracts
though this need not be the case in vivo and the process in Azo£obacter
is not necmssarily analogous to that in e strict anaerobe. Transport
of ammenium into the cell would rgquire an energy source, as is the

case with Pssudomonas aeruginosa (112).
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It is clear that urea is metabolis=d via gmmonium and not essimilated
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as a unit, for instance via a rrversed ornithine cycle (121). This

is indicated by the fact that the nixed substrate with sammonium gi?es
results very similar to those when urea was not present at all.

Slight differences in behaviour - eg, the 'diauxic' effect is present -
ghow that the urease activity is not simply exogenous and @ither urea

or ammonjum must be transported in the process. Urea, a small uncharged
molecitle, iz one of the few regarded as not necessarily requiring a
specific transport mechaniem (147) and, with strain 'SK' one may deduce
that no extracellular amide has been formed in contrast to the situation
when free ammonium is nitrogen source. It seems likely therefore that
urease activity is locate~d somewhere within the envelope from which the
apmonium produced must be transported in order to equilibriate slowly
with the extracellular poel. Net urease activity is always highest at
the beginning of 2 run thereafter proceeding at & slower rate than
uptake such that free ammonium in the culture drops steadily. Since
the ammonium is not present in such overwhelming quantities fixation

is more pronounced (c. 407 of uptake) and the initial burst of urease

activity may be an illusion, simply reflecting & slower inhibition of

fixation.
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The extracellular amino acids in cultures of Azotobacter on
nitrogen-free medium were studied by Schlutter and Bukatsch (14€) who
found aspartic acid, glutamic acid and alanine abundant with most
species and noted that excretion of amino acids in cultures using
mannitol as cearbon source was very low. Even so, &n extensive range
was detected during this work both with nitrogen-free cultures and
those growing on ammonium. The presence of other substrates reduced
the variety of aminoc acids found but led to substantial increases in
the guantities of peptide and amide components. A small portion of
the ammonium utilised could be recovered as extracelluler amide which
was attached to glutamyl residues either free or in peptides. (The
identity of the amide-forming carboxyl group ean only be inferred
indirectly but the stoichimetry of amide formation, the abundance of
glutamic acid, and its strong stimulation of this 'binding' of ammonium
when in mixed substrate all point to such a conclusion.) Almost all
of the ammonium taken up by a Leuconostoc specieg and a coliform
organism became bound in a similar manner - though in this case to
cellular amino acid residues - while they assimilated preformed amino
acids and peptides preferentially (78). Blue-green elgae normally
excrete a portion of the nitrogen they have newly fixed and it is also
in the form of amino acids and peptides (29).

Those amino acids extractable with boiling water from filtered

and washed cells have been regarded as being derived from internal
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pools., York with gram-positive organisms - for instance Staphylococci
(105) - showed that actively growing cells accumulate amino ecids in
apprecisble quantities, It waes first thought that gram-negative organisms
did not do this but Mandelstam (111) showed that it was merely on a much
smaller scale and he identified fifteen different amino acids in
Escherichia coli extracts., IHe considered that these accumulations were
due to specific adsorption sites inside the cell but it is now generally
agreed that access mechanisms in the cell envelope are mainly responsible
for the striking concentrations sometimes achieved. On nitrogen-free
medium, &8s on all substrates except ammonium, glutamic acid is the only
free amino acid found in any quantity in Azotobacter cells. The only
'free amino acid pool' in the organism under such conditions lies in
the extracellular fraction. To be honest it cannot even be called that
since, contrary to all expectations, the vigorously growing cells
assimilated only one added amino acid consistently and that (asparagine)
made but a minor econtribution to total nitrogen uptakse. In fact,
addition of L-alanine, L-aspertic acid, L-glutsmic acid, L-asparagine
and L—glutémine stimuleted fixation by amounts varying from 14 to 70%,
with virtually all of the extra nitrogen appearing in the medium.

