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ABSTRACT .

The physiological literature on Nitrobacter is reviewed

and a iist of the unsolved problems presented. Modifications
to the action spectrum apparatus built by Brooks (1967)

are described. The apparatus was then used with Nitrobacter

~agilis, ATCC no, 14123;>t6 obtain an action spectrum of the
relief of carbon monoxide inhibition by light. The results
of this study indicate that cytochrome aj is active as a
términal oxidase. The possibility of other éytochromes,
principally cytochrome'gﬁ acting as oxidases has not been
proven or ruled out. The results of a study on the rate of
oxygen uptake versus oxygen concentration are also reported;

the Km(Oz) values range from 0,021 to 0,055 mM oxygen.

‘The action spectrum reported here is the. first one

to be determined on a chemolithotropic bacterium,
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INTRODUCTION -

The work of Brooks (1967) has le'd to an instrument
based on that of Castor and Chance (1955) which measures
the reversal by light of the inhibition of respiration
by carbon monoxide. He suégesfedvsevefal_improvements fbr
the apparatus, some of which have now been carried out.
The iight chopper was'replaced by é tuning fbfk éﬁd.the'path .
of the reference beam Was’changed. ‘Thesé-chahges have |
_resulted in the elimination of the instrument artifacts
that plagued Brooks. 'Théy.also allow easier manipulation of'the.
apparatus. The changes and others associatéd with these;are
outlined‘in éhapter I1. The improved apparatus was fhen

used in a study of the terminal oxidase of Nitrobacter agilis.

Along with this the literature on the physiology

of Nitrobacter was critically surveyed. (Chapter I)

Oxygen uptake as a function of the oxygen concentratioh
was studied using a polarographic technique and the results
were compared to a similar manometric study performed by

Butt and Lees (1964),
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CHAPTER I

' THE PHYSIOLOGY OF NITROBACTER

I-1. Nitrobacter

Nitrobacter is a micro-organism of the family

Nitrobacteriaceae of the order Pseudomonales, It is prevalent

in nature and is usually isolated from soil by repeated
plating on silica gel or agar plates. The cells are gram-
negative short rods 0.5 x 1.0 microns. Flagella have been

seen on Nitrobacter in the electron microscope.

I-2, Conditions for Growth

2.1 Growth Factors

Nitrobacter functions in the control of the

‘nitrogen balance of the soil by the oxidation of nitrite to
nitrate. This oxidation is its primary and probably only
source of energy. It is autotrophic in that it uses carbon

dioxide as its source of carbon. Nitrobacter is grown on a

mineral medium usually containing K, Ca, Mg, Mn, and Fe (Lees
.and Simpson, 1957). Mg, Fe, and phosphate are all esséntial
»but the requirement for other growth factors has not been
thoroughly investigated. Aleem and Alexander (1958) report

a requirement for calcium, Pure cultures tend to die oﬁt
indicating that thefe may be 'a requirement for other growth

factors or trace elements. It has been reported that biotin
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in catalytic amounts stimulates the growth of Nitrobacter.

(Krulwich and Funk, 1965)
2.2 Effect of Light

Bock (1965) has shown that light produces an

inhibition of nitrite oxidation in Nitrobacter winogradski.

. Miller-Neugluck and Engel (1961) showed that light inactivation .

proceeds to the point wheré no oxidation occurs. Nitrobacter
are reactivated in the dark but it is slower the loﬁger the
light has shone and the greater its intgnsity. Blue light
366-436 nanometers (nm) is most effective, red light has no
effect. Mﬁller—Neuélﬁck and Engel feel that photo-oxidation

is the cause of this inactiviation. Nitrobacter winogradski

- possesses no carotenoids. In other bacteria, carotenoids have
been found to have a protective mechanism and thus prevent

destruction by photo-oxidation.
2.3 Nitrite Requirement

Gould and Lees (1960) have studied the optimal

nitrite concentration for the growth of Nitrobacter. They

found that an initial concentration of 100 pg nitrite-N/ml
with subéequent additions to bring the concentration to

:200pg nitrite-N/ml when the first had been used up resulted

in fhe fastest rate of growth; Initial additions of more than
300 pg nitrite-N/ml led to a dépression of the oxidation rate
.and initial concentrétions‘of 600 pg nitrite—N/ml-stoppéd

all cell growth for one week. Subsequent studies (Butt and
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Lees, 1960, Boon and Laudelout, 1962) have confirmed this and
have shown that at atmospheric éonditiqns~~20% oxygen-- maximal
oxygen uptake occurs at a nitrite cauﬁntfétion of 16 mM (200
pg nitrite-N/ml). At lower oxygen tensions the maximal rate
occurs at lower nitrite concentrations. Gould and Lees (1960)
have shown that the rate of nitrite oxidation isrlogafitﬁmic
untii 200 pg nitrite-N/ml have been oxidized, i.e. the log
- of the rate versus nitrité cbncentration is a étraight'liﬁe..
All growth ceased when 2200 pug nitrite.- N/ml had béen consuned.
The maximal rate under these conditions was 6 pg nitrite-N/ml
per hour, Dialysié of nitraté from the solutioﬁ each day
‘resulted in the absence df the stationary phase even up to the
oxidation”of 13,000 pg nitrite~-N/ml, As a function of nitrite
used the dry weight of cells was slightly larger in the latter
case. The maximal oxidation rate was 200 pg nitrite-N/ml/day.
Aeration of the cultures increased the rate, and use of both
techniques simultaneously gave an oxidation rate of 100 LE
nitrite-N/ml/hr. After the logarithmic phase the rate of

oxidation was linear at a rate dependent on the air flow.
2.3.1 Oxygen Effect on Nitrite Requirement

Butt and Lees (1964) calculated'the concentrations
'0of nitrite needed for maximal rate at different partial
pfessures of oxygen. The theoretical calculations are made
assuming that a ternary complex of nitrité, the oxidizing
enzyme, and an oxidized carrier.is.formed which breaks down,

after reaction, into nitrate, the enzyme, and reduced carrier,
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The carrier is then oxidized by oxygen. An inactive complex
can be formed if the enzyme reacts with two molecules of

nitrite. On the basis of this he obtains the following results:

7% O2 in gas Nitrite Concentrations for Maximal Rate
- phase .
. Theoretical Experimental
20 9 mM _ 15 mM
10 ' 8 mM 9 mM

2.5 . 5 mM 6 mM

‘Boon and Laudelout calculated the K, of the terminal
oxidase of the respiratory chain with respect to the substrate
oxygen by plotting v vs v/S. At 32°C, K, (oxygen) was 16pM
or a partial/preséure of 1.5%. When thé bxygen‘concéntration
is much greater than Km the reaction proceeds at a constant
rate but when it is less than K, it follows firsf order
kinetics. Below the Km(oxygen) the 6xidation.proceeds much
‘more slowly with incresing temperature due to‘the temperature
. characteristics of.Km and the maximal rate Viax -

"Aleem, Hoch and Varner (1965) have shown that it is not
the oxygen from 02 but rather from water that serves in the
conversion of NOE to NOE.

I-3 Inhibitor Studies on Whole Cells and Cell-Free Extracts

All authors are in essential agreement on the subject
matter presented to this point. At this point however theories

begin to disagree and even some observations are contradictory.
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3.1 Inhibition by Nitrite

Boon and Laudelout have investigated the effects
‘of nitrite concentration, pH, and nitrate concentration on
- the oxidation.of nitrite, both in whole cells and in cell-free
extracts. At‘first théy'suggest that at highér concentrations,
nitrite'inhibits its own oxidatidﬁ by substrate inhibition,
However théy then go on to suggest that the‘effect is actually
due to undissociated nitrous acid which on the basis of

kinetics is a non—competitive_inhibitor. Maximal Nitrobacter

~growth occurs at a pH of 7.8. On the acid side of this, inhi-
bition by nitrous acid explains most of the décline in growth'
rate, On the a1ka1ine side, Boon and Laudelout suggest that
inhibition is due to the absorption of hydroxide ions on the
enzyme site.

These authors find that the K_ values for nitrite as the
substrate are almost identical for intact cells and cell-free
extracts,'being 1.6 and 2.2 mM respectively. The similarity
of K values.points'to an oxidizing system located on the
outer cell membrane as do unpublished electron microscope
observations on.fractionated cell-free extracts reported by.
Boon et al. Howéver, Aleem and Alexander (1958) using cell-
__free extracts containing nitrite oxidase activity found no
toxicity up to concentrations of 50va—-a concentratidn at
which whole cells have a rate close to zero, Their.daté

indicate a high Michaelis constant for nitfitefas substrate,
| probablyréf the order of 20 mM, This does nét»agree.with that

found by Boon.
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3.2 Inhibition by Inorganic Ions

Butt and Lees (1960) investigated the effects of
several inorganic ions on the oxidation of nitrite by whole
cells. They found that nitrate, cyanate, and arsenite all

acted similarly.

3.2.1 Inhibition by Nitrate
A certéin concentration of the ion, e.g.
33 mM nitrafevwas inhibitory at normal oxygen conceﬁtrations
but this same cdncentration of ion at a lower oxygen concen-
tration stimulated the oxidatioh rate, Boon and Laudelout's

investigation showed that Nitrobacter in a growth medium

containing precipitated salts exhibited this phenomenon but in
a medium free from precipitate, nitrate acted as a simple
non~competitive inhibitor, showing no stimulation at low
oxygen concentrations, -Boon and Laudelout attiibute the
stimulatory effect of nitrate at 1ow.oxygen to an ion

exchange effect. Nitrate added to the washed suspension of
cells and mineral precipitate might release trace elements
absorbedAonto the mineral particles. Theif values for the
inhibition of nitrate (Ki = 180 mM) did not explain the

inhibition observed by Lees and Simpson at 100 mM,
3.2.2 Inhibition by Cyanate

Using the same medium as they had done in
1960, Butt and Lees in 1964 investigatedvthe effect of cyanate

on whole cells and cell-free extracts. They found that cyanate'
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.a powerful inhibitor of nitrite oxidation by whole cells at
normal oxygen temsions, had no effect whatever on.the cell-
free extraéts. The theory that fhey propose to account for
this is the following: there is a transpoft system which
brings ﬁitrite from the medium to the enzyme and that>cyanate
interferes with this enzyme, although not with the nitrite
oxidase. In this way, at normal oxygen tension, all the nitrite
that would reach the enz&ﬁe normally would be oxidized. The
interference of the cyanate prevents nitrite from reaching
_the enzyme and slows ddwn the rate. At lower oxygen conéen-
tration, too much nitrite would normaliy reach-the enzyme
resulting in substrate inhibition, - Addition of cyanate
prevents the inﬁibition by lowering the nitrite concentration
at the enzyme, thereby stimulating nitrite oxidation. Theré
are two possible problems with this theory. The one is the
- possibility as stafed by-Boon that the'enzyme‘is already on
" the outer surface of the cell and that'nitrife does not have
to diffuse thrbugh the membrane. The second is.that if these
iohs are sufficieﬁtly liké nitrite to affect the>carrier,
then it would seem possible that they would also affect the
nitrite oxidase. Van Gool and Laudelout (1965), in contrast,
have evidence that cyanate has approximately the same effect
on whole cells and cell-free extracts as the concentration

for 50% inhibition in the two cases is 2.5 and 7 mM.
3.2.3 Inhibition by Chlorate

The effects of chlorate have been investigated
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by Lees and Simpson (1957) and by Van Gool and Léudelout (1965).
The 50% inhibition after 60 min at 7 mM 0105 found by Lees

is comparable with that of Van Gool., The incubation period .
must be stated since decomposition products of the iﬁhibitor
destroy the cytochrome activity according to a first-order

rate law (Léés and Simpson). )
Of all the inhibitors studied by Van Gool and Laudelout,
"~ only chlorate does not give similar values for whole cells
and cell-free extracts. The similarity 6f the values would

seem to accord with a peripheral location of the enzyme system

causing nitrite oxidation,
I-4 Oxidation of Nitrite by Cell-Free Extracts

I have previously mentioned the use of cell-free extracts

in studying Nitrobacter (c.f. Sec. I-3). Aleem and Alexander

in 1958 were the first to disrupt cells by sohification and
they found that the extracts cohtainéd nitrite oxidase activity,
that this was coupled to oxygen uptake and that the oxidized
.nitrite could at ail times be recovered as nitrate indicating
that there are no intermediates. As mentioned préviously
there is no nitrite toxicity observed to a concentration of
50 mM, Optimum conditions for oxidation require the presence
"of iron and a pH of 7.5 to 8.0, The nitrite oxidase is
inhibited by low cyanide concentrations. Along with the iron
requirement this latter fact suggests a similarity between
“the nitrité oxidizing enzyme and the cytochrome oxidasé.

Further centrifugation shows that the nitrite oxidase is
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situated in the particulate fraction at 144,000 x g.

I-5 Spectroscopy of Nitrobacter

5.1 Absorption Spectra

'\yges and Simpson (1957) reported;cytochrome
absorption peaks ét 589, 551,—and 520-525 nm on addition of
nitfite'or dithionife. Aleem,and Nason (1959) show that
nitrite oxidizing activity resides solely in a cytochrome
containing particle. Addition of nitrite to this partiéle
- resulted in absorption peaks appearing at 550 and 520 nm
representative of the ¢ and B peaks of é ¢ type cytochrome
and in the_585—590 and 438 nm regions indicative‘of the ¢ and
y peaks of and a type cytochrome, probably aj. Added dithionite
gave essentially similar beaks but. of several fold greater
magnitude,.and also produced an absorption maximum at 415 nm
corresponding to the y peak of cytochrome ¢. Production of
the peaks was specific for nitrite as substrate, succinate,
~DPNH, or lactate failing to produce them. Hemoglobin, catalase
and peroxidase were shown to be absent from both the pérticulate
and supernatant fractions. (Different copper and irbn effects
have been observed. Aleem and Alexander-(1958) showed that
copper was inhibifory, but in 1959 Aleem and Nason say -that
it has no effect but that it enhances the non-enzymatic
disappearance of nitrite. The iron requirement was shown but
iron also reduces the cytochrome ¢ like component non-enzym-

atically.
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5.2 Difference Spectra

A more recent spectroscopic study was performed

by Van Gool and Laudelout in 1965 on Nitrobacter-winogradskii

Difference spectra for intact cell susﬁensioﬁs showed maxima

at 523, 554, and 597 nm with a shoulder at 609 on the laSt.

In the zone éf 450 to 490 nm the reduced systém nad a highef
transmittanée than fhe,oxidized. The minimum occurred-af

- 465 nﬁ. This is possibly~iﬁdicati§e of the bleaching of

flavin components., In the Soret region there were two peaks,
at 419~and'439 nm, which were fused in a turbid cell suspension
to 440 nm.  Slight differences were noticed with cell-free
extracts. The peak at 597 for example, occurred in this

system at 594 nm. At low temperature on cell-free extrécts

the highest peak in the visible was split into three peaks,

at 604, 587, and 579 nm, The peaks at 609 and 450, 594 and

439 are indicative of a type cytochrpmes. Those at 554, 523
and 419 indicate a cytochrome ¢ with the high wavelength of
_the « peak, 554, indicating a bacterial type cytochrome c.

The following‘table is a .summary of this and other spectroscopic

data taken from the paper by Van Gool and Laudelout.

Author Cytochromes a Cytochromes ¢
3¢ 2y Z2lg 21, Sy S &y

"VanGool and Laudelout 609 450 594 439 554 523 419

Lees and Simpson - - 589 - 8351 520-525 -

Aleem and Nason - - 586-590 438 550 520 415

Zavarzin - - . 592 - 3552 - -
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5.3 Carbon Monoxide Difference Spectra

A carbon monoxide difference spectrum is recordéd
as the absorption of the carbon monoxide-reduced compound
mihus the absorption of the reduced.compound. Thié spectrum
indicates what modifications of the cytochromes in the organisn
or extracts have been caused by the addition of carbon mohoxide.
It has been shown in many organisms that éarbon,monoxide
éomplexes only with the terminai compound ih thé cytochrome
chain, in competition with oxygen. It thus prevents the
oxidatipn of this oxidase and of the other cytochfomes in
the chain with the result that thése compounds become reduced,
or more reduéed as the case may be; in the presence of a
reducing agent, i.e., supply of electrons. On addition of
carbon monoxide one would thus expect to observe an increased
reduction of the cytochromes generally plus changes in the
absorption of the oxidase due to itsvforming a conmplex with
carbon monoxide. |

A comparison of the reduced and carbon monoxide?
.réduced difference spectra often enables one to determine
which of the cytochromes are present and which are reacting
with carbon monoxide since the cytochromes are defined on the
- basis of their absorption spectra., To date, four typeé of
cytochromes have been found to act as oxidases., They are

cytochromes a,;, a,, as, and o.