The normal components of the extracellular pool are early products
of fixation, as demonstrated by their rapid uptake of label, s0 means
must exist for the excretion of at least twelve different amino acids.
The answer lies, of course, in the highly specific mechanisme for
transporting solutes across biological membranes, a vast subject of

which the first principles are just becoming underctood.
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With due allowance for various electricel effects, inorganic ions
generally require & specific carrier and a scurce of metabolic energy.
This enables them to be moved across & mernbrane against the concentration
gradient in a step which can be, to all intents and purposes, irreversible
(147). The situation is similer for amino acids and sugars except that
the cerrier is inevitebly a protein. This led Cohen and Monod (89) to
emphasise the analogy to enzyme action and so term the transport agent
a 'permeacset, This wag defined as a protein y capable of forming
stereospecific, reversible complexes with & substrate G and depositing

it on aither side of an‘osmotic bsrrier:

~— -
G + ¥y S Gy y + G

Fhase 1\ liembrane FPhage 2

Nitchell (136) and Christiansen (161) regard this sort of treatment

as being rather 'exclusive' and 'parochisl'.  liitchell on the other

hand points out that, provided the active centre of the normel metabolic
enzymes were anisotropic, the many accumuletions and migrations taking
place in the cell could be explained without invoking any special
permeation systems. The apparently useless side-chains of such

enzymes would determine the location of the active cite and several
instances are quoted of bound enzymes acting as 'group tranclocases'!
(136). Christiansen sfter considering all possible mechanisms strecses
that an oscillating or moving carrier must always be involved. He
finally proposes a theory in which he sees the cell membrane &s &
complex three-dimensional network with hundreds of bonding points

cepable of interacting with external solutes. Only a few of these ere
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metabolically significant and, though the sgradient from one such
interaction to the next is low, a succession of such steps could make
interphase movements possihle. Energy is supplied by phosphate ester
" bonds in & manner that is not yet understood (161).

Vhatever the actual mechanisms are that effect transport,
Azotobacter is unusual ‘among miero-organisms in that, while possessing
gspecific cerriers for so meny amino acids, many of these sot in one
direction only. Whereas, for instance, free emino acids and even
peptides are taken up in preference t0 ammonium by representatives of
both gram-positive and gram-negative bacteria (78), glycine and leucine
are toxic to Azotobacter (43) and those amino acids tested here cause
wasteful excretion of large quantities of the newly fixed nitrogen.
Extracellular peptides behave very differently from their component
amino acids (184) and it is possible that, if the right one were chanced
upon, it could act as an alternative nitrogen source for the organism.
As it is, assimilation of amino-nitrogen is of minor importence and can
beat be desoribed as incidental.

A species of yeast has been found to assimilete asparagine by
first deamidating it at the cell surface (120) and, though neither
aspartic acid nor ammonium were ever pregent in detectable amounts, this
geems to happen with Azotobacter also. Since assimilation took plece
pimultaneously with large-scale excretion of amide (presumably asparagine,
sither free or in peptide form) a second access mechenism musf be involved,
transporting the diearboxylic acid after its amide group had been trans-

ferred to acid residues remaining in the extracellular fraction. The
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much greater ease with which asparasgine nitrogen was assimilated (as
opposed to glutamine) is probably a reflection of the lower concentration
gradient to be traversed by an amino acid which 1s comparatively rare in
the free state inside the cell, All this implies that the amides are

of greater importance in the cells' economy than the free dicarboxylic
acids, & fact underlined by the more pronounced disturbances caused by
esparagine and glutamine as opposed to aspartic acid and glutamic acid
respectively, A striking =xample, in which confusion due to simultaneocus
uptake is at a minimum, is afforded by the stimulatory effect of glutamic
acid and its amide on fixation; with both strains slutamine causesg four
times as much excess fixation as glutamic acid. It is guite likely that
the major access mechenisms desl only with these amides gince they &re
closely aneslogous to the bulk of amino acids, which are simple dipolar
ions; it would parallel a similar restriction noted for species of
soluble RNA in the second stasze of protein synthesis (212).