5.3{1 Results with Nitrobacter

Van Gool and Laudelout have reported a
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CO-reduced minus reduced difference spectrué of Nitrobacter,
Peaks at 523, 554, and 608 nﬁ in the visible and 419 in the
Soret region occur at the same positions as those in the
reduced difference spectrum. These peaks are due.to increased
reduction of. the compounds--namely cytochrome a and c--
whicﬁ do not combine with carbon monoxide. Troughs were‘recbrded
in the carbon monoxide.difference spectrum at 439 and 594 nm,
the positions of peaks in the reduced difference spectrum. - These
troughs are indicative of reduced absorption in thé carbon .
monoxide sample with respect to the reduced sample. Since
these wavelengths do correspond to thé peaks of cytochrome aj
in the reduced difference spectrum,:their disappearance
indicates that cytochrome a3 has complexed with carbon monoxide,
Other indications of carbon monoxide binding were a peak at
450 nm in tﬁe carbon monoxide difference spectrum of the cell-
free extract and a peak at 426 nm and trough at 440 in the cell
suspensions,

The peak and trough of the cytochrome 23 reported at
426 and 440 for intact cells and 439 for cell-free extracts
correspond well with data reported by Chance (1953). His

figures for these positions in A. pasteurianum are 427 and

442 nm. Chance also reports a band at 590 while Van Gool
and Laudelout mention a trough corresponding to the 594 peak

in the reduced difference spectrum,
I-6 Flavin Involvement in the Cytochrome Chain

Inhibitor and difference spectra studies by Van Gool
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and Laudelout point definitely to the involvemeﬁt of a flavin
component, as fhere Qas strbng inhibition by quinacrine and.
reversal of this by FAD; Zavarsin (Lees, 1960) has reported
that iron along with either molybdafé or tu;gstaté stimulate
nitrite oxidation, Thié'simultaneous requirement for iron
and molybdaté71ed Zavarzin to postulate that a molybdeno-
‘flavoprotein and cytochrome act sequentially; Van Gool and
Laudelout say that the involvement of a flavin would indicate

that the process of nitrite oxidation must be pulled over a

thermodynamically unfavourable step.
I1-7 Energy Production and Efficiency

The driving force for the reduction of carbon is the
oxidation of the inorganic ion by oxygen. The efficiency
of these organisms is thus best expressed by the ratio of

2
Nitrobacter the N:C ratio varies from 76:1 to 135;1 (Alexander

inorganic nitrogen oxidized to CO, carbon assimilated. 1In

1961). The microorganisms do not get all the energy potentially
available but only a small proportion determined by their |
efficiency of energy utilization. The free energy data of

Baas-Becking and the assumption that Nitrobacter contains

'50% carbon on a dry weight basis is used to show that the
free energy efficiency is 30% in the presence of 200ug nitrate-
" N/ml and 15% in the presence of 1000 pg nitrate-N/ml. (Gould
and Lees, 1960)

. Aleem and Nason in 1960 have shéwn that phosphorylation

is coupled to nitrite oxidation. Partially purified nitrite
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oxidase particles catalyzed the formation of high'energy
phosphate bonds concomitant with thenoxidation of nitrite,.
ATP is‘formed when ADP is supplied as the acceptor, Several-
other nucleofides were also effective. Allvtheir attempts
to uncouple phosphorylation from oxidation proved'hnéuccessful
although ageénnitrite oxidase particles displayed decreased
rates of phosphorylation while their rates of oxidation
remained unchanged. Magnesium ions were found to stimulate
phbsphorylétion.

In 1963, Aleem, Lees, and Nicholas demonstrated that
. there was a reductidn of NAD concomitént with the oxidation
of added mammalian ferrocytochrome c. Aleem (1965) showed
that the hydrogen for NAD reduction was supplied by water,
.Aleem et él (1963) stéte.that the reduction of NAD is
dependent on ATP and that the theoretical requirement is
4 ATP/NAD. 1In cell free systems the ekperimeﬁtal value was

10-20:1., These authors have proposed the following scheme

for the overall metabolism of Nitrobacter.

ATP generéted

Inorganic cyt:;\5\*———f'”///” | cytochrome

substrate reductase ycyt. ¢ oxidase s 02
, ATP
flavoprotein required
NAD(H) _ —> (CH40)

Such a modified scheme seems to be necessary in order

to pfodude NADH (although I'do not agree fhat Aleem et al

have proven this in their experiments). The reason for this
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modified scheme is that the E§ for the nitrate-nitrite system
is +0.35 while that for the NAD/NADH couple is -0.32. Thus
energy would be reduired to coupie these systems and result in
the oxidation of nitrite. ‘It would seem probable‘fhat there
might also be a modification in the first step of the proposed
sequence since the Eé of mammalian cytochrome c Fe*++/Fe'® is
+0.25. It could perhaps‘be'avaees (1962) suggests, namely

. that Nitrobacter may be compelled to‘synthesize'some such

compound as adenyl nitrite so as to lower the redox potential
of the nitrite couple, (See however Sec. I-4) In considering
the values of these redox potentials I felt that some reser-
vations should be borne in mind: especially that these values
are obtained in‘"in vitro" situations at pH 7and the cyt. ¢
couple Ej value used is that for mammalian cytochrome c. It

is possible and quite probable that the values may not apply

to the situation in intact Nitrobacter cells. In intact cells,
the oxidatioﬁ of nitrite might proceed much moré_favourably

to produce energy due to a change‘in redok potential resulting
from the physical configurations or distortions of the molecules

involved and from local pH and concentration changes.
I-8 The Fixation of Carbon Dioxide

The energy obtained from the oxidation pf_nitrite, in
the form of ATP.and NADH is used to fix and reduce carbon
dioxide. Aleem in 1965 perfofmed an extensive sfudy on the
‘.«pathway of ‘carbon fi#ation using radioisotopes. The first

stable compounds to be labelledAwere phosphoglyceric acid
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and aspartic acid. -After 10 sec exposure to 01402, 60% of
the radioactivity appéared in phosphoglycerate, 20% in each
aspartic acid and sugar phosphates, 4-6 % in each malic acid,
glutamic acid and‘phosphoenolpyruvate. In dealing withicell-
free extracts the carboxylating eniymes were localized in the
supernatant.éfter 144,000 x g centrifugation. The supernatant
catalyzed rapid fixation of CO2 in the presence of added
-ribulose—l,5—diphosphaté or ribose monophosphate and ATP.
bThe label appeared in phosphoglycerate. Without added
COg~acceptor the soluble fraction catalyzed rapid assimilation.
when supplied with ATP and NADH. The carbdxylating enzymes
required magnesium ions. Carboxydismutase (D~ribulose-1, 5~
diphosphate decarboxylase) and other énzymeé of the Calvin-.
Benson, Kreb's and reductive pentose phosphate cycles were
localized in the supernatant,. ‘Aleem states that the above
observations point to the standardlautotrophic pathway of

COg assimilation, namely:

: COoop COo
ribulose . bhospho- 5 phosphoenol-
diphosphate < glycerate pyruvate

NH4 _
-———>o0xaloacetate ‘ —aspartic acid
]
TCA | NAD™
cycle NADP
w .
Malate

Aleem also gives the possible pathways of carbon metabolism.

" Bock and Engel (1966) have shown that if Nitrobactér_is

deprived of carbon dioxide, oxygen uptake slows down. . Under
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-aerobic as well as under anaerobic conditions, the nitrifiers

are able to fix carbon dioxide after'oxidation has occurred,

The strongest activity in:-this respect is seen in cells

which have carried out oxidation shortly before being allowed

to fix COg.

.

I-9 Unsolved Problems and Criticisms

There are still

many problems with regard to the physiology

of Nitfobacter. Somé of these are listed below.

(i)

(ii)

(iii)

Firsf there is the problem of a calcium requirement.
Aleem and Alexander (1958) mention that calcium is

required for growth of Nitrobacter. Lees and

Simpson (1957) make no mention of a calcium require-
ment yet the medium used py these authors contains
calcium ions. Boon and Laudelout (1962) on the other
hand, used a medium which contained no calcium,

A second point arising out of the paper by Boon

and Laudelout concerns their suggestion that the

inhibition of Nitrobactef at high pH is due to OH~
ions. That the concentration of hydroxyl ions, when

placed in the kinetic equation yields a curve close

to the experimental proves only that an ionization

is involved, not that OH™ is the active inhibitor,
The effects. of nitrate bn nitrite oxidation are still

not clear, The inhibition observed by Lees and

~..Simpson, and Butt and Lees seems to be very different

from that described by Boon and Laudelout (cf. I-3.2,1)
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(iv) The differences in the effects of nitrate by these
authors could be diémissed as just a difference in
degree except that cyanate, a second inhibitor is’
Areportéd as behaving in a contradictory manner by
thg different authors (cf. Sec. 1-3.2.2). Thus
'But;'s and Lees's observations on the effects of
nitrate and cyanate and their difference in whole
célls and cell-free extracts is in accord with their
pfoposal»tﬁat a carrier is required to bring nitrite
~into the cell. All of the observations of Boon
and Laudelout on inhibitors and their unpublished
electron microscope studies on the other hand, point
to the particulate oxidase fraction being located on
- the outer membrane of the cell. |
-(v) The final problem to be mentioned herg is concerned
with ATP generation, As stated in Sec. I-7, I do
not agree that Aleem has proven that NADH is produced
in the manner iﬁdicated since loading of a cytochrome
chain with ATP will drive it backwards., A scheme
such as he has proposed does seem to be required
however, in order to oxidize nitrite and produce
energy from this oxidation.»'A decisive experimept
to perform at this point would be to utilize Chance's
rapid flow technique with inhibitors to detérmine
the order of reduction of the compounds in the

- cytochrome chain,
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I-10 Summary

-There is much contradictory evidence concerning

Nitrobacter especially in relation to inhibitor studies and

the location of the nitrite oxidase particle (on the outer
membrane or inside the cell), This could be due to the use

vof different strains, to different growth conditions—especially
media, or to different experimental technique. It seems well

| eétablished however that Nitrobacter 6xidizes nitrite to

nitrate and that'thisvoxidation supplies energy in the form

of ATP énd NADH for the fixation of carbon dioxide and the
production of material for growth., A cytochrome chain and
flavoprotein are seen to take part in the electron transport
system, Water is the source of hydrogen for the reduction of -
pyridine nucleotide and of oxygen in the oxidation of nitrite,
Molecular oxygen is only involved in the oxidation of the
terminal oxidasé in the electron transport chain. Carbon
dioxide fixation is similar to that of other cheﬁoautotrophic
bacteria in that it makes use of the Calvin-Benson and reductive

pentose phosphate pathways.
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CHAPTER II
GROWTH METHODS
I1I-1 Medium and External Conditions

Nitrobacter agilis from the American Type Culture

Collection No. 14123 were grown in a mediumvidéntical to that

-of Gould and Lees (1960). To 100 l.qu water were added |

30 gm KHgPO4, 1 gm CaSO,, 0.5 gm MgCly, 0.0l gm MnClg, and 0.2 ml
of dialyzed iron, ‘This was filtered and thé pPH adjusted to

7.8, Sodium nitrite (NaNOz) was added to make a concentration

of 100 ug nitrite-N/ml (8mM).‘ 50-100 ml of medium plus

sodium nitrite were plaéed in 250 ml Erlenmeyer flasks and
sterilized after which approximately 0.5 ml of a dilute

Nitrobacter suspension were added. The cultures were grown

in the dark (cf. I-2,2)., Nitrite was added when required by
the addition of a sterilized 0.8 M NaNO, solution to bring the
concentration of nitrite in the culture to 10 mM,

At the onset of a decreased requirement for nitrite, or
just prior to this as estimated by the turbidity of the
solutions, the cultures were diluted two to ten times, depénding
on the immediate requirement for cohcentrated cultures, Or
’altefnately, new cultures were made by adding 2-5 ml of a
concentrated solution to 100 ml of fresh medium. In this
manner a type of continuous culture method was employed
providing sfeadily growing and fairly concentrated cultures

at all times. Once cultures reached the point where they

required no more nitrite (3-8 wk), dilution usually proved
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uhsuccessful‘in producing viable cuitures.

Aeration and nitrate removal were not employed although
such methods lead to a prolonged growth phase (Gould and Lees,
1960). The method of diluting cultures as menfioned above
ensured that thé nitrate concentration did AOt become high
enough td prevent'further growth. The probleh-of adequate
aeration was dealt with by keeping the cultgres:rélatively
shallow (about 2 cm) and allowing air to circulate through
cbtton plugs in the tops Qf the flasks.

The cultures used‘in'the’experiments were o#idiZing
nitrite at a rate of 25-50 pg nitrite-N/ml/day (2-4 mM nitrite/
ml/day). | | |

II-2 Test Methods
2.1 Nitrite
The presence of nitrite was determined using a

" method employing sulfanilic acid.and‘N,N dimethyl—l—naphthylaminé
. {Snell and Snell, 1949). Two stock solutions were first made
up. Solution A was made by dissolving 3.3 gm of sulfanilic
acid in 750 ml water by heating. 250 ml glacial acetic acid
were thenvadded to this. Solution B‘contained 5.25 gm of
N,N dimethyl-l-naphthylamine in 1 litre of 1:3 glacial acetic
acid: methanol. |

For a qualitative testvof the presence of nifrite equal
volumes of solution A and B were mixed. To about 1 ml of this
mixture a sample éf less‘than 0.5 ml of medium was added.
bevélopﬁént of colour (pink tovpurple) indicated the presence

of nitrite. A colourless solution was indicative of the
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absence of nitrite. This method_was employed to determine
the nitrite fequirement of the cultures.

The. best conditions for a quantitative test were found
to be és follows: 1 ml of the solution to be tested was
diluted to 100 ml with distilled water. 5 ml of solution A
Qas'addéd foiiowed by 5 ml of solution B, Ten minutes after
_ fhe‘additioh of solution B a reading on the Klett colorimeter
'was-téken using a greén filter. The timihg here is quite
crucial aé each additional 30 secbnds results in alchange of
6-10% in the reading.

The development of colour is also very sensitive to
temperature and the age of solution B. Thus it is necessary
to run one standard each time a determinétion’is performed.

" Since a plot of Klett reading versus concentration is
proportional in the coﬂcentrgtion range encountered one
standard is usually sufficient.

Solution B is unstable Qver.pefiods‘of time greater than
two weeks. This is not of any cénsequence.for qualitative
testé as‘coldur develops in the presence of nitrite and does
not develop in its absence. In both tests older solutions
give a deeper colour but too old a solution results in the
appearance‘of a precipitate in less than ten minutes so that

a quanti tative test has no validity.
2.2 Nitrate

" Nitrobacter converts nitrite to nitrate so.that

it is desirable to test for the production of nitrate to
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ensure that the Nitrobacter are the agents causing the

disappearance of nitrite.' This is done using the following
method employing a phenoldiéulfonic acid reagent (Snell and
Snell, 1949).

The reagent was prepared by dissolving 25 gm of colourless
phenol in 156 ml of concentrated HySO0,. Traces of nitric acid
in the sulphuric acid were removed by Agitating with mercury.
75 ml of fuming sulphuric acid éontaining 13% free sulphgr
troxide were then added. This was stirred and heated two
hours on a boiling water bath,

10 ml 6f‘sample were evapérated‘to_dryness. 2 ml of
the phenoldisulfonic acid reagent were added rapidly to the
centre and thé dish rotated to ensure contact of the reagent
with all of the residue. This was allowed to stand for 10
~minutes at which time 15 . ml of cold water were added to
dissolve the residue., 1:2 ammonium hydroxide:water was added
until the solution was slightly alkaline.‘ This was accompanied
by the production of a deep yellow colour. ‘The solution
was then made up to 50 mi and a reading takeh on the Klett
colorimeter using a blue filter., Calibration was only
required once as the colour developed is unaffected by external

conditions.
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CHAPTER III

INSTRUMENTATION AND SAMPLE PREPARATION
III-1 The Oxygen Electrode
1.1 Instrumentation

The»rafe of oxygen uptake and hence of nitrite
'oxidation as a function of oxygen concentration can be obtained
using an oxygen electrodé. "This consists of a platinum
electrode polarized at -0.6 to 40f9 volts with respect to

a Ag/AgCl electrode placed in the‘same solution. At this
potential in the solutions used, oxygen diffusing to thé platinum
electrode is selectively reduced. The'amdunt diffuéing to

the electrode is a function of the concentration ahd results

in a current in the external circuit proportional to the
concentration. The current is meaéured by passing it through

a resistor and monitofing the voltage drop'across the resistor
with a Heathkit Servo Recorder model EUW-20A.

In the experiments with Nitrobacter a small cylindrical

chamber holding 8 ml of fluid was employed for measuring
oxygen uptake (Fig. 1). A magnetic stirrer was used to

prevent the Nitrobactér from settling'to the bottom and to

-keep the medium mixed with respect to the oxygen concentration.
This resulted in a lower diffusion distance and a higher

current fhan would be found in a stationary case. Equilibration
‘of the oxygen concentration in the medium with that in air

was prevented by closing the chamber with a greased cover slip.
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This allowed the use of oxygen concentrations higher than that

in air.
1.2 Calibration

The oxygén eléétrode was célibrated using a 0.1 M
sodium dhloriéé solutiqn, 7100% oxygeh concentration was
determined by bubbling the éoiution with oxygen for about
two minutes before placing in the épparatus._ The.sensitivity.
was then set to ensure that this cbncentration-0ccurred at
the appropriéte'point. O%.oxygen was determined by bubbling

the solution with nitrogen and 20% oxygen could be determined

by allowing the solution to equilibrate with air,
1.3 Preparation of the Sample

10 ml.of culture were removed and bubbled with

oxygen for 1 min. Enough Nitrobacter were then placed in

the apparatus to prevent the formation of an air space when
the opening was closed with the cover slip. For more

concentrated samples the Nitrobacter in 50.m1 of culture

‘were centrifuged at the fastest speed od a'clinical céntrifuge
for 15 miﬁ and resuspended in 10 ml of 20 mM phosphate buffer
(18 mM NagHPO4 plus 2 mM KHyPO,) or in 10 ml of their own
medium with the appropriate nitrite.concentration. These
samples were also bubbled withboxygen for 1 min before being

placed in the apparatus.