Unless the extracellular amino acids were of the D-geries, the
neglisidle affect of large quantities of added L-glutamic acid or L-
glutamine on the disiribution of newly fixed ‘BN in comparison with that
in 8 nitrogen-free culture can only wean that the extracellular pool is,
‘metabolically sneaking, a dead end. Though produced very quickly from
newly fixed nitrogen (as Fogg found with blue-green algae (29) ) this
fraction has no apparent function. It is still linked in some way to
the metzbolism since, when individual comporents are sugmented as in
this work, excretion of nitrogen compounds is stimulated on & mnssive

gcale. Since time did not allow separation and characterisation of
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esch of these compounds their identification must be part speculation
but they certainly fall into two general categories:

(a) more of the added amino acid itself (alanine and the
amides).

(v) peptide or peptides specific to the dicarboxylic acid
residue concerned (slutamyl residue + mostly zmino acid X; aspartyl
regidue + leucine and perheps glutumic acid).

In additioﬂ to these two it is possible that large polypeptides were
excreted since these would be held on a resin with 8% cross-linking

and so egcape detection. Such an eventuality was not allowed for when
designing the runs since the results obtained were completely unexpected.
Though replication of the added substrate is the more extraordinary .of
the two effects there can be only one possible explanation for it:

the presence of the amino &cid in the medium induces formation of the
specific cerrier and thus makes extensive transport possible. Under
conditions of active cell growth, the effective concentration gradient
favours excretion {even though the extrecellular pool has been augmented)
and so the access mechanism thus induced acts in one direction only.

The added substrates are clearly interfering with a metabolic
activity involving major quantities of amino acids, Protein synthesis
springs to mind atAonce but, apart from the fact that this probably
tekes pleace on cytoplasmic RNP particles, we are concerned here with
something which takes place in the outer metabolic regions of the cell.
It ie now recognised that synthesis of peptides is & completely separate-

matter from production of soludble protein and enzymes for which the
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three step sequence is well esteblished (145%). The major function
of cellular peptides is as components in the cell envelope (144) and,
though Mitchell consgiders thaf cell-wall precursors are prefabricated
in the cytoplasm and transported as units through its membrane (136),
it is quite likely that in Azotobacter these structural peptides are
agsembled at a site in the envelope with fairly easy asccess from both
the cytoplasm and the supernatant medium. Such an arrangement would
conform neatly to the sandwich structure recently proposed for the
envelope of gram-negative organisms (200) and would explain why
appreciable incorporation of amino acids by cell-free extracts of
Azotobrcter has beaen obtained only with particulate - that is envelope -
fractions. Th= bulk protein synthesis mechanism would hrve escaped
detection because of the quick turnover of juvenile protein from
ribosomes (144).

The sudden access of large quantities of one amino acid throws
such a system out of gear znd by an obvious feed-back reaction induces
syntheais of large quantities of peptide. These contain the substrate
in question together with its complementary amino acids which have to
be summoned in lerge quantities from their sites of synthesis in the
cytoplasm. The bulk of this peptide is not needed and so is excreted.
It is worth noting that cell-walls often contain unusual amino acids
(191) so the presence of the unknown X is not too difficult to explain,
Another apparently unrelated fact - the tendency to form distorted cells
when grown on nutrient medium - also points to the sites of cell-wall

synthesis, in Azotobacter, being unusually vulnerable from outside.
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Since amino acids and peptides are normally used as preferred
nitrogen sources for bacteria, their effect on excretion is rarely
noted. Steiner {120) found that a yeast, while assimilating amino
acids, excreted other 'secondary' ones in what may euasily have been
a similar disturbance to the one examined here. The cell would,
given time, zdjust itself to prevent such & wasteful state of affairs.
It is not ;urprising, therefore, that alanine and aspartic acid cause
very much the same behaviour: the sghort term stimulation increases
over a few ~enerations' growth but falls back to & more moderate value
on training. The stimulation, still positive, then has a value
characteristic of the strain ('SK' 13%, '0' 23%). Being ubiquitous
in the cell and ite extracts, cultures on glutemic acid are unaffected
by full trainine and stimulation remains at approximately 234 for
both strains; there is an inexplicable decrease after only one
generation's +training. Training stimulates uptake of amides; which

effect obscures any elterations in fixation that may have resulted.

- - - ——— ——
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Using the conclusions derived from work described in this thesis
together with thos= from previous studies on the mechanism of nitrogen
fixation it is possible to describe, with a feir degree of certainty,
the fate of gageous nitrogen in the metabolism of Azotobacter vinelandii.
The asctual 'fixation' sequence involves the concerted action of an
enzyme system loceated in the cytoplasm (or on the inner side of its
membrane) to which the nitrogen gas comes by unfacilitated diffusion.
In this location competition from oxygen is avoided by the shield of
electron carriers in the envelops while ndequate supplies of both
metabolic hydrogen and o ketoeslutaric acid are available from the
glycolytic and citric acid cycle enzymes. The reducing hydrogen atoms
are supplied in pairs at more than one energy level; those derived
directly from pyruvete ere probably transferred vie hydrogenase and
the rest by molybdoflavoproteins such as the aldehyde oxidese of
Azotobvacter (79). It is the supply of these hydrogen atoms that is
the rate-determining step in fixation (2, 7) and, of course, is where
competitive inhibition by oxygen is felt.,

NITROGEN ACTIVASE N, > (NZ)E

It has long been considered likely that fixation is initiated by
chemigorption of the nitrosen molecule on a metalloprotein and both
Roberts (118) and Winfield (63) have suggested mechanisms for the first
step. The metal could be either molybdenum or iron and it eatalyses

the reversible asctivation of the nitrogen molecule so making it liable



to attack by a suitable hydrogen donor. This change is detectable
by spectral affects in the UV (67) and is not very profound, leaving
"the nitrogen atoms firmly bound to one another (1€3) and is even
capable c¢f being bypassed by ultraviolet activation of the nitrogen
res (193). The reactive centre can be blocked by hydrogen, nitrous
oxide, carbon monoxide (azide ion & trimethylamine oxide?) so thet
these act as competitive inhibitors of fixation.
NITROGEN REDUCTASE (I\I?’)E —_> (N?}I?)E -——9()\'211’ 4)E
Addition of four hydrosen atoms leads to hydrazine via the transient
intermediate di-imide, both being bound enzymatically. The latter
ir now cstablished as the intermediate in the liquid-phase hydrogenation
of ethylenic linkages by hydrazine from which it is reedily produced
by oxidation (195). Though the great bulk of the hydrazine remains
bound and is further reduced to armmoniz, a portion could be removed by
non-enzymatic reaction with any one of several carbonyl compounds present
in an actively respirins cell. lfost such producte would be highly
reactive themselves except that from oketoglutaric acid. This, of
course, is present in abundance &t the site of fixation and so the
gemi-reduced nitrogen so diverted would tend to accumulate in the
stable six-membered ring of PCA.
HYDRAZO REDUCTASE & REMOVAL OF PRODUCT

(N2H4)E-———) (21«113)3 + 2KG — 2 Clutamic Acid

2 NADPH2 + 2 RADP

Reduction continues to a bound-emmonia stage which is not however

normally liberated to form a 'juvenile' ammonia pool. Instead it is
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removed from combination with the enzvme by reductive amination of
oketoglutaric acid forming glutamic acid. This latter forms the
first true nitrogen pool from which ammonia is formed by way of =
reversible glutamic dehydrogenase svstem which could be located
anisotropically and so affect 'metabolic’ transport into the outer
recions of the cell. All the verious equilihria leading to_amino
acids occur in the cytoplesm and the productc of these reactions
reach the envelope and extracellular regions via specific access
mechanisms which are effectively irreversible - possibly because

of cteep concentration pradients maintained by intracelluler
compartmentaliration. Thege are then either assembled into struecturzl
peptides or are excreted into the medium. Synthesis of the bulk of

enzyme- and soluble-protein takes place in the cytoplasm,

The above plan ig illustrated symbolically in Ficure 14.
Though largely based on speculetion, this diazram reflects accuretely
the confusing trends spporent in the results of recent studies and
iz considerebly nore complex then the picture of fixation imsapined
by early workers. It is, however, only by facing up to the
difficulties of microbial physiology that the mechanism of ritrogen
fixation will ever be elucidated. It is hoped that, paradoxically,
by thus cormplicetins the picture, the author has paved the way to a
full understanding, sometime in the future, of this, one of the most

diffieult yet fascinnting topics in mcdern biochemistry.
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