III-2 The Action Spectrum Apparatus

The action. spectrum apparatus developed by Brooks (1967)
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and modified heré is based on an instrument described by
-Castor and Chance (1955). It is a éénsitive instrument for
measuring the photochemically reversible inhibition of oxygen
uptake by carbon monoxide. The essential features of this
equipment.a;e 1) a light source and monoéhromator,.z) an
intensity me;surihg device, and 3) a chamber and resbiration
rate sensor, These.featufes are déscribed by Brooks while mod;-
fications to the reference beam and'intensity measuring'
apparatus are déscribed in later sections of this thesis.

In short, the light source provides both the monochromatic
beam and the reference beam required to obtain the action
spectrum. To measure the intensity'df either beam, the light,
VChopped 5y a mechanical device, falls on a lead sulphide
photodetector and the signal from this is passed through a
‘phase sensitive detector (PSD, Fig. 2). A Keithley model
150 A microvoltmetef ammeter is used as a null device with
a bﬁcking voltage supplied from an éxternal circuit. A closed
chamber proyides for the use of a controlled atmosphere of
- carbon monoxide and oxygen in the experiments. The rate
sensor consists of a platinum'electrodé polarized at‘-O.G
to -0.9 volts with respect to a Ag/AgCl electrode placed in
" a drop of cell suspension, This drop is held between the two
electrodes and a cover slip formingthé bottom of the chamber.
The current measurements are made by buéking out the electrode
current using the Keithley-microvoltmeter ammefer and an
~Esterline Angus recording milliammeter as null detectors.

Unlike the oxygen electrode, the purpose in the action
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spectrum apparatus is to set up a steady state produced by
the opposiné effects of diffusion of oxygen from the surface
~of the drop to the‘platinum microelectrode and respiration
by the 6rganism in the drop. 'Small changes in respiration
rate will alter the Steady state wifh a'consequent ehange'in

‘current in the‘external circuit.
- 2.1 Modifications to the Reference Beam

Bfooks (1967) suggested several improvements to
feduce_error and exfend the range of the action spectrum
apparatus., Several of these have been cerriedvout.l

The method of bringing the comparison:beam frem the lamp
to the sample was altered. ' To do this the light source used,
was changed from the 8v-50w Ace bulb to a 24v-150w Phillips
quartz iodine lamp (model no. 7158). The latterEbulb has a
duartz envelope but4has no reflective eoating as the former.
This makes provision for taking a beam of light from the back
of the bulb as well as the front but at the same time reduces
the intensity ef both beams. Some increase in intensity wes
then provided by using the higher powef’lémp.

The current and voltage are provided by a Sorehson_and an
Eico power supply placed in series, Stability is achieved by
placing two twelve volt batteries in parallel with the power
: supply; (Fig. 3) The power units are adjusted to ensure that

there is no current passing through the batteries,
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The beam taken from the one side of the lamp passes
through the mohochromator as described by Brooks; The second
beam follows a path optically equiﬁalentutb that of the
monochromatic beam. Condensing lenses image the lighf from
the back of the lamp onto a slit which is in the focal plane
of a'convek iens. The collimated beam is condensed by a second
convex lens'andbimaged at the exit slit of the moﬁocﬁromator.
The lenseé-are housed in‘a tube 2" in diameter which carries
the light out the back of the lamp, around the monochromator
box and allows it to enter the monochromator at a position |
perpendicular to, but just below the exit slit. A small mirroxr
placed on a track can be slid into position to reflédt the
reference beam onto the exit slit. (Fig. 4) The track
consists of tﬁo_small rods such that when the mirror is movedl
out of the path of the monochromatic beam, this beam passes

between these rods and is focused on the slit. The result is

“-'that’ the exit slit is at all times filled with light, having

the advantage as outlined by Brooks, that no transient effects
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are produced in fhe sample.

The louvers were moved from the monochromator housing
to an equivalent position in the collimated portiop of the
reference beam thereby reducing the amount of séattered light
inciuded in the monochromatic beam. Any filters required

in the reference beam could be placed in the louver housing.
2.2 Modification of the Chopper

The above éhanges necesSitated the introduction of
- a further improvement. The only physically idenfical path
followed by the two beams is that between the sliding mirror
and the sample. Since the intensity of both beams is required
for determination of the action spectrum, the chopper and
detecting system must be-so placed that measurements can bé
made on both beams. Because of space limitations the chopper
must be small, A magnetically driven tuning fork suggested

by Brooks meets this requirement. The light chopping wheel
was thus discarded and repiaced by a Bulova light chopper
operated on 28 volts, 20'milliamps from an Eico DC power source,
The natural freduency of the tuning fork ié 400 Hz.

Fig. 4 deéicts the arrangement used'for obtaining inteh—

sity measurements. A small spherical mirror intercepts a
:portion, aboﬁt 10%, of the light entering the cone and partly
focuses the louvers or the grating on the PbS, lead sulphidé,
detector. Thus avbross section of the Seam is sampled by the
PbS detector_and élthbugh this doeé not remove inhomogeneities

in the beam it does allow a 1:1 correspondence of PbS readings
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‘with intensity at the top of the cone. ' The inhomogeneity
of the beam is removed by the scrambling'effect of the cone and

consequently is not transferred to the sample,

2.3 Modifications to the Phase Sensitive Detector

In 6rder to measure the 400 Hz signal, the phase
sensitive detector, PSD, required modifiéation. (Fig. 2): The
rejection filter in the feedback loop of the firSt amplifiér
was removed. The purpbse.Of-this filter was to act as a band
pass so that the second amplifier would not become overloaded
with noise signals.‘ The overloading of the Second amplifier
was not a problem and the rejection filter'introducéd unwanted
phase shifts. The feedback loop of the second amplifier was
changed to introducé a more uniform gain control.

A 0,01 microfarad capacitor was added across the
reference input in order to round off the square wave supplied'
by the tuning fork. A 0,047 microfaréd capacitor was placed
across the secondary of the signal transformer to correct the

phase of the signal,
2.4 Sample Preparation for the Action Spectrum Apparatus

For use in the action spectrum apparatus 50 ml of
culture were centrifuged on the highest speed of a clinical

centrifuge for 15-20 min. All but 2-3 ml of medium was then

removed and the Nitrobacter resuspended by shaking. Best
-results were obtained if the sample was allowed to stand for

30 min before use. At the end of this timé 0.2-0.5 ml of the
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concentrated suscenSionvwereiplaced in the syringe and a
drop inserted between the electrodes. A mixture of CO:05 in
the ratio 4:1 saturated with water vapour was sucked into the
chamber by‘a 50 ml syringe. Some samples did not recover from
cenfrifugat;cn and had fo be discarded. Those that.showed
activity remained alive in:the apparatus a maximumvof 90 mih.
In the air, the concentrated SUSpensions lasted up to 3 hours
- with_the result that several samples could be obtained from

a single centrifugation,
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CHAPTER 1vf~¥
CALIBRATION AND PERFORMANCE
IV-1 Relative Intenéity at the Top Of tﬁe Cone

Since the intensity of light ié measured at the bottom
of the coné a calibration is required to determine the actual
intensity of iight falling on the sample. This is most
important for the monochromatic beam as the‘transmission of
the cone with wavelength is variable, The composition of the
reference beam is always constant, only the intensity varies,
Thus in determining the action spectrum the factor relating -

the intensity of light at the top of the cone to that at fhe
Abottom for the reference light is not required as it cancels

from the equation determining the relative extinction coeffi-
cent,

The method of carrying out fhis calibration is as follows.
An RCA 5819, S-9 response, phqtomuitiplier tube was placed
at the fop of the cone to gather all éf the light.A The circuit
diégram for‘fhe-arrangement islshoWn'in Fig. 5. A Kéithley
240'A High Voltage Power Supply was used to bias the tube at
600 vdlts. The output current was read from an Avometer. At;
no time was it‘possible}to distinguish a dark curfent on the
-50 uamp,écale of the Avometer indicating a dark currentvmuchA.
less than 1 pamp. |

At each wavelength the anode current from the photo-

multiplier and the voltage from the phase sensitive detector
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were recprded. The latter was corrected for témperature
deviation from 24°C and td lb times gdin as described by
Brooks. Temperature measurements were taken from a calibrated
thermocouple attached to the PbS detector, The results of
this calibration are tabulated in Table I.

..It was then necessary to calibrate the photomultiplier
for its wavelength sensitivity. For this a calibrated
 Eppley Thermopile seria1>no. 5094 was used. The calibration.
for this is 0.054 microvolts/microwatt/ squaré_cm. At each
wavelength the thermopile and photomultiplﬁx were plaqedv
in the monochromatic light emerging from the slit with the
cone removed, »Their sensitiQe elements were placed at the
same distance from the slit and in the same mean position.
| The exposed area of the photomultiplier was 0.0576 cm2,

‘the same order of magnitude as the output area at the top of.
the éohe (0.0256 cmz). Repeated (7-10) measurements of the
change in voltage from the thermopile were taken and"then
average of these is reported in Table II. The current from
the photomultiplier-is also an aQerage over'several readings.‘
i suspect fhat,mosf of the‘l% ﬁariatibn in photomulfiplier
readings is due to fluctuations in the output of the lamp,

A similar calibrafion to determiﬁe'theEWavelength
- sensitivity of the PbS_detéCtor was made, Since readings
for fﬁis calibration were not taken at the same time it is
poésible only to compare ratios of intensities. Thus on
different days, the-output of the lamp may vary as much as

20%,'yet the ratio of intensity at a wavelength, 1; to that



TABLE I Calibration Values at the Top of the Cone

Wavelength Photomultiplier - PSD Voltage -
i Current 24°C, 10x gain
nm pA mv
400 60 6.70
410 86 8.07
420 113 9.38
430 " 144 . 7.82
440 ' 178 12,1
450 | 215 13.6
460 261 - 158.7
470 ' 305 17.5
480 334 18.5
490 : 358 : 19.6
500 : 371 ' 20.6
510 380 22.5
520 405 . 24.9
530 ' 400 25.7
. 540 373 ' 27.6
550 339 27.7
560 : 304 v 28,7
570 260 31.2
580 , 215 ' 31.5
590 , lo62 33.6
600 . 108 - - 33.7
610 o 72 34.5
620 - 48 ' 34.6
630 32.8 40.5

640 - o 24.5 42.8



TABLE II Calibration of Wavelength Sensitivity of
Photomultiplier

Wavelength Photomultiplie; : Thermopile Spectral *

: Current - Voltage Sensitivity,Y
nm nA : pv pw/pA
400 60 1.21%,04 .0215
410 ' - 78 : 1.44+,02 .0197
420 99 1.65+£,02 .0168
430 122 1,85%,02 .0162
440 143 2,09%£,09 .0156
450 165 2,30£,04 - . ,0149
- 460 , 194 2,69+.04 ~.0148
1470 - 212 2.91+,05 :0146
- 480 222 ' 3.05%£.10 .0147
490 . 227 ' 3.161£.04 .0149
500 22 3.37+.15 .0158
510 : 226 3.49+.13 .0165
520 235 4,01%,13 .0182
530 218 4.09+,09 .0200
. 540 195 4,221,18 .0231
550 175 4.,30+.08 .0268
560 149 4,38+, 20 .0313
570 125 4,54+£.08 .0387
580 100 4,66+, 20 .0497
- 590 74 4,81+.11 ’ .0694
600 , 50.5 . 4,84+.17 . 102
610 33.2 _ 4,87+.17 .1565
620 22,2 _ - 4,96+.17 .238.
630 15,1 4,95+%+.13 . <350

640 11,2 5.16+.20 .491

* See Appendix
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at 550 nm varies less than lo%iand usually not more'than 4%.
Absolute and relative'correetion factors for the PbS readings
are tabulated in Taele III. The absolute calibration is enly
accurate to.t 20%. the relative calibrations to * 5%.

From the calibrations performed it is.possible to arfive
at a curve for the relative'intensity at the top of the cone
to that at the bottom, Ip/Ig (Fig. 6). A second curve
shown in the same diagram was calculated from.the relative
intensity at the top of the.cone divided by the relative
intensity as measured by the PSD, Ip/Ipsp. Since;the only
theoretical differences in the numbers used in these cai-
culations should be'censtants relating areas, the curves
~should by identical, such-constanfs cancelling in. the
calculation. Within experimental error these curves are
identical. (See Appendix for the calculations leading to

these curves)

IV-2 Intensity Response of PSD

’ The response of the PSD to 1ncrea51ng intensity of

the reference beam is shown 1n Flg; 7. This callbratlon_

" was perfermedfby placing an interference.filter in the
referenee beamvand adding calibrated neutral_Qensity filters. -
The response of the PSD‘was found to mirror that of the':

~PbS detector as measufed by an osciiloscope..'Thus.the”non-
linearify ef response with intensity is produeed by the PbS

detector, not the electronics connected with the PSD.



TABLE III Phase Sensitive Détéctor Wavelength Sensitivity

Wavelength, . Spectral Sensitivity, Q*
nm pw/mv _
400 0.134
410 0.132
420 - 0.131
430 0.175
440 0.128
450 : 0.126
460 0.127

.. 470 ) 0.123
480 0.122
490 0.119
500 0.121
510 0.115
520 0.119
530 : 0.118
540 - 0.113
550 . 0.115
560 0.113
570 0.108
580 0.110
590 0.106
600 o 0.107
610 ~0.108
620 - -0.,106
630 0.092

640 0,089

* See Appendix o
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- - IV-3 Actinometer Calibrations

An attempt was madé to perform a more accurate
calibration of the intensity at the top of the coné using a
potassiun ferrioxélate actinometer, The technique as described
by Hatchard and Parker’(1956) is.good.for wavelengths up to
450 nm if a 0.15 M solution is used. In these experiments
a solution thick enough‘to absorb all of the light emerging
from.the cone was used, Irradiation of the solution wés
~ carried out for periods up to three hours., Following this
phenanthroline monohydrate and buffer were added and opfical
density difference re;dings tagen.between the saﬁple and a
blank, The optiq#l density of the sample.treated in this manner
seldom reached 0.1 and the differencé between the.two was
usually 1e§s than 0,05. The low values resulted because of
the low output 6f thé tungsten lamp in that‘spectralArégion.
With such low yalues it was impossible to get reproducible
‘results, in part because of the scattered iight and also’
likely due to flﬁctuations in the lamp output over the long
intervals of tiﬁe required for the exposure. Thusit was |
found that in this situation this chemical actinometer could

not be used;
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CHAPTER V
RESULTS AND ERRORS
V-1 Oxygen Electrqde Results

Samples for these experiments were prepared as in
Sec. III-1.3. A recording of oxygen concentration versus

time was made over the period required for the Nitrobacter to

consume all of the oxygen in solution. From the calibrations

and the recorded curves of oxygen concentration versus time

the rate of oxygen uptake versus oxygen concentration was
calculated. ©Plots of velocity, v, versus substrate concenfration,
[0g], and of 1/v vs 1/[02] are shown.ih figures 8 and 9
respectively. From these curves the Michaelis constant, K,
for oxygen as substrate ranges from 0.021 to 0.055 mM O,y

depending on the concentration of nitrite. The results are

recorded in Table IV,

Table IV K, Values for Nitrobacter with Oxygen as Substrate .

Preparation . Kp Values, mM Oy Fiq. 8oand?

Procedure vvss L1l/vvs l/s Curve
2x concentration . 0,032 0.032 ' 3

'5x concentration 0.040 0.043 = |
- 9% concentration 0,021 0.022 _ 2

- 5x concentration 0,055 0.055
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V-2 Results from the Action Spectrum Apparatus
2;1 Procedure for Obtaining Results

- The prepared sample was placed in the.chamber'as'>

described in Sec. I1I-2.4. The electrodes were poiarized»
- and after a period of about 15 min the burrent,recorded 6n_an
Esterline Angus recording milliamméter, reaéheq its equilibriﬁm
value., At this time when light was switched onto the”sample,
the current thrbught the electrodes decreased to a ﬁéw
equilibrium value. The reason for this change is that the light
breaks up the Qarbon'honoxide-oxidase complex, thus allowing
the oxidase to react with oxygen. This results in a lower
oxygen concentration in the d?op and a lower electrode current,
The dark cﬁrrent values rahged from 20-40 nA, A change from
dark to the reference beam (with a heat filter, Corning aklo
no, 97, and a green band pass filter to limit the specfral
range) decreased the current.3—5 nA., A greater sensitivity
in the form of 1argér absolufé current changes was obtained
with lower values of fhe‘dark current. All slit widths
were 1 mm and thé 1nA scale was used for the current readings
with the rémaindér_of the current bucked out. by and externél
'cirCuit. A t&picai 6hange’ffoﬁ dark to 1igh£\and vice versa
is.shown in figure 10.

The CO actibn spectrum is a plot of the relative
» extinction co,efficient EXl/ EAZ of the enzyme-CO compound
with wavelenéth. The reference wavelength is usually

taken as 550 nm. As shown by Brooks, the ratio is given by
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the formula:

. A 550
€ 550 Wy Cs50 A

| 55
€, C, W 0

Cl ‘is the intensity of the comparison light which gives the
same photochemical effects as the monochromafic light of
wavelength, A.

Cs50 1is the intensity of comparison light which gives the same
photochemical effect as 550 nm, - |

Wy, is the intensity of A |

Ws5o is the intensity of 550 nm light,

In'practical terms this means that.switching from'the
reference béam'with intensity Cg5q to the 550 nm'monochfohatic'
beam produces no'change in the electrode current.

‘ The intensitieS‘&hich'cause equal effects wére determined
by first shining the light of wavélength, A, on theAsample..
‘and after‘equilibfatién switching to the refefence beam."ifl
the current décreased, the reference light was too intense”“
and the louvers weré'adjustéd. Thié operation was repeated
‘ untilfﬁo change was-ébseiVed on switching. vSince there was
usually a driff in.the current, a decrease or increase in
current was indicated by a change in the éiope df{the drift.
The resuifiné trace of current with time is shown in Fig. 11,
The estimétion.of the.balance point could only be madé-within
1 hillivqlt of the intensity of the reference light since the.

smalkst turn of the louvers‘during the opératioh corresponded
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.toa 1 mv intensity change. The average intensity of the
reference beam in these experiments was 67 mv, Thus the
uncertainty in the balance point is 1 % %.

| Once the balance point was determined the intensities
of the reference and monochromatic beams were measured and
‘the témperature of the PbS detector taken, The balance for
the intensity measurements was made on the 10 hv scale of
the Keithley microvoltﬁeter-ammeter witﬁ the buckiﬁg voltége
supplied by an‘external circuit (cf. Fig. 2). The PbS
readings Qére chrected to 24°C énd 10 # gain on the PSD; :The
~gain factors were 2.57 for the three times scale and 0.324
for the 30 times spale. The intensify of the monochromatic
.beam was corrected tb giVé fhe intensity at the top of the
Vcone, i.e. corrected for PbS wavelength sensitivity and cone
transmission, Since the response of the PbS detector is

not proportional to the intensitymfaliing on it a correction
to the infensity of the comparison beam is also réquire¢;.

i &
A sample callcu»latlon of A /8550

is outlined below_for

A=600 nm, ‘

DATA W550 Cs50 Weoo Ce00
PSD Readings (mv) 31.7 84.4 36.2 85.75

Temp. (mv) ~ 0.96 0.96 1.00 1,00

Temp. corrected 30.9 82.3 37.2 88.1
PSDvreadings *

CALCULATION
€ 500 88.1 x 30.9 x 550
3

550 . 37.2 x 82.3 x GQQ
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=.0,815
From Fig. 7, the correction for the linearity of the PbS
detector is 1.02 and from Fig. 6, Ip/ Ipgp for A = 600 nm

is 1,067. Therefore}

600 _ 0.815 x 1.02 x 1.067
€ 550
= 0.890

* See Appendix,
' 2.2 Results

The resulting values of EA./ € ;5o are displayed

in figures 12 and 13. The first, Fig. 12, shows the results

obtained with two preparations of Nitrobacter. These results
were picked to be shown in this manner because of their Self-
consistency. Results_dbtained were usually more consistent
within preparations than between preparations, Thgvsecqnd
graph, Fig., 13, is a graph of all those points which I felt
were credible. The reasons‘for'ihcluding these pbints‘and__
not'others that I took are the following: |

i) Once the Nitrobacter in the chamber started to

die the currenf increased at an accelerated rate,
As this happened, the déterminatidn of the balance 
point became more and more uncertain, Pdints-
obtained with a fast drift were thus usually
discarded.

ii) Erratic response of‘somé preparationé meant

that balance could only be obtained on the 3 nA
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scale ThlS was later dlscovered not to be a

sen51t1ve enough determlnatlon and the po1nts

: were disregarded.

iii) Some preparétions gave rise to only one
point on the graph of’ € N /2550'. vs A. I,
coincident with this the total change from dark
to light was less than 2 nA, these points were

also discarded,

2.3 Errors in the Relative Extinction Coefficient

?he error in & A / 5550 is the sum of the

inherent errors and uncertainties in each of the terms in the

equation,

i) The determination of the balance point is
accurate to 1 %-% (cf. Sec. V—2.1); Since:“w
there are two such"balances required for determina-

tion of a point the error introduced is 3%

~ii) Brooks shows that the calculation of the temp-

erature coefficient and its application introduces

a 1% uncertainty in the monochromatic intensities

wifh much léss than 1% error in the reference beam,
iii)'VariationAin output of the lamp and in the |
gain levels of the PSD introduce a 5% uncertainty
in the-valﬁes of the relative intenéity at the top
of the cone divided by those measured by the PbS.
and phase‘sensitive detectors., | |

e

L ]
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The accuracy of § \ / €55 is thus

+

€ 550 Wat 6%  Cj5¢ A

‘making the limit of accuracy + 15%.

On the graph, Fig. 13, the efror bars are the 80%
confidence limits calculated according to.Wilson'(1952, pg.239).
They aré larger than the 15% calculated above, in some instances.
The reason for this discrepancy lies in the necessity of‘qsing

different samples of Nitrobacter. Thus while each point

is accurate'tovwithin 15%,'the‘points at the same wavelength
in different samples of bacteria may not have relative
"extinction coefficients within 15% of one’another. The discus-

sion in Sec. VI-2 is relevant to.this apparent discrépahcy.

2.4 Errors in the Positions of the Peaks

The peaks at 430 and 591 nm can be more accurately

determined because of their steepness. (See Castor and Chance,

1955) Thus the error in these peaks is ¥ 2 nm of which 1 nom

error is introduced in the determination of the wavelength

delivered at the exit slit by the monochromator. The peak
at 540-550 nm is much broader and'therefore-harder’to outline,
Added to this the line of average points is noﬁ continuous

introducing further estimation errors., Thus the error limit

on the two apparent peaks at 541 and 550 nm is ¥ 5 nm.
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CHAPTER VI
DISCUSSION
VI-1 Oxygen Electrode Results

The variation of Vm and Km(Oz) has‘been feported and

ax
well documented by Butt and Lees (1964). The maximal rates
reported by these authors were foﬁnd»to inérease and then
decrease with increasing nitrite concentration, The same

was true of the-Km(Oz). They reported K, values between

2 and 7.5 % O2 in the gas phase. Comparable results were
obtained in these experiments with Km values between 0,021

and 0,055 mM (1.75 and 4.6 % 02 in the gas phase),

Samplesﬂfor which rates were obtained above 20% 02
éhoWed a decrease in rate with increasing 02, This is not due
to the establishment of the polarization voltagé which takes
several minutes to establish in fhe»sample chamber. This
pfocesé results in an apparent increase in'£he rate. 'Tﬁus the
effects are possibly one of two: 1):a'sﬁbstrate inhibifibn,
or 2) that the cells had not recovered from centrifugafion and
exhibited a lower rate until complete recovery was reached,
(Note the 30 min wait required in the action spegtrum
experiments, Sec. 111-2.4 )_-This latter effect is very
difficult to deal With since the effects of centrifugation
vary from sample to sample even though the previous history

appears to have been identical,

Maximal rates reported by Butt and Lees ranged from
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1.9 to 2.7 micromoles oxygen/vessel/hr wheré each vesgel
contained 3 ml of suspension._ Values obtained fér 7 ml
of suspension in these experiments ranged from 0,7 to 3
pmoles/vessel/hr. These rates ére lower but of the same order
of magnitude as those of Butt and Lees,‘the discrepancy due
probably to a difference in the concentration of cells in
the suspension but perhaps also due to the method of

measuremént.
VI-2 Action Spectrum Results

Comparison of the peak positions obtained here at 430,
' 540-50, and 591 nm with thosé‘obtained by the same methods
6n other organisms (Castor and Chance, 1959) show that

- these peaks indicate the presence of either éytochrome ay
or az, peaks being reported at 427-8, 548 anq 591-2 nm for
.cytochroﬁe El
ag. Absbrption spectra of Nitrobacter report peaks at
586-94 and 438 showing an a3 rather than ani_zz_._3 cytochroﬁe.

and at 430-2, 547-50 and 585-91 for cytochrome

(cf. Sec I-5.1 and I-5.2) Carbon monoxide reduced minus
reduced difference spectra (Sec. I-5.3.1) implicated cytochrome
a1 in the binding of CO witﬁ peaks at 450 and 426 and troughs
at 439 and 594 nm. Although Van Gool and Laudelout report -
no peak around 590, Castor énd Chance (1953) reported a peak»
at 590 nm for cytochrome 23 in a CO difference spectrum of
A. pasteurianum,

None of the peaks shown‘in this aétion'specfrum'ls as

well defined as those shown by Castor and Chance (1959)



~46-
They were able to determine the points on their spectra con-
secutively and "efforts to return later to a given wavélength

showed a reproducibility of about * 5%". This was with

responsive organisms such as E. coli., Nitrobacter is however
a muéh more sensitive organism with a Shoft life span ih the
' appératus. Both of these effects result in poorer reproduci-
bility and necessitate trying to obtain an outline of a peak

with one set of Nitrobacter rather than trying to define

the peak in detail using many sets of Nitrobacter. This latter

-approach usually resulted in a poorly defined peak.
Comparison of the relative extinction coefficients
of the peaks for cytochrome a; bands of the action spectrum

- of A, pasteurianum (Castor and Chance, 1953) gives values of

2.35 and 21 for the 592 and 428 peaks. Values of € 1/ € 550
for the same peaks in this work were 1.68 and 9.8, The
ratio of these values is 0.112 for Castor and Chance and 0.168
for this work. The error in the.0.112‘determination is of
the order of 10%, that in the 0.168 is 30%. Thus the tﬁo
values are the same within experimental error, The cause of
~ the difference if it is-significant most likely lies in the
role of cytochrome 0. No diagram of the B8, 548 band fo;
A, pasteurianum was given nor are there any other values of
the relative extinction coeffidients for cyfochrome 231 in other
organisms, Thus it is not possible to make an extensive
comparison of these values for significant differences.

Castor and ChanCev(1959) showed that wheﬁ two oxidases

are presént in a cell, either pigment appeafs capable of
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catalyzing most.of»ihe respiration. This experiment was .
performed by illuminating the cells withklight'ﬁhich would.
only be absorbed by one pigment. With this light most of the.
CO inhibition was relieved. Thus (Horio and Taylor, 1965)
when two or more oxidases operate in parallelithe action
spectrum may or may not reflect this fact, depending on
both the relative activities and the light sensitivities of the
Cb complexes, Thus the possible presence of other cytochromes
can not be ruled out. This is'especially evident in the peak
at 540-550 nm. The displacement of this peak to lower
wavelengths could be due to the presence of a second cytochrome
with a peak at or below 540 nm. The major candidate is a
cytochrome o peak at 535-7 nm, The presence of cytochrome o
would also require an indication of peaks at 416-7 and 566-7.
These are. not evident in the spectrum displayed.” If cyt. o
is present, the reason for the absence of these two peaks
could be one of two effects, The first is that the peaks
are masked by the cytochrome aj;. The effecf on the B peak
would_seem'to indicate the presence of cytochrome o in large
enough quantities to affect the spectrum more drastically
in the region of 415-430 nm, Thus masking does not seem to
be the answer. The second‘possible explanafion lies in a
difference in the cells used to determine the points.- Castor
and Chance (1959) showed different cytochrome oxidase activities
in stationary and log phase cells.  Thus it'is poésible that |
cells containing no cytochrome o or containing a cytochromé.g

with a very low activity were used to determine the ¢ and p

<
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peaks but fhat the.B'peak was partially determined with cells
containing and active cytochrome o. Although absorption
spectra give no hints of cytochrome o, there is no reason to
rule it out because the present method is much more sensitive.
Thus it can be stated that cytochrome 2, is acting as |

a terminal oxidase in Nitrobacter agilis and that there is

a possibility that other cytochromes may also act as oxidases
in certain cells. If cytochrome o does act as a terminal |
oxidase, a study of log phase cells is very likely to show
this as all of the types of organisms studied by Castor and
Chance (1955 and 1959) which showed some cytochrome o activity
in the statibnary phase showed only cytochrome o activity in
the log phase of growth, |

Action spectra results tabled by Castor and Chance (1959)
implicate cytochrome 2; as an oxidase in four bacteria, all

heterotrophs. They are Acetobacter pasteurianum, Acetobacter

' peroxydans, Azotobacter vinelandii, and stationary phase

Proteus vulgaris., A. vinelandii also showed cytochrome o

activity, P. vulgaris also'showed cytochrome o and 52 activity
in the stétionary phase and showed only cytochrome o activity

in the log phase. To date, only cytochrome ag has not been
shown to be active in cells with active cytoéhrome‘gl. A
generalized statement about the associations of oxidases

-csn not be made, however, ﬁhtil more organisms have been studied
in their different phases of growth. The spectrum.reported

here is the first recorded action specfrum of a chemolithotropic

bacterium,
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VIi-3 Sﬁmmary

(i) A survey of the literature on Nitrobacter was performed

and the unsolved problems pointed out.
(ii) Modifications to the action spectrum apparatus are described
and the performance of the apparatus assessed.

(iii) The Km(02) Of Nitrobacter agilis varies from 0,021

to 0.055 mM 0, dependiné on the nitrite concentration
in agreement with the data of Butt and Lees (1964),.

(iv) Cytochrome a3 acts as a terminal oxidase in Nitrobacter

agilis.
(v) Parallel participation of other cytochromes as oxidases

is not ruled out. A distorted B band suggests the presence

of cytochrome o in some cultures.
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APPENDIX

Calculations Performed in Calibrating the Action Spectrum
Apparatus

In this section a sample calculation of the relative

intensity at the top of the cone is performed for the wavelength

600 nm,

Abbreviations:

Pm, Photomultiplier reading, pA
Tp, Thermopile reading, pV
PSD, Phase Sensitive Detector Reading, mV

(Pm) - _ Photomultiplier reading at the top of the cone at a
Top,A ywavelength, A

(Pm) Photomultiplier reading at the bottom of the cone
Bott,A
! at a wavelength, A

(Tp)Boti:A Thermopile reading at the bottom of the cone at
7 a wavelength, A

TABLE V Data Requlred for the Calculation of the Relatlve
Extlnctlon Coefficient

A (Pmlpop ~ PSD  Temppgp (PmABott (Tg’Bott
" pv

nm LA mv mv
550 339 28.4  .962 175 - 4.30
600 108  32.8 .990 50.5 4.84
- Area of ' ' . '
measurement .0256 .04 .0576
(sq. cm.)

Thermopile Calibration: - 0,054 pV/ pw/ cm?



~54-

Temperature Correction:

log S = -2.4 x 1072

T
At 24°C the thermocouple reading is 0.98 mv and the

'slope of the calibration graph is 24.4 C° per mv. Thus,

log S, - log S; = -2.4 x 10 2 x 24.4 (0.98 - X)
where, X = thermocouple reading at Tj
' S1 = PSD signal at Ty
S, = PSD signal at 24°C

Application of this formula leads to.a change in the PSD

readings, from 28.4 to 27.7 and from 32.8 to 33.7 mv.

Photomultiplier Correction for Wavelength Sensitivity

The correction factor for the photomultiplier readings
at a wavelength, A, are given by Y below:

(Tplpott,a #V .0576 &m2

Y = :
054 pv/pw/ e ¥

(Pp)Bott,r HA

.0268 pw/pA at 550 nm ~
.102 pw/pA at 600 nm (cf Table II and Fig. 14)

PSD Correction for Wavelength Sensitivity

The correction factor, Q, for the wavelength sensitivity
of the phase sensitive detector is given by:- _

(Tp)Bott,A pv .04 cn?

Q — K ——
.054 puv/pW/cm PSDy mv

'0.115 pw/mv at 550 nm
0.107 pwi{mv at 600 nm (cf Table III and Fig. 15)

no

Since the phase sensitive detector and thermopile



Figufe 14 Spectfal Sensitivity of
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Figure 15 Spectral Sensitivity of Phase Sensitive
- Detector

°I40" T T " T l_»l l\ T l LIR L] k]

o
o

N
o

%)
- v

10 Of

Aw/ml ‘D ¢ ALIAILISN3S v¥Lldo3ds

-0S0f

2 | A

i A A 2

-080

500
WAVELENGTH



-55— .

readings are not taken at the same position there are factors
relating‘the differences in areas, position and effects of the
spherical mirror and tuning fork which are'necessari_if these
numbers, by themsélves are td mean anything. However,‘sinée
all these factors are constant with wavelength, a relative
calibration with reference to a common wavelength, 550 nm;

is meaningful,

Calculation of Iy / Ig (Fig. 6)

Relative Intensity at the Top of the Cone

I
T
TB ~ Relative Intensity at the Bottom of the Cone
(Pm)pott,a ¥ Y7 7/ (Pmlgoie, 550 * Y550
For A = 600 nm, ‘
: 108/339.
In/1
/1 50.5/17.5
= 1,105

Calculation of Iy , Ipgp (Fig. 6)

Ip Relative Intensity at the Top of the Cone
IPSD Relative Intensity at Bottom of Cone as measured
: by the PSD

(Pm)pop,a X Yy / (Pm)pop 550 * Y550

(PSD)pott,a X Q) 7/ (PSD)pott,550 X Q550
1.067 at 600 nm |

'Thus as noted in Sec. Iv-1, the values of iT/IPSD

and I;/Ig differ by 4% and are, within experimental error,
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identical. The.numbgr Ip/Ipgp= 1.067 means that if the
intensities of the two beams at fhe4bottoﬁ of the cone are
identical, the 600 nm 1ight will be 1,067 times as intense
as the 550 nm light at the top of the cone, Thus to correct

W550/W600 ‘it is necessary to multiply by 1,067.